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ABSTRACT OF THE DISSERTATION

Exploring and controlling the supramolecular assembly of amyloid-forming peptides and
proteins with chemical model systems.
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Professor James S. Nowick, Chair

Chapter 1 overviews the phenomenon of the self-assembly of small peptides and proteins in

several neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s disease.

This chapter provides context for the rest of the dissertation. The aberrant assembly of

peptides and proteins into large structures defines a class of human pathologies, which are

collectively known as amyloid diseases. In these diseases, native peptides and proteins misfold

and proceed to assemble into structures that mediate the disease. The characterization of

these assemblies is particularly challenging due to their heterogeneity and metastability.

Within this cornucopia of assemblies, a subset known as soluble oligomers have emerged as

likely neurotoxic species responsible for the progression of neurodegenerative diseases. The

structures of these oligomers remain unknown. This dissertation describes my efforts to

explore and control the structures of these oligomers with chemical model systems.

Chapter 2 presents the X-ray crystallographic structure and biological characterization of

oligomers formed by a macrocyclic β-hairpin peptide derived from α-synuclein. The peptide

adopts a β-hairpin structure, which assembles in a hierarchical fashion. Three β-hairpins

assemble to form a triangular trimer. Three copies of the triangular trimer assemble to form

a basket-shaped nonamer. Two nonamers pack to form an octadecamer. Molecular modeling
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suggests that full-length α-synuclein may also be able to assemble in this fashion. Circular

dichroism spectroscopy demonstrates that the peptide interacts with anionic lipid bilayer

membranes, like oligomers of full-length α-synuclein. LDH and MTT assays demonstrate

that the peptide is toxic toward SH-SY5Y cells. Comparison of the peptide to homologues

suggests that this toxicity results from nonspecific interactions with the cell membrane. The

oligomers reported are fundamentally different than the proposed models of the fibrils formed

by α-synuclein and suggest that α-Syn36–55, rather than the NAC, may nucleate oligomer

formation.

Chapter 3 explores the effect of shifting the residue pairing of Aβ-derived β-hairpins on the

structures of the oligomers that form through X-ray crystallography. Three residue pairings

were investigated using constrained macrocyclic β-hairpins in which Aβ30–36 is juxtaposed

with Aβ17–23, Aβ16–22, and Aβ15–21. X-ray crystallography reveals that the Aβ16–22–Aβ30–36

pairing forms a compact ball-shaped dodecamer composed of fused triangular trimers, the

Aβ17–23–Aβ30–36 forms a spherical dodecamer composed of triangular trimers, and that the

Aβ15–21–Aβ30–36 pairing forms a fibril-like assembly. Both the compact dodecamer and the

spherical dodecamer may help explain the structures of the trimers and dodecamers formed

by full-length Aβ.

Chapter 4 describes the design, synthesis, and characterization of macrocyclic β-hairpins that

contain the N -2-nitrobenzyl photolabile protecting group. Each peptide contains two hep-

tapeptide segments from Aβ16–22 or Aβ17–23 constrained into β-hairpins. The N -2-nitrobenzyl

group is appended to the amide backbone of Gly33 to disrupt the oligomerization of the

peptides by disrupting intermolecular hydrogen bonds. X-ray crystallography reveals that

N -2-nitrobenzyl groups can either block assembly into discrete oligomers or permit forma-

tion of trimers, hexamers, and dodecamers. Photolysis of the N -2-nitrobenzyl groups with

long-wave UV light unmasks the amide backbone and alters the assembly and the biological

properties of the macrocyclic β-hairpin peptides. SDS–PAGE studies show that removing

xix



the N-2-nitrobenzyl groups alters the assembly of the peptides. MTT conversion and LDH

release assays show that decaging the peptides induces cytotoxicity. Circular dichroism stud-

ies and dye leakage assays with liposomes reveal that decaging modulates interactions of the

peptides with lipid bilayers. Collectively, these studies demonstrate that incorporating N -2-

nitrobenzyl groups into macrocyclic β-hairpin peptides provides a new strategy to probe the

structures and the biological properties of amyloid oligomers.

Chapter 5 presents the discovery that crystal violet and other C 3 symmetric triphenyl-

methane dyes bind to triangular trimers derived from Aβ. Although many small molecules

bind to these assemblies, the details of how these molecules interact with Aβ oligomers

remain unknown. This chapter reports that crystal violet, and other C 3 symmetric triph-

enylmethane dyes, bind to C 3 symmetric trimers derived from Aβ. Binding changes the

color of the dyes from purple to blue, and causes them to fluoresce red when irradiated

with green light. Job plot and analytical ultracentrifugation experiments reveal that two

trimers complex with one dye molecule. Studies with several triphenylmethane dyes reveal

that three N,N -dialkylamino substituents are required for complexation. Several mutant

trimers, in which Phe19, Phe20, and Ile31 were mutated to cyclohexylalanine, valine, and

cyclohexylglycine, were prepared to probe the triphenylmethane dye binding site. Size ex-

clusion chromatography, SDS-PAGE, and X-ray crystallographic studies demonstrate that

these mutations do not impact the structure or assembly of the triangular trimer. Fluores-

cence spectroscopy and analytical ultracentrifugation experiments reveal that the dye packs

against an aromatic surface formed by the three Phe20 side chains and is clasped by the side

chains of Ile31. Docking and molecular modeling provide a working model of the complex in

which the triphenylmethane dye is sandwiched between two triangular trimers. Collectively,

these findings demonstrate that the X-ray crystallographic structures of triangular trimers

derived from Aβ can be used to guide the discovery of ligands that bind to soluble oligomers

derived from Aβ.
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Chapter 1

Supramolecular assemblies in amyloid

diseases

1.1 Introduction

Alzheimer’s disease is a fatal neurodegenerative disorder for which there is no known cure.1

Tremendous progress has been made in understanding the molecular basis of this disease.

These studies have uncovered the importance that supramolecular assemblies play in the

progression of Alzheimer’s disease. This chapter describes the discovery and characterization

of the supramolecular assemblies that can form in Alzheimer’s disease and other amyloid

diseases. A focus is placed on the unifying themes of self-assembly that have been uncovered

by high resolution structures of the assemblies.

Alzheimer’s disease belongs to a much larger class of human diseases known as amyloid dis-

eases (Table 1.1).2,3 Many amyloid diseases are neurodegenerative disorders. These include

Alzheimer’s disease, Parkinson’s disease, and many others. Amyloid diseases are not lim-

ited to neurodegenerative disorders and can instead affect other organs; medullary thyroid
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Table 1.1: Several amyloid diseases and the proteins that mediate them

Disease aggregating peptide/protein
Alzheimer’s disease β-amyloid (Aβ), tau
Parkinson’s disease α-synuclein
Huntington’s disease huntingtin
Creutzfeldt-Jakob disease prion protein (PrP)
amyotrophic lateral sclerosis (ALS) superoxide dismutase (SOD1)
light-chain amyloidosis immunoglobulin light chains
type-2 diabetes islet amyloid polypeptide (IAPP)
dialysis-related amyloidosis β2-microglobulin (β2M)
familial amyloid cardiomyopathy transthyretin (TTR)
rheumatoid arthritis serum amyloid A
medullary thyroid cancer calcitonin

cancer affects the thyroid, familial amyloid cardiomyopathy affects the heart. Many amyloid

diseases can instead be systemic diseases that affect several organs simultaneously. These in-

clude dialysis-related amyloidosis, rheumatoid arthritis, and amyloid light-chain amyloidosis,

type-2 diabetes, and many others.

All amyloid diseases share an common molecular phenomenon that unifies them. In these

diseases, small peptides or proteins aggregate into large structures.2,3 These supramolecular

assemblies proceed to damage the surrounding tissue. These assemblies are heterogenous,

polymorphic, and metastable. They can vary in size, in shape, and in solubility. These

assemblies can be segregated into two classes: large insoluble assemblies known as fibrils,

and smaller soluble assemblies known as oligomers. Studies of these assemblies have revealed

a complex process of self-assembly and supramolecular chemistry. Within this complexity

lies unifying themes of supramolecular chemistry that unite the disparate diseases.
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1.2 Amyloid Fibrils

The first report of supramolecular assemblies forming in an amyloid disease was described

by Alois Alzheimer in his 1906 lecture titled ”A characteristic serious disease of the cerebral

cortex”.4 In this lecture, Dr. Alzheimer described the appearance of thread-like structures

in dissected brains from individuals who presented with dementia. These structures have

since become known as fibrils and tangles. The deposition of fibrils, sometimes referred to as

plaques, is a hallmark of all amyloid diseases.5 The fibrils in Alzhiemer’s disease are formed

by the β-amyloid peptide, Aβ.6 The tangles are formed by the microtubule-associated protein

tau.7 Numerous studies have been conducted to understand the molecular structures of these

fibril since their initial description.

Aβ fibrils are characterized by a ”cross-β” structure. This type of assembly was first described

from the X-ray diffraction of fibrils in 1968.8,9 The molecular details of these assemblies have

since been characterized by solid-state NMR (ssNMR) and cryoelectron microscopy (cryo-

EM).10–19 The details of these structures have been described in depth elsewhere, however,

a brief comparison of these structures is warranted as they highlight a key feature of the

supramolecular assemblies formed in amyloid diseases.20

The high-resolution structures of Aβ fibrils determined by ssNMR and cryo-EM demonstrate

that a single amyloidogenic peptide can assemble in numerous fashions (Figure 1.1). The

structures of Aβ fibrils all differ in the precise details of their assemblies, yet they share

common themes. They are all composed of many copies Aβ, either Aβ40 or Aβ42, arranged

into a one dimensional lattice. The individual Aβ molecules that comprise the fibrils fold

into compact structures that are rich in β-strands. This folding buries large patches of

hydrophobic residues within the core of the assembly. Even though the precise fold of

Aβ differs amongst these structures, they are primarily governed by the central (Aβ15–23)

and the C -terminal (Aβ30–36) hydrophobic regions of the peptide.
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Figure 1.1: Representative high-resolution structures of Aβ fibrils. (A) solid-state NMR
structures of Aβ40 fibrils (PDB from left to right: 2LMN, 2MVX, 2LMP, 2M4J). (B) solid-
state NMR and cryo-EM structures of Aβ42 fibrils (PDB from left to right: 2NAO, 5KK3,
5OQV, 2BEG). (C) X-ray crystallographic structure of an Aβ30–35 fibril, comprising parallel
β-sheets (PDB 2Y3J). (D) X-ray crystallographic structure of an Aβ16–21 fibril, comprising
anti-parallel β-sheets (PDB 3OW9).

Each Aβ molecule interacts with other Aβ molecules along the fibril axis through the for-

mation of parallel or anti-parallel β-sheets (Figure 1.1C and D). These β-sheets are oriented

orthogonal to the fibril axis. Nearly all fibril structures reported thus far comprise Aβ ar-

ranged into parallel β-sheets. The fibril structure of the Iowa familial mutant is one counter

example of this trend.12 The β-sheets that comprise the Aβ fibrils are not twisted like those

that comprise proteins, but instead are flat.21

These structures provide a framework, or a set of rules, that describes how Aβ can assemble

into a fibril: Aβ15–23 and Aβ30–36 fold into β-strands that pack together to form a network of

flat parallel or anti-parallel β-sheets. Further, these structures highlight the polymorphic na-

ture of the structures that amyloid-forming peptides and proteins can adopt. This structural
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heterogeneity is a central theme to the supramolecular assembly of this class of peptides and

proteins.

These fibril assembly rules are not specific to Aβ but instead extend to other amyloidogenic

peptides and proteins that mediate other amyloid diseases (Figure 1.2). Thus far, the appli-

cation of ssNMR and cryo-EM to determine the structures of other amyloid fibrils has been

limited to α-synuclein and tau fibrils.22,23 These structures reveal that the amyloidogenic

proteins that comprise the fibrils are folded into compact β-strand-rich structures, much

like Aβ. The individual amyloidogenic proteins within the fibrils interact with neighboring

proteins in the fibril through the formation of parallel β-sheets, like in the fibrils formed by

Aβ. These β-sheets are oriented orthogonal to the fibril axis. The two tau fibrils depicted

in Figure 1.2B also demonstrate that a single amyloid-forming protein can assemble in dif-

ferent fashions. As more high resolution fibril structures of other amyloid-forming peptides

and proteins are determined, they will likely continue to highlight these common themes of

supramolecular assembly.

Figure 1.2: High resolution structures of α-synuclein and tau fibrils. (A) solid-state NMR
structure of an α-synuclein fibril (PDB 2N0A). (B) Cryo-EM structures of tau fibrils (PDB
from left to right: 5O3O, 5O3T).

X-ray crystallographic and micro-electron diffraction (microED) studies of peptide frag-

ments derived from full-length amyloid-forming peptides and proteins have expanded our

understanding of the structures of other amyloid fibrils.24–34 These structures provide fur-

ther insights into amyloid fibrils when fibril structures of the full-length peptide or protein

are unavailable. The nuances of these structures have recently been described thoroughly
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elsewhere,35,36 however, they again demonstrate that the peptide-fragment fibrils share the

common themes of assembly described above for fibrils formed by full-length proteins. The

peptide fragments fold into β-strands. The peptides interact with neighboring peptides in

the fibril to form parallel or anti-parallel β-sheets (Figure 1.3). These β-sheets are oriented

orthogonal to the fibril axis. Layers of these fibrils stack together through the formation of

”steric zippers”. These hydrophobic cores are characterized by the inter-digitation of the

amino acid side chains. There appear to be few exceptions to these rules for fibril assembly.37

These rules likely extend to the vast majority of amyloid-forming peptides and proteins that

mediate amyloid diseases.

Figure 1.3: Representative high-resolution structures of amyloid-derived peptide fibrils. (A)
X-ray crystallographic structure of an hPrP120–125 fibril (PDB 2OL9). (B) X-ray crystallo-
graphic structure of an IAPP14–20 fibril (PDB 3FTH). (C) X-ray crystallographic structure
of a TTR111–116 fibril (PDB 4XFN).

The high resolution structures of fibrils have not only expanded our understanding of how

these assemblies form in amyloid diseases, but have also served as inspiration for the design of

functional materials.38,39 These rules have been used to design peptides that can dynamically

form fibril-like assemblies.40,41 The high resolution structure of these peptide assemblies are

similar to the fibrils formed by amyloid-forming peptide and proteins described above.42

These design rules have also been used to design fibrils with catalytic activity.43–47
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1.3 Amyloid Oligomers

The deposition of fibrils in diseased tissue initially lead to the hypothesis that their formation

mediates Alzheimer’s disease.48 In recent years this view has changed. Instead, the smaller

soluble assemblies of Aβ, known as oligomers, are now thought to be important to the

development of the disease.49,50 Similar shifts have occurred in our understanding of other

amyloid diseases.

In contrast to the large fibrils described in the preceding section, the structures of amyloid

oligomers remain unknown. There are no high resolution structures of a full-length amyloid-

forming peptide or protein assembled into an oligomer. A number of low resolution structural

studies have shown that the oligomers are polymorphic, heterogenous and metastable.51 The

oligomers appear to share common themes in their self-assembly, analogous to the common

features in the fibrils structures discussed above. The oligomers do not resemble fibrils, but

instead are constructed though rules unique to these assemblies. For example, oligomers

appear to be constructed through the formation of primarily anti-parallel β-sheets, instead

of the parallel β-sheets that dominate the fibril structures.

The high resolution structures of peptide fragments have shaped much of our understanding

of amyloid oligomer structures (Figure 1.4). These peptide fragments provide insights into

the structures of amyloid oligomers while no oligomer structures of the full-length peptide

or protein are available. The first glimpse of an amyloid oligomer was described in 2012.52

The X-ray crystallographic structure of αB-crystalin90–100 revealed a cylindrin motif (Figure

1.4A and B). In this motif, six peptides pack to form a cylindrical assembly. The individual

peptides fold into β-strands. These β-strands interact to form an antiparallel β-sheet that

wraps around the cylinder. The cylindrin motif has also been proposed to be adopted by

C -terminal fragments of Aβ.53 A similar cylindrical assembly was subsequently observed in

the X-ray crystallographic structure of fragments of the human prion protein hPrP (Figure
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1.4C and D).54 In this structure six copies of the disulfide-linked fragments of hPrP pack

to form a hexameric β-barrel-like assembly. Both the cylindrin and β-barrel-like assembly

are composed of twisted β-sheets, in contrast to the flat β-sheets that dominate the fibril

structures.

Figure 1.4: X-ray crystallographic structures of α-B crystallin-derived and hPrP-derived
peptide oligomers. (A and B) The α-B crystalin90–100 cylindrin (PDB 3SGO). The image in
B is rotated 90o relative to the image in A. (C and D) The hPrP177–182–hPrP211–216 hexamer
(PDB 4E1I). The image in D is rotated 90o relative to the image in C.

These structures suggest that amyloid oligomers formed by different amyloid-forming pep-

tides and proteins may share similar themes in their assembly. As more structures of peptide

fragments become available, these rules will likely be refined. This understanding may allow-

ing the relationship between oligomer structure and biological activity to be characterized.

Such information could lead to the development of therapeutics for Alzheimer’s disease and

other amyloid diseases. Alternatively, these rules may lead to the design of functional mate-

rials, in the same way that the structures of the fibrils have guided the design of functional

materials.

1.4 Chemical Model Systems

The structures of peptide fragments described by Eisenberg and coworkers and Surewicz

and coworkers represent the first tantalizing insights into the supramolecular assemblies of

amyloid oligomers.52,54 In tandem to these groups, the Nowick lab has pioneered the use
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of macrocyclic β-hairpins as a tool to study the structures of amyloid oligomers at high

resolution.55 These chemical model systems contain two heptapeptide fragments derived

from an amyloid-forming peptide or protein. These two fragments are constrained into a

β-hairpin through the macrocyclization with two δ-linked ornithine turn units (δOrn). These

two unnatural amino acids act as β-turn mimics. The macrocyclic β-hairpin peptides are

prone to aggregation due to the hydrophobic, amyloidogenic sequences they contain. To

limit uncontrolled aggregation, these peptides bear a single N -methyl group appended to

the backbone. This N -methyl group disrupts continuous networks of β-sheets, like those

that form in the fibril and fibril-like assemblies depicted in Figures 1.1, 1.2, and 1.3. This

disruption serves to trap the macrocyclic β-hairpin peptides, and the amyloidogenic sequences

that they contain, in oligomeric assemblies. Fortuitously, the resulting assemblies are often

characterizable at high-resolution by X-ray crystallography.

This approach to studying amyloid oligomers was developed by Dr. Ryan K. Spencer, a

previous graduate student in the Nowick Laboratory.56–58 Dr. Spencer designed and syn-

thesized macrocyclic β-hairpins 1.1 and 1.2 (Chart 1.1). Peptide 1.1 is derived from the

amyloidogenic protein β2-microglobulin (β2M). In this peptide, β2M63–69 is juxtaposed by a

designed heptapeptide sequence. Dr. Spencer designed peptide 1.1 and several homologues

to study the impact that a single point mutation can have on the structures of amyloid

oligomers. In contrast, peptide 1.2 contains two heptapeptide derived from Aβ17–36. Dr.

Spencer designed this peptide to mimic a β-hairpin adopted by Aβ.59

Chart 1.1

9



The X-ray crystallographic structures of peptides 1.1, its homologues, and 1.2 differ in

the precise details of their assemblies, yet share similar themes in supramolecular assembly

(Figure 1.5). In these structures, the individual β-hairpin peptides pack to form triangular

trimers and hydrogen-bonded dimers. The individual β-hairpins that comprise these trimers

and dimers are highly twisted. These trimer and dimer subunits serve as building blocks

for higher-order oligomers such as hexamers, octadecamers, and dodecamers. These com-

mon features are reminiscent to the similarities present in fibril structures discussed in the

preceding subsections. These structures suggest that amyloid oligomers formed by differ-

ent amyloid-forming peptides or proteins might comprise similar structural motifs. Those

motifs might be triangular trimers like the ones depicted in Figure 1.5. These structures

have led the Nowick laboratory to suggest a model for amyloid oligomer formation wherein

the amyloid-forming peptide or protein folds into a β-hairpin, the β-hairpin assembles into

triangular trimers, and the triangular trimers assemble into related higher-order oligomers

(Figure 1.5C).
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Figure 1.5: X-ray crystallographic structures of oligomers formed by macrocyclic β-hairpin
peptides 1.1 and 1.2. (A) X-ray crystallographic structures of peptide 1.1 and its homo-
logues (PDB from left to right: 4P4V, 4P4Z, 4P4W). (B) X-ray crystallographic structure of
a triangular trimer, sandwich-like hexamer, and spherical dodecamer formed by peptide 1.2
(PDB 4NTR). (C) Model for the hierarchical assembly of β-hairpins into triangular trimers
and related higher-order oligomers.60

The structures depicted in Figure 1.5A and B represented the Nowick Laboratory’s under-

standing of amyloid oligomers when I joined the laboratory in 2013. Since then, the Nowick

laboratory has refined the model depicted in Figure 1.5C through the design and charac-
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terization of macrocyclic β-hairpin peptides like peptides 1.1 and 1.2. Work by Dr. Adam

Kreutzer has expanded upon this model in context of Aβ-derived peptides.60–62

This dissertation describes my contributions to this model. In Chapter 2, I explore the

supramolecular assembly of α-synuclein derived peptides. I find that α-synuclein may assem-

ble into triangular trimers and related higher-order oligomers like those depicted in Figure

1.5.63 In Chapter 3, I explore the self-assembly of homologues of peptide 1.2. I find that a

simple perturbation of the β-hairpin can alter the resulting oligomer structure.64 In Chapter

4, I develop a new tool that allows the oligomer’s assembly to be dynamically controlled

with light. I find that oligomerization is required to induce cell-death.65 In Chapter 5, I

describe the discovery that triphenylmethane dyes bind to triangular trimers derived from

Aβ. I find that the three-fold symmetric triangular trimers bind to three-fold symmetric

small molecules. Collectively, my contributions have expanded the model depicted in Figure

1.5C to additional amyloid forming peptides, and have provided new tools with which the

supramolecular assemblies of amyloid-derived peptides can be controlled and interrogated.
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Chapter 2

X-ray crystallographic structure of

oligomers formed by a toxic β-hairpin

derived from α-synuclein: trimers and

higher-order oligomers

2.1 Introduction

Parkinson’s disease is one of several amyloid disorders, collectively referred to as synucle-

inopathies, whose pathology is characterized by the aggregation of the presynaptic protein

α-synuclein (α-Syn) into Lewy bodies.66–68 Despite the appearance of these Lewy bodies in

diseased brains, soluble oligomers of α-Syn seem to be the toxic agent in Parkinson’s dis-

ease.69 The characterization of α-Syn oligomers is an outstanding biophysical challenge due

to their heterogeneity and propensity to aggregate. These properties have precluded α-Syn

oligomers from high-resolution structural characterization by X-ray crystallography and have
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limited their characterization to a range of low-resolution techniques, including size-exclusion

chromatography, SDS-PAGE, dynamic light scattering, analytical ultracentrifugation, and

cryo-TEM.70 The same properties have precluded oligomers formed by many amyloidogenic

proteins from structural characterization at high resolution.

Small peptides derived from amyloidogenic proteins have afforded high-resolution structures

that provide insights into the structures of amyloid oligomers formed by full-length pro-

teins.52,54,57,58,71–73 Studying the assembly of small peptides derived from α-Syn may pro-

vide insights into oligomeric assemblies of the protein. Several structural studies of α-Syn

oligomers have suggested that two β-strands loosely defined by residues 36–43 and 49–58

form the core of the toxic oligomers associated with Parkinson’s disease.74–76 Most notably,

Hoyer et al. recently observed a β-hairpin defined by residues 36–55 in monomeric α-Syn by

NMR spectroscopy (Figure 2.1A).77 The authors found that sequestering this β-hairpin in

an engineered binding protein markedly reduces the toxicity of aged α-Syn and inhibits its

fibrillization. The β-hairpin has also been observed in solution by others.78,79

Five of the six known disease-causing point mutations of Parkinson’s disease are located

within this β-hairpin, further emphasizing the importance that this region plays in the

pathology of Parkinson’s disease.80–85 Recently, Schulten et al. have found through molec-

ular dynamics simulations that residues 36–55 adopt a β-hairpin similar to that observed

by Hoyer et al.86 The authors also found that disease-causing point mutations stabilize the

β-hairpin. They further suggest that β-hairpin formation precedes aggregation of α-Syn in

the pathway to pathology. The concurrence of genetic and structural evidence motivated

us to design a macrocyclic β-sheet that mimics this β-hairpin, with the goal of creating a

high-resolution structural model of α-Syn oligomers (Figure 2.1).
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Figure 2.1: Design of peptide 2.1a. (A) NMR structure of the β-hairpin formed by residues
36–55 in full-length α-Syn (green) bound by an engineered affibody (white) (PDB 4BXL).77

(B) Chemical structure of the β-hairpin formed by α-Syn36–55. (C) Chemical structure of
peptide 2.1a.

We designed macrocyclic β-sheet peptide 2.1a to mimic the β-hairpin formed by α-Syn36–55

(Figure 2.1B and C): We incorporated the heptapeptides α-Syn36–42 (GVLYVGS) and α-

Syn49–55 (VHGVATV) into the top and bottom strands of the macrocycle to maintain the

same alignment and hydrogen-bonding patterns observed in the NMR structure. We replaced

the residues that form the loop of the β-hairpin (43–48) with a δ-linked ornithine turn unit,

which serves as a β-turn mimic and enforces a β-sheet conformation.87 We connected residues
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36 and 55 with a second δ-linked ornithine turn to further enforce a β-sheet conformation. We

mutated Gly36 to Ala to enhance the folding of peptide 2.1a. We incorporated a single N -

methyl group on Val52 to limit the uncontrolled aggregation of peptide 2.1a.56 We mutated

Tyr39 to 4-iodophenylalanine (PheI) to allow X-ray crystallographic phase determination

using single wavelength anomalous dispersion (SAD) phasing.

This approach has allowed us to determine the X-ray crystallographic structure of oligomers

formed by this β-hairpin derived from α-Syn36–55.88 In this structure, we observe a hierarchical

assembly of β-hairpins: three β-hairpins assemble to form a trimer, three trimers assemble to

form a nonamer, and two nonamers pack to form an octadecamer. This structure is the first

reported X-ray crystallographic structure of oligomeric assemblies of peptides derived from

α-Syn. These oligomers suggest a model for α-Syn oligomerization in which self-assembly of

α-Syn is centered around α-Syn36–55.

2.2 Results

X-ray crystallographic structure of a peptide derived from α-Syn36–55. Peptide

2.1a and its derivatives were synthesized using Fmoc-based solid-phase peptide synthesis

(Scheme 2.1).56,57 Screening peptide 2.1a in 288 conditions yielded a single condition in which

crystals grew: 0.1 M HEPES buffer at pH 8.0, 0.5 M (NH4)2SO4, and 34% 2-methyl-2,4-

pentanediol (MPD). Diffraction data were collected to 1.97 Å at the Advanced Light Source

at Lawrence Berkeley National Laboratory with a synchrotron source at 0.976 Å. Data

were scaled and merged with XDS.89 The locations of the anomalous scattering atoms were

determined using the program HySS (hybrid structure search).90 The structure of peptide

2.1a was solved and refined in space group P213. Coordinates for hydrogen atoms were added

during refinement in phenix.refine.90 Table 2.1 summarize the crystallographic properties,
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crystallization conditions, data collection, and model refinement statistics for peptides 2.1a

and ent-2.1a.

The asymmetric unit contains six distinct copies of peptide 2.1a, each of which is folded into

an antiparallel β-hairpin with minor differences in the conformations of Thr54, Val55, and the

δ-linked ornithine turn unit that joins Ala36 to Val55 (Figures 2.2 and 2.3). The residues of

the β-hairpin are displayed on the front or back surfaces of the β-sheet: Ala36, Leu38, Val40,

Ser42, Val49, Gly51, Ala53, and Val55 are displayed on the front surface; Val37, PheI
39, Gly41,

His50, N -Me Val52, and Thr54 are displayed on the back surface.21 The β-hairpin monomers

have a right-handed twist ranging from approximately 15–30° per residue along the β-strand

axis, thus mimicking the highly twisted β-hairpin observed by Hoyer et al. (Figure 2.3B).

Figure 2.2: Overlay of the six molecules of peptide 2.1a from the asymmetric unit (PDB
5F1T). The average RMSD overlay is 0.83 Å.
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Table 2.1: Crystallographic properties, crystallization conditions, and data collection and
model refinement statistics for peptides 2.1a and ent-2.1a

peptide 2.1a ent-2.1a
PDB ID 5F1T 5F1W
space group P213 P213
a, b. c (Å) 77.518, 77.518, 77.518 77.91, 77.91, 77.91
α, β, γ (o) 90, 90, 90 90, 90, 90
peptides in asymmetric unit 6 6
crystallization conditions 0.1 M HEPES, pH 8.0, 0.5 M NH4SO4,

34% racemic 2-methyl-2,4-pentanediol

Data Collectiona

wavelength (Å) 0.976 0.997
resolution (Å) 38.76–1.971 (2.041–1.971) 31.81–2.162 (2.239–2.162)
total reflections 65593 (6546) 17323 (1682)
unique reflections 11211 (1122) 8669 (841)
multiplicity 5.9 (5.8) 2.0 (2.0)
completeness (%) 99.85 (100.00) 100 (100)
mean I/σ 12.38 (2.49) 5.84 (2.27)
Wilson B-factor 21.66 34.71
Rmerge 0.1117 (0.6654) 0.06961 (0.4373)
Rmeasure 0.1229 0.09844
CC1/2 0.997 (0.735) 0.989 (0.454)
CC* 0.999 (0.92) 0.997 (0.79)

Refinement
Rwork 18.28 22.29
Rfree 22.09 28.29
non-hydrogen atoms 821 754
RMSbonds 0.012 0.026
RMSangles 1.51 0.80
Ramachandran
favored (%) 100 21.82b

outliers (%) 0 78.18b

clashscore 2.21 2.70
average B-factor 29.50 46.89

aValues for the highest resolution shell are show in parentheses. bRamachandran-favored
values for peptide ent-2.1a should be ignored, as it is composed of all d-amino acids
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Figure 2.3: Peptide 2.1a mimics the structure of α-Syn36–55. (A) Representative β-hairpin
monomer from the crystal lattice of peptide 2.1a (PDB 5F1T). (B) β-Hairpin monomer
formed by α-Syn36–55 (PDB 4BXL, affibody omitted).77

The differences in conformations of Thr54 appear to be responsible for the slight differences

among the β-hairpin monomers (Figure 2.4). Four of the six monomers in the asymmetric

unit form an ideal β-hairpin. In the fifth monomer, the hydroxy group of Thr54 is positioned

such that it disrupts the interchain hydrogen bond between the amide proton of Val55 and

the carbonyl oxygen of Ala36 (Figure 2.4B). In the sixth monomer, Thr54 participates in a

γ-turn between Ala53 and Val55 (Figure 2.4C). Both of these conformations abrogate the

intramolecular hydrogen bonding between Ala36 and Val55 and distort the conformation of

the δ-linked ornithine turn that connects them.
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Figure 2.4: β-Hairpin monomers from the asymmetric unit of peptide 2.1a. (A) β-Hairpin
monomer of peptide 2.1a in which the β-strands are completely hydrogen bonded, with a
magnified view of the hydrogen bonding between Ala36 and Val55. (B) β-Hairpin monomer
in which the hydroxy group of Thr54 hydrogen bonds with the carbonyl of Ala36 and the
δNH of ornithine, with a magnified view of the disrupted hydrogen bonding between Ala36

and Val55 by Thr54. (C) β-Hairpin monomer in which Ala53, Thr54, and Val55 form a γ-turn,
with a magnified view of the disrupted hydrogen bonding between Ala36 and Val55 by the
γ-turn.

The six β-hairpin monomers of the asymmetric unit further assemble into two triangular

trimers in which three monomers occupy the edges of the triangle (Figure 2.4A). The two

trimers differ little in structure. Each trimer is composed of two monomers in one orientation

and one monomer in a different orientation. The relative orientations of the N -methyl groups

within the trimer highlight the lack of internal symmetry; two of the methyl groups point

into the center of the trimer, whereas the third points outward (Figure 2.4B).

20



21



Figure 2.4: Triangular trimer of peptide 2.1a. (A) Cartoon and stick representation depict-
ing the intramolecular and intermolecular hydrogen bonding within the trimer (front surface
view). (B) Cartoon representation depicting the location of the N -methyl groups in the
trimer (front surface view). (C) Sphere representation depicting the hydrophobic packing of
residues in the trimer (front surface view).

The packing of the monomers in this fashion buries ca. 1300 Å2 of surface area per trimer,

averaging 450 Å2 of buried surface area per β-hairpin monomer (Figure 2.4C). This area

corresponds to more than one fourth of the total surface area of the monomers. The two

surfaces of each trimer display different residues: the front surface of each trimer displays

the residues on the front surface of the β-hairpin monomers; the back surface of each trimer

displays the residues on the back surface β-hairpin monomers. Intermolecular hydrogen

bonds at the apexes of the trimer further stabilize this assembly.

The two crystallographically distinct trimers further assemble to form two distinct basket-

shaped nonamers, each of which is a trimer of the triangular trimers. (Figure 2.4A). The two

nonamers differ little in structure. Unlike the trimer subunit, each nonamer contains internal

C 3 symmetry, resulting in uniform packing of the trimer subunits against one another.

Hydrogen bonding between the trimer subunits stabilizes the basket-shaped nonamer (Figure

2.4B). The vertices of the trimer subunits within the nonamers form extensive networks of

hydrogen bonds. At the juncture of each of the trimers, four β-hairpins come together to

form an eight-stranded β-barrel (Figure 2.5). Each nonamer contains three such β-barrels.

The top of the basket-shaped nonamer comprises a hydrogen-bonded triangular interface

(Figure 4B). In this interface, each triangular trimer subunit contributes one β-hairpin and

each of these β-hairpins forms six intermolecular hydrogen bonds.
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Figure 2.4: Basket-shaped nonamer formed by peptide 2.1a. (A) Cartoon and stick represen-
tation (outer surface view). (B) Cartoon and stick representation depicting the main-chain
hydrogen-bonding networks (outer surface view). (C) Hydrophobic packing in the core of
the nonamer (inner surface view, image is rotated 180° with respect to A and B about the
vertical axis).

Figure 2.5: Cartoon representation of the basket-shaped nonamer, oriented to look down
one of the three identical eight-stranded β-barrels within the assembly.

Hydrophobic contacts between the triangular trimers also stabilize each nonamer (Figure

2.4C). The trimer subunits pack against each other along their back surfaces to form a

densely packed hydrophobic core consisting of residues Val37, PheI
39, His50, Val52, and Thr54.

The front surfaces of the trimer subunits are largely exposed to solvent. The packing of the

trimers against one another buries ca. 3000 Å2 of surface area in the nonamer assembly:

nearly 1000 Å2 per trimer subunit. This area corresponds to roughly one third of the total

surface area of the trimer.

The two nonamers further dimerize to form an octadecamer (Figure 2.6A). The nonamers

pack against one another through hydrophobic contacts between Ala36, Leu38, Val40, Val55,

and the δ-linked ornithine turn unit that connects Ala36 to Val55 (Figure 2.6B). This interface

buries ca. 1300 Å2 of surface area, of which each nonamer contributes roughly 650 Å2. The
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octadecamer appears to be the largest oligomer in the crystal lattice. Contacts between

octadecamers within the lattice are small, roughly 300 Å2 per octadecamer.

Figure 2.6: Octadecamer formed by peptide 2.1a. (A) Cartoon and stick representation.
(B) Sphere representation depicting the contact surface between the nonamer subunits.

Inspired by the interest in racemic and enantiomeric proteins, we also determined the X-ray

crystallographic structure of peptide ent-2.1a.91,92 As expected, peptide ent-2.1a crystalizes

from the same conditions as peptide 2.1a and forms crystals in the same space group with

similar unit cell dimensions as those formed by peptide 2.1a. The asymmetric unit of peptide

ent-2.1a contains six molecules of ent-2.1a, each of which is folded into a β-hairpin that is

the mirror image of that formed by peptide 2.1a (Figure 2.7). Peptide ent-2.1a assembles to

form oligomers that are mirror images of those formed by peptide 2.1a. These enantiomeric
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Figure 2.7: Monomers from the crystal lattice of peptide ent-2.1a (left, PDB 5F1W) and
peptide 2.1a (right, PDB 5F1T). Non-polar hydrogens are omitted for clarity.

oligomers are identical in every fashion — except handedness — to those formed by pep-

tide 2.1a. Although racemates often crystalize more readily than individual enantiomers,

attempts to cocrystalize peptides 2.1a and ent-2.1a have failed93.

Crystallographically based model of an α-Syn33–58 nonamer. We envisioned that

full-length α-Syn could assemble in the same fashion as the oligomers formed by peptide

2.1a, but were concerned whether the trimers and nonamers would accommodate the loop

and additional N - and C -terminal residues. To address this question, we modeled Ac-α-

Syn33−58-NHMe into the crystallographic coordinates of the nonamer94. We built residues

43–48 (KTKEGV), 33–35 (TKE), and 56–58 (AEK) into the crystallographic coordinates of

peptide 2.1a and performed replica-exchange molecular dynamics (REMD) to generate real-

istic conformations of the loops and the N - and C -terminal fragments of the β-hairpin.95,96

The REMD simulation shows that the nonamer successfully accommodates the additional

residues from the full-length protein without any significant clashes amongst residues (Fig-

ure 2.8). The N - and C -terminal fragments of α-Syn project out of the assembly and do

not interfere with nonamer formation. The residues on each of the loops at the apexes of

the nonamer pack against one another, suggesting that these additional residues from the

full-length protein could stabilize this assembly. Incorporation of the loops as well as the

additional N - and C -terminal residues into the nonamer buries an additional 400 Å2 of sur-

face area per trimer subunit, providing an additional 1200 Å2 of buried surface area beyond
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the crystallographic nonamer. Table 2.2 summarizes the size of the contact surfaces within

the crystallographic oligomers and the model of α-Syn33–58. The X-ray crystallographic and

REMD structures generated herein may serve as models for the core of the oligomers formed

by full-length α-Syn.

Figure 2.8: Crystallographically based model of the α-Syn33-58 nonamer. Superposition of 20
structures of Ac-α-Syn33–58-NHMe generated by replica-exchange molecular dynamics.

Table 2.2: Buried surface area within the oligomers formed by peptides 2.1a and the α-
Syn33–58 model

assembly subunit BSAa(Å2) BSA/subunitb (Å2)

trimer (2.1a) monomer 1300 450

trimer (model) monomer 1700 550

nonamer (2.1a) trimer 3000 1000

nonamer (model) trimer 4200 1400

aBuried surface area; bAverage BSA per subunit.
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Membrane-induced folding of peptides derived from α-Syn36–55. The interaction of

α-Syn with the anionic membranes of neurons induces conformational changes and nucleates

self-assembly of the protein.97 To test the effects of membranes on the conformation of pep-

tide 2.1a, we compared the circular dichroism (CD) spectra of peptide 2.1a in the presence

of anionic or neutral liposomes to that of peptide 2.1a in aqueous buffer (Figure 4.13).98–100

The CD spectrum of peptide 2.1a in aqueous buffer displays negative bands centered at 220

nm and 200 nm101. Upon the addition of anionic phosphatidylcholine:phosphatidylserine

(PC:PS) large unilamellar vesicles (LUVs), the CD spectrum of peptide 2.1a changes dra-

matically: the negative band at 220 nm becomes more intense and a positive band appears

below ca. 210 nm. This change in CD spectrum upon addition of the liposomes indicates

that peptide 2.1a adopts a β-sheet-rich conformation upon interaction with anionic PC:PS

liposomes.
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Figure 2.9: Effects of liposomes on the CD spectra of peptide 2.1a and ent-2.1a. Spectra of
50 µM peptide in 10 mM sodium phosphate buffer at pH 7.4 were acquired in the presence
or absence of 1.0 mM lipids, constituting either phosphatidylcholine (PC) or phosphatidyl-
choline:phosphatidylserine (PC:PS) liposomes. Data are graphed as mean residue ellipticity.
The CD spectra could not be recorded below ca. 200 nm in the presence of the liposomes.

In contrast to anionic PC:PS LUVs, neutral phosphatidylcholine (PC) LUVs do not induce

changes in the conformation of peptide 2.1a. The CD spectrum of peptide 2.1a in the

presence of PC LUVs is superimposable with the CD spectrum of peptide 2.1a in aqueous

buffer. The contrasting effects of the PC and PC:PS liposomes indicates that electrostatic

interactions between the cationic peptide and the anionic liposomes are essential to the

membrane-induced conformational changes observed.
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To test the importance of chirality in the interaction of peptide 2.1a with PC:PS liposomes,

we investigated the effect of liposomes on the CD spectra of peptide ent-2.1a. The CD

spectra of peptide ent-2.1a are identical but opposite in sign to those of peptide 2.1a in the

three sets of conditions studied. In aqueous buffer, the CD spectrum of peptide ent-2.1a

displays positive bands centered at 220 nm and 200 nm. In the presence of PC:PS LUVs,

the positive band at 220 nm becomes more intense and a negative band appears below ca.

210 nm. No change in the CD spectrum is observed upon the addition of PC LUVs. The

equivalent behavior of the enantiomeric peptide suggests that chiral interactions are not

important in the interaction with liposomes, even though the individual lipid molecules are

chiral. Instead, the interaction appears to reflect the importance of the charged head groups

and the hydrophobic lipids.

Cytotoxicity of peptides derived from α-Syn36–55. The oligomers formed by full-length

α-Syn are thought to induce cell death upon interaction with the cell membrane.102 To deter-

mine whether the propensity of peptide 2.1a to bind lipid membranes imparts toxicity, we

studied the effect of peptide 2.1a and several control peptides on a neuronally derived cell

line. Treatment of SH-SY5Y cells with peptide 2.1a results in cell death as measured by lac-

tate dehydrogenase release (LDH) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) conversion assays (Figure 2.10). A dose-response relationship is observed

at concentrations ranging from 5–40 µM, with maximal toxicity occurring at 40 µM. Max-

imal cell death occurs within 16 hours after treatment with 40 µM peptide 2.1a (Figure

2.11). These results demonstrate that peptide 2.1a is cytotoxic but do not establish that

the toxicity results from membrane interaction.
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Figure 2.10: LDH and MTT assays of the toxicity of peptide 2.1a towards SH-SY5Y cells
with varying concentrations. Cells were incubated with 5–40 µM of peptide 2.1a for 24 hours
before performing the assays. Cell death and viability were determined spectrophotometri-
cally as previously described.103,104 Error bars represent standard deviation propagated from
five replicate runs.
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Figure 2.11: LDH and MTT assays of the toxicity of peptide 2.1a towards SH-SY5Y cells
with varying incubation times. Cells were incubated with 40 µM of peptide 2.1a for 4–24
hours before performing the assays. Cell death and viability were determined spectrophoto-
metrically as previously described.103,104 Error bars represent standard deviation propagated
from five replicate runs.

To establish whether cell death occurs from membrane interaction, we compared peptide

2.1a to three homologues (ent-2.1a, 2.1aA53E, and 2.1b) in LDH and MTT assays (Figure

2.12). Treatment of SH-SY5Y cells with either peptide ent-2.1a or peptide 2.1a results

in nearly equal levels of cell death. The comparable toxicity of peptides ent-2.1a and 2.1a
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suggest that toxicity results from non-specific interactions with the cells, rather than through

specific interaction with a receptor protein.

Figure 2.12: LDH and MTT assays of the toxicity of peptide 2.1a and its homologues to-
wards SH-SY5Y cells. Cells were incubated with 40 µM of peptide 2.1a, ent-2.1a, 2.1aa53E,
or 2.1b for 24 hours before performing the assays. Cell death and viability were determined
spectrophotometrically as previously described.103,104 Error bars represent standard devia-
tion propagated from five replicate runs.

Peptide 2.1aA53E is identical to peptide 2.1a in amino acid sequence with exception of

the A53E familial point mutation. This mutation reduces the affinity of full-length α-Syn

to anionic lipid membranes and delays its aggregation.85 CD spectroscopy shows that this

mutation blocks interactions between peptide 2.1aA53E and anionic lipid membranes: the
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CD spectra of peptide 2.1aA53E are identical in the presence or absence of PC:PS LUVs

(Figure 2.13). Peptide 2.1aA53E produces no measurable cell death at 40 uM (Figure 2.12).

The lack of toxicity of peptide 2.1aA53E in conjunction with its lack of membrane interactions

supports that membrane interaction is central to the toxicity of peptide 2.1a.

Figure 2.13: Effects of liposomes on the CD spectra of peptide 2.1aA53E. Spectra of 50
µM peptide in 10 mM sodium phosphate buffer at pH 7.4 were acquired in the presence
or absence of 1.0 mM lipids, constituting either phosphatidylcholine (PC) or phosphatidyl-
choline:phosphatidylserine (PC:PS) liposomes. Data are graphed as mean residue ellipticity.
The CD spectra could not be recorded below ca. 200 nm in the presence of the liposomes.

Peptide 2.1b was designed to test the role of the crystallographically observed oligomers in

the toxicity elicited by peptide 2.1a. Peptide 2.1b is identical to peptide 2.1a in amino acid

sequence, but is N -methylated at Gly41 instead of Val52. We anticipated that N -methylation

at Gly41 would disrupt the formation of the trimer and the basket-shaped nonamer by dis-

rupting the hydrogen-bonding within the oligomers and forcing the subunits apart. Peptide

2.1b is much less cytotoxic than peptide 2.1a, as determined by both the LDH and MTT
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assays (Figure 2.12). N -Methylation at Gly41 does not impair the interaction of peptide

2.1b and lipid bilayer membranes: upon the addition of PC:PS LUVs, the CD spectrum of

peptide 2.1b changes dramatically, in a fashion similar to the changes observed for peptide

2.1a (Figure 2.14). The marked decrease in toxicity of peptide 2.1b is consistent with,

but does not prove, the involvement of the crystallographically observed oligomers in the

cytotoxicity associated with peptide 2.1a.

Figure 2.14: Effects of liposomes on the CD spectra of peptide 2.1b. Spectra of 50 µM
peptide in 10 mM sodium phosphate buffer at pH 7.4 were acquired in the presence or
absence of 1.0 mM lipids, constituting either phosphatidylcholine (PC) or phosphatidyl-
choline:phosphatidylserine (PC:PS) liposomes. Data are graphed as mean residue ellipticity.
The CD spectra could not be recorded below ca. 200 nm in the presence of the liposomes.
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2.3 Discussion

The X-ray crystallographic studies of peptide 2.1a and the molecular modeling studies of

the α-Syn33–58 nonamer suggest a model for oligomer formation by full-length α-Syn. In this

model, residues 36–55 of full-length α-Syn form a β-hairpin, three of these β-hairpins assemble

to form triangular trimers, and the trimers assemble to form basket-shaped nonamers or

related higher-order oligomers. To our knowledge, the X-ray crystallographic structure of

peptide 2.1a provides the first high-resolution structures of oligomers of peptides derived

from α-Syn. There are currently no reported high-resolution structures of oligomers of the

full-length protein. The structures described herein should help bridge the gap between the

plethora of low-resolution structural information of full-length α-Syn oligomers and a still

needed high-resolution structure.

The structures of the oligomers formed by peptide 2.1a are fundamentally different from

the proposed structure of the fibrils formed by α-Syn (Figure 2.15).105,106 Although there

are no high-resolution structures of the fibrils, the current understanding of fibril structures

suggests that the monomer units fold onto themselves to form a five-layer β-sandwich. In the

fibril, the folded monomers hydrogen bond with neighboring monomers to form a network of

parallel β-sheets. Although many of the details of the fibril assembly are still being debated,

commonalities such as multilayered parallel β-sheets are widely accepted.107,108 In contrast to

the proposed assembly of the fibril, the oligomers we observe assemble in an entirely separate

fashion: through the intermolecular interactions amongst antiparallel β-hairpins. This stark

difference suggests that the structures of the oligomers formed by full-length α-Syn may differ

wildly from the structures of α-Syn fibrils in both monomer conformation and in themes of

higher-order assembly.

36



Figure 2.15: Models of an α-Syn fibril and an α-Syn oligomer. (A) Cartoon of α-Syn monomer.
Residues 36–55 are colored yellow and the NAC is colored blue. (B) Cartoon of α-Syn fibril,
showing two monomer subunits arranged into a five-layered β-sheet.106 (C) Cartoon of α-Syn
trimer subunit of basket-shaped nonamers or related higher-order oligomers, showing three
β-hairpins arranged into a trimer.

Our findings suggest that the region of α-Syn that drives fibrillization may differ from that

which drives oligomerization (Figure 2.15). Residues 61–95 of α-Syn, termed the NAC109,

are required for fibrillization of α-Syn.30,110–112 The currently accepted model of the α-Syn

fibril places the NAC at the core of the assembly and α-Syn36–55 at the periphery.113 Our

model of α-Syn oligomers suggests that the exact opposite may be true for some oligomers,

placing α-Syn36–55 at the core of the oligomers, while the NAC and remainder of the protein

decorates the periphery. Our results do not rule out the possibility of other types of α-Syn

oligomers with the NAC at their core. Our results do, however, suggest that the NAC is not
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the only driver of oligomer formation. As α-Syn oligomers are known to be polymorphic,

there may be multiple families of oligomers in which different regions of α-Syn drive assembly.

The occurrence of five of the six known familial point mutations in α-Syn36–55 suggests that

this region is important in the pathology of synucleinopathies. With exception of H50Q, all of

these point mutations would be displayed on the solvent-exposed surface of the basket-shaped

nonamer. These mutations might stabilize the nonamers or component trimers, or might

drive the protein into oligomers with different structures. Alternatively, these mutations

may merely destabilize native tetramers of α-Syn and thus promote aggregation.114,115 An

X-ray crystallographic structure of a derivative of peptide 2.1a bearing any of these point

mutations would be edifying. Our own attempts to crystalize homologues of peptide 2.1a

with point mutations H50Q, G51D, A53E, or A53T have thus far been unsuccessful.

The oligomers formed by full-length α-Syn may differ from those formed by peptide 2.1a

while still retaining the general features of β-hairpins and trimers. We have, for exam-

ple, observed that β-hairpins derived from β-amyloid and β2-microglobulin form symmetrical

trimers, rather than the asymmetric trimer observed for peptide 2.1a.57,58 These trimers

further assemble to form hexamers, octamers, and dodecamers instead of nonamers and

octadecamers. Although all of these amyloid-derived peptides differ in sequence and the

oligomers differ in precise structure, they share the common theme of β-hairpins assem-

bling into triangular trimers that further assemble into complex and intricate higher-order

assemblies.

Trimers may be a unifying motif of toxic amyloid oligomers formed by full-length amyloido-

genic proteins. SDS-stable trimeric assemblies of full-length α-Syn have been observed in

immunoblots of mouse brain extracts.69 The appearance of these species strongly correlates

with an increased loss of dopaminergic neurons in vivo. Similarly, trimeric assemblies of

β-amyloid have been shown to disrupt cognitive function in rats.116 The occurrence of the

triangular trimeric motif in crystal structures reported by our group has lead us to be-

38



lieve that trimers may be unifying substructures of amyloid oligomers that are composed

of β-hairpin monomers. The CD studies, in conjunction with the toxicity assays, suggest

that the cytotoxicity of peptide 2.1a may result from interactions of trimers or higher-order

oligomers with cell membranes, in the same fashion as the oligomers of full-length α-Syn.67

At this point, we cannot conclusively say that the crystallographic oligomers are forming un-

der the conditions used in the cell assays;117 however, the substantial decrease in toxicity of

the alternatively N -methylated peptide 2.1b supports the involvement of the trimer and/or

nonamers in cell death.

2.4 Conclusion

Here we present the first X-ray crystallographic structure of oligomers formed by a pep-

tide derived from α-Syn. This peptide was designed to mimic a β-hairpin motif thought to

be important in α-Syn oligomer formation. This designed peptide mimics key properties

of oligomers of full-length α-Syn: affinity for membranes that imparts toxicity. The struc-

ture suggests a model for α-Syn oligomer formation centered around α-Syn36–55, in which α-

Syn36–55 folds into a β-hairpin that further assembles into trimers and higher-order oligomers.

These structures differ in topology from those of α-Syn fibrils and suggest that regions of

α-Syn not important for its fibrillization may play a central role in its oligomerization. The

X-ray crystallographic structure of peptide 2.1a and the model of the α-Syn33–58 nonamer

may be used as starting points to design small molecules that interact with α-Syn oligomers

or to rationalize the modes of interactions between α-Syn oligomers and small molecules that

interact with them.
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2.5 Materials and Methods

2.5.1 General information

All chemicals were used as received except where otherwise noted. Methylene chloride was

passed through alumina under nitrogen prior to use. Anhydrous, amine free dimethylfor-

mamide (DMF) was purchased from Alfa Aesar.∗ All reactions were performed at ambient

temperature (ca. 20 °C), unless otherwise noted. Peptide synthesis was performed on a

Protein Technologies PS3 synthesizer. Analytical reverse-phase HPLC was performed on

an Agilent 1200 equipped with a Aeris PEPTIDE 2.6u XB-C18 column (Phenomonex).

Preparative reverse-phase HPLC was performed on a Beckman Gold Series P equipped with

a ZORBAX SB-C18 column (Agilent). HPLC grade acetonitrile and 18 MΩ deionized water,

each containing 0.1% trifluoroacetic acid, were used for analytical and preparative reverse-

phase HPLC. All peptides were prepared and used as the trifluoroacetate salts and were

assumed to have three molecules of trifluoroacetic acid (TFA) per molecule of peptide.

2.5.2 Representative synthesis of peptide 2.1a

he synthesis of peptides 2.1 were performed using techniques previously described by our

group.56 A representative protocol used to perform the synthesis of peptide 2.1a is detailed

below and diagramed in Scheme 2.1.

∗In our hands, lesser quality DMF dramatically impacts yields
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Scheme 2.1

Loading resin: 2-Chlorotrityl chloride resin (300 mg, 1.2 mmol/g capacity) was added to

a BioRad Poly-Prep column. Methylene chloride (ca. 5 mL) was added to swell the resin.
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After 30 min, the methylene chloride was drained with the aid of N2. Boc-Orn(Fmoc)-

OH (0.5 eq., 80 mg, 0.18 mmol) dissolved in 5 mL of a 20% solution of 2,4,6-collidine

in methylene chloride was added to the resin. The suspension was agitated overnight on a

platform rocker. The solution was then drained from the resin and replaced with a solution of

CH2Cl2/MeOH/DIPEA (17:2:1, 8 mL) to cap unreacted sites. The suspension was agitated

for 1 h, after which the solution was drained and the resin was washed with methylene

chloride and dried under a N2 stream. Resin loading was checked by taking a weighed

portion of loaded resin (ca. 1 mg) and performing a UV analysis of the Fmoc-deprotection

product using 3 mL of a 20% piperidine in DMF solution (301 nm, ε 7800). Typically

0.30–0.40 mmol/g of Boc-Orn(Fmoc)-OH was loaded for all repetitions of this procedure

(ca. 0.1 mmol scale synthesis).

Peptide coupling: The loaded resin was transferred into a glass peptide synthesizer reaction

vessel and submitted to repetitive Fmoc-deprotection and amino acid coupling using Fmoc

protected amino acid building blocks. All linear peptides were synthesized from the C - to

N -terminus. Each coupling step consisted of the following: i. Fmoc-deprotection with 3 mL

of 20% piperdine in DMF for 10 minutes, ii. washing with 3 mL of DMF (3x), iii. amino

acid coupling using 4 eq. of both the Fmoc-AA-OH building block and HCTU in 20% NMM

in DMF for 20 mins, iv. washing with 3 mL of DMF (5x). A double coupling was utilized

for the amino acid to be coupled onto the N -methyl amino acid in order to ensure complete

coupling: in place of iii. in the above procedure, two 1 h couplings of the requisite amino

acid with 4 eq. of both HOAt and HATU in place of HCTU were used to achieve complete

coupling. After coupling the final amino acid, a final Fmoc-deprotection was preformed

to remove the terminal Fmoc group, and the resin was transferred to a BioRad Poly-Prep

column and washed with methylene chloride.

Cleavage of the linear protected peptide from the resin: The linear protected peptide was

cleaved from the resin using a 20% hexafluoro-2-propanol (HFIP) in methylene chloride
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solution. A 10 mL portion of this solution was added to the resin and the suspension was

agitated for 1 h. (Addition of this solution to the resin often results in the formation of a

brilliant red color.) The solution was drained with the aid of N2 into a 250 mL round bottom

flask. The resin was washed with an additional 10 mL of the 20% HFIP/CH2Cl2 solution,

and the combined filtrates were concentrated under reduced pressure to afford a glassy solid.

This solid was further dried under vacuum (ca. 0.1 mmHg) for 1 h or more.

Cyclization of the linear protected peptide: The linear protected peptide was dissolved in ca.

125 mL of anhydrous DMF (dried and traces of dimethylamine removed by passage through

3A molecular sieves followed by an isocyanate scavenger resin column). HOBt and HBTU

(4 equiv each) were added, and the solution was stirred for 30 min under N2. DIPEA (1 mL,

distilled from KOH) was added, and the reaction mixture was stirred for 24 h under N2. The

solvent was removed by rotary evaporation under reduced pressure to afford a yellow/orange

solid, which was further dried under vacuum (ca. 0.1 mmHg) for 1 h or more.

Global deprotection and purification of the cyclic peptide: A TFA/TIPS/H2O mixture (17:1:1,

10 mL) was added to the solid from the preceding step, and the suspension was stirred for 1.5

h under N2. The solvent was removed under reduced pressure to afford a yellow/orange oil.

The oil was dissolved in 50 mL of MeOH and heated at reflux for 1 h to cleave TFA esters

that formed during deprotection.∗ The solution was then concentrated by rotary evaporation

under reduced pressure to give an oil. The oil was dissolved in 20% acetonitrile in water (ca.

8 mL), and the suspension was filtered through a 0.2 µm syringe filter. The resulting clear

solution was then purified by RP-HPLC with a gradient of 20–40% acetonitrile in water,

each containing 0.1% TFA, over 40 mins. Fractions were collected and then analyzed by

analytical RP-HPLC. The pure fractions were combined and lyophilized to afford peptide

2.1a as a white solid (20 mg). Peptides ent-2.1a, 2.1aA53E, and 2.1b were prepared in a

similar fashion to yield white powders: ent-2.1a, 16 mg; 2.1aA53E, 11 mg; 2.1b, 10 mg.

∗This step was omitted for peptide 2.1aA53E to avoid esterifying the glutamate residue.
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2.5.3 X-ray Crystallography

Crystallization of peptides 2.1. The Hampton Research Pre-Crystalization Test (PCT) was

used to identify optimal concentrations of peptides for crystal growing. Concentrations of

5, 10, and 20 mg/mL peptide in 18 MΩ deionized water were tested, and 10 mg/mL was

selected on the basis of the PCT. Crystallization conditions were screened in 96-well plates

using the hanging-drop vapor-diffusion method. Three kits from Hampton Research (Crystal

Screen, Index, and PEG/ION) were used to screen each peptide, for a total of 288 separate

crystallization experiments (three 96-well plates). Each well in the 96-well plates was loaded

with 100 µL of a solution from the kits. The hanging drops were set up using a TTP Labtech

Mosquito pipetting robot. Each hanging drop was formed by mixing 150 nL of a 10 mg/mL

peptide solution with 150 nL of the well solution.

Conditions from the 96-well plates in which crystals grew were further optimized in a 4x6

matrix using Hampton VDX 24-well plates. In the optimization, the pH and cryoprotectant

concentrations were varied across the 4x6 matrix to generate crystals that diffracted well.

The hanging drops for these optimizations were prepared on glass slides by combining 1 or 2

µL of peptide solution with 1 or 2 µL of well solution in ratios of 1:1, 2:1, and 1:2. Crystals

that formed were checked for diffraction using a Rigaku Micromax-007 HF diffractometer

with a Cu rotating anode at 1.54 Å.

All homologues of peptide 2.1a were screened for crystallization; only peptides 2.1a and

ent-2.1a grew crystals in any of the screened conditions.

X-ray diffraction data collection, data processing, and refinement for peptides 2.1a and

ent-2.1a. The structures of peptides 2.1a and ent-2.1a were determined using techniques

previously outlined by our laboratory.88,∗

∗For a procedural guide to solving X-ray crystallographic structures of small peptides com-
plied by our lab, see: http://www.chem.uci.edu/∼jsnowick/groupweb/files/Standard practices for X-
ray crystallographic structure determination in the Nowick Laboratory.pdf
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Data collection: Crystals were harvested with nylon loops attached to steel pins and frozen

in liquid N2. Data were collected from crystals of peptides 2.1a and ent-2.1a on beamline

8.2.1 at the Advanced Light Source located at the Lawrence Berkeley National Laboratory

with 0.5° rotation per image using a wavelength of 0.976 Å for peptide 2.1a and 0.997 Å for

peptide ent-2.1a.

Data processing for peptide 2.1a: The data were integrated and scaled using XDS, and then

merged using aimless.89,118 Hybrid structure search (HySS) in the Phenix software suite was

used to determine the coordinates of the anomalous signal for peptide 2.1a.90 The electron

density map for 2.1a was generated using the coordinates of the anomalous signal as initial

positions in Autosol.

Data processing for peptide ent-2.1a: The data were integrated and scaled using Imosfilm

and then merged using aimless. Xtriage indicated that no anomalous signal was present

in the data set; therefore, we instead turned to molecular replacement in order to generate

a starting model. The enantiomeric structure of peptide 2.1a was used as a search model

in Phaser.119,∗ Phaser found one solution containing one copy of the search model with a

log-likelihood (LLG) of 1270.263. In order to validate the molecular-replacement solution,

we prepared six omit maps in phenix.refine, in which, we omitted one of the six copies of

peptide ent-2.1a. In all cases density returned around the omitted chains.

Refinement and model manipulation: Phenix.refine was used to refine the models of peptide

2.1a and ent-2.1a. Coot was used to manipulate the coordinates for both peptides.120 Table

2.1 summarizes the crystal properties, data collection, and data processing for peptides 2.1a

and ent-2.1a.

∗We generated this model by multiplying the x,y,z position of each atom in 5F1T by -1. We wrote a short
script in Python to accomplish this inversion. The script is include below.
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2.5.4 Replica-exchange molecular dynamics simulation

A model of the α-Syn33–58 nonamer was generated by replica-exchange molecular dynamics

as follows: Starting coordinates for α-Syn33–58 were generated from the crystallographic co-

ordinates of peptide 2.1a. Symmetry mates of peptide 2.1a were displayed in PyMOL. Nine

copies of peptide 2.1a corresponding to the basket-shaped nonamer were selected and saved

to a new PDB file. The two δ-linked ornithine residues were deleted from each macrocycle.

Ser42 and Val49 were connected with six alanine residues in PyMOL. Three alanine residues

were added to the N -terminus of the β-hairpin, and three alanine residues were added to the

C -terminus. These added residues were minimized in PyMOL using the clean function, en-

suring that the crystallographic coordinates of α-Syn36–42 and α-Syn49–55 were not perturbed.

After this minimization, each added alanine was mutated to the wild-type residue from α-

Syn. The mutated residues were again minimized in PyMOL using the clean function. Each

PheI
39 was replaced with the wild-type Tyr39, and each N -Me-Val52 was replaced with the

wild-type Val52.

The autopsf plugin in VMD was used to prepare the required files for simulation. Both the

N -terminal patch ACE (acetylated amide) and C -terminal patch CT3 (methyl amide) were

applied to the model. The coordinates for α-Syn36–42 and α-Syn49–55 were fixed throughout

the simulation using the python script included below.

REMD simulations were run in NAMD with the CHARMM22 force field and generalized

Born implicit solvent (GBIS) on 32 replicas. The temperatures for these replicas varied

between 300 and 800K. The simulation was performed for 10 ns. Representative coordinates

were selected uniformly from the last 9 ns of the simulation.
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2.5.5 Surface area calculations

The surface areas of the monomer, trimer, nonamer, and octadecamer were calculated using

the internet-based program PDBePISA (http://www.ebi.ac.uk/pdbe/pisa/).121 PDB files of

the oligomers were generated from the crystallographic structure of peptide 2.1a as well

as the model of the α-Syn33–58 nonamer from REMD. The buried surface area (BSA) in an

assembly of A and B is calculated given the following formula:122

BSAAB = SAA + SAB − SAAB

Where BSAAB is the buried surface area in the assembly of A and B, SAA and SAB are the

solvent-exposed surface area in A and B∗ when not assembled into the AB complex, and

SAAB is the solvent-exposed surface area of the complex.

In the case of a trimer, the buried surface area is given by:

BSAABC = SAA + SAB + SAC − SAABC

In a homodimer, in which two subunits assemble in a symmetrical fashion, the buried surface

area per monomer (BSAsubunit) is given by:

BSAsubunit = BSAAB/2

In the case of a homotrimer, in which three subunits assemble in a symmetrical fashion, the

buried surface area per monomer is given by:

BSAsubunit = BSAABC/3

∗A and B may, themselves, be assemblies of other objects.
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2.5.6 Cytotoxicity assays

Cytotoxicity assays were performed and analyzed as described previously by our group.58

Cell Culture. The cytotoxicity of peptides 2.1 were assessed in the human neuroblastoma

cell line SH-SY5Y.∗∗ Cultures were maintained in 1:1 mixture Dubelcco’s modified Eagles

medium and Ham’s F12 (DMEM/F12) medium supplemented with 10% fetal bovine serum

(FBS), 100 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4 and maintained in a

humidified 5% CO2 atmosphere at 37 °C. All experiments were performed using ca. 60–70%

confluent cultures on passages ranging from 3–12.

MTT and LDH assays. SH-SY5Y cells were plated into 96-well plates at 15,000 cells per well

in 100 µL 1:1 DMEM/F12 medium supplemented with 10% FBS, 100 U/mL penicillin and

100 µg/mL streptomycin at pH 7.4 and incubated in a humidified 5% CO2 atmosphere at 37

°C for 24 h. Prior to treatment, the medium was aspirated and replaced with 90 µL serum-

free DMEM/F12 media. The cells were incubated for an additional 24 h in a humidified 5%

CO2 atmosphere at 37 °C. Solutions of peptides 2.1a, ent-2.1a, 2.1aA53E, and 2.1b were

prepared gravimetrically by dissolving the lyophilized peptide in the appropriate amount

of 18 MΩ deionized water to achieve a 5 mM stock. From the 5 mM stock solutions, 10X

solutions were made by dilution with 18 MΩ deionized water. 10 µL of the 10X solutions

were added to the wells on the 96-well plates, bringing the total volume of each well to 100

µL. Cells were treated and incubated in replicates of five in the presence of each compound

for 24 h in a humidified 5% CO2 atmosphere at 37 °C prior to performing both MTT and

LDH assays. Each experiment was repeated three times.

Both MTT (Sigma) and LDH (Thermo Scientific) assays were performed on the each plate.

A 50-µL aliquot of supernatant media was transferred to a new 96-well plate and spectropho-

tometrically analyzed for LDH content according to the manufacturer’s instructions. The

∗∗Generously provided by Dr. Kim Green (Dept. of Biological Sciences, UC Irvine)
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remainder of the media was aspirated and replaced with 100 µL of serum free, phenol-red free

DMEM/F12 medium supplemented with 0.2 mg/mL MTT. The cells were incubated for 4 h

in a humidified 5% CO2 atmosphere at 37 °C in the presence of the MTT containing media.

Formazan crystals from the MTT reaction were dissolved in 10% SDS in 10 mM HCl for 4 h

in a humidified 5% CO2 atmosphere at 37 °C. MTT plates were read spectrophotometrically

at 570 nm.

MTT data were graphed as a percentage versus the water treatment control, whereas LDH

data were analyzed and ploted as previously described.103

2.5.7 Circular dichroism spectroscopy

CD spectra were acquired on a Jasco J-810 circular dichroism spectropolarimeter at ambient

temperature (ca. 20 °C). A 50 µM solution of each peptide was prepared by adding 4 µL of a

5 mM stock solution of peptide in 18 MΩ deionized water to 396 µL of either 10 mM sodium

phosphate buffer at pH 7.4 or 10 mM sodium phosphate buffer at pH 7.4 containing 1 mM

lipids in a 1 mm quartz cuvette. Data were collected using 0.2 nm intervals from 260 nm to

190 nm and averaged over 5 accumulations.99 Spectra were smoothed using Savitsky-Golay

smoothing with a 21 point window. Data are graphed as mean residue ellipticity, [Θ], which

is calculated as follows:98,99

[Θ] = millidegrees/(path length(mm) x [peptide] (M) x number of residues)

Data were omitted below wavelengths at which the voltage in the photomultiplier tube

exceeded 600 V.
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2.5.8 Liposome preparation

Chicken egg-derived L-α-phosphatidylcholine (PC, product number: 840051C) and porcine

brain-derived L-α-phosphatidylserine (PS, product number: 840032) were purchased from

Avanti Polar Lipids as 10 mg/mL solutions in chloroform. Liposomes were prepared using

2.6 micromoles of lipids, either solely PC or as a 1:1 molar ratio of PC and PS. A solution

of 2.6 micromoles lipid in chloroform was placed into a 12 x 75 mm disposable culture tube.

Chloroform was removed under a stream of dry N2 gas to yield a lipid film. The culture tube

was put under vacuum (< 1 mmHg) for ca. 12 h to ensure complete removal of chloroform

from the lipid film. 2.6 mL of 10 mM sodium phosphate buffer (pH 7.4) was added to

the lipid film. The suspension was left to stand for 1 h after which it was vortexed and

extruded through a 100 nm polycarbonate filter using a mini extruder from Avanti Polar

Lipids. Dynamic light scattering (DLS) was performed on the resulting solution of liposomes

in order to confirm that the extrusion had generated liposomes 100 nm in diameter. Briefly,

150 µL of liposomes and 150 µL of buffer were added to a disposable 1 cm cuvette. Size

distributions were determined using a Malvern Zetasizer ZS Nano DLS.
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2.5.9 Python scripts

Fixing coordinates for REMD simulations

#Written by Patr i ck J . Salveson .

#To run , save t h i s code as a f i l e named f i x ed . py

#Place f i x ed . py and the PDB generated by autops f in same f o l d e r

#in a termina l nav igate to aforementioned f o l d e r and ente r :

#python f i x ed coo rd . py NAMEOFPDBFILE.PDB

from sys import argv

s c r i p t , inputPDB = argv

inputF = open ( inputPDB , ’ r ’ )

FixedAA = [ ’ 36 ’ , ’ 37 ’ , ’ 38 ’ , ’ 39 ’ , ’ 40 ’ , ’ 41 ’ , ’ 42 ’ , ’ 49 ’ , ’ 50 ’ , ’ 51 ’ , ’ 52 ’ , ’ 53 ’ , ’ 54 ’ , ’ 55 ’ ]

f ixedAtoms = [ ’CA’ , ’C ’ , ’N ’ , ’O ’ ]

f o r i in inputF :

i f l en ( i ) > 50 :

#th i s statements s e l e c t s r e s i d e s that w i l l be f i x ed

i f residueNumber in FixedAA :

i f atomIdent ity in fixedAtoms :

#th i s statement s e l e c t s backbone atoms , wr i t e s them as f i x ed

writeToNewPDB( i [ : 7 ] , i [ 7 : 1 1 ] , i [ 1 1 : 1 7 ] , i [ 1 7 : 2 2 ] , i [ 2 2 : 2 6 ] , i [ 2 6 : 5 6 ] , ’ 1 .00

’ , ’ f i x ed ’ , i [ 6 6 : ] )

e l s e :

#th i s statement s e l e c t s s i d e cha in atoms , wr i t e s them as not f i x ed

writeToNewPDB( i [ : 7 ] , i [ 7 : 1 1 ] , i [ 1 1 : 1 7 ] , i [ 1 7 : 2 2 ] , i [ 2 2 : 2 6 ] , i [ 2 6 : 5 6 ] , ’ 1 .00

’ , ’ no t f i x ed ’ , i [ 6 6 : ] )

e l s e :

#wr i t e s non f i x ed r e s i du e s as not f i x ed

writeToNewPDB( i [ : 7 ] , i [ 7 : 1 1 ] , i [ 1 1 : 1 7 ] , i [ 1 7 : 2 2 ] , i [ 2 2 : 2 6 ] , i [ 2 6 : 5 6 ] , ’ 1 .00

’ , ’ no t f i x ed ’ , i [ 6 6 : ] )

e l s e :

f = ” f i x e d s c r i p t o u t pu t . pdb”

outputF = open ( f , ’ a ’ )

outputF . wr i t e ( i )

outputF . c l o s e ( )

de f writeToNewPDB( f i r s tPa r t , atomNum, atomID , res i IDchainID , resiNum , coord , occ , f ixedNotFixed , l a s tPa r t ) :

f = ” f i x e d s c r i p t o u t pu t . pdb”

outputF = open ( f , ’ a ’ )

i f f ixedNotFixed == ’ f i x ed ’ :

outputF . wr i t e ( f i r s t P a r t + atomNum + atomID + res i IDcha inID + resiNum + coord + ’ 1 .00

’ + ’ 1 .00 ’ + l a s tPa r t )

e l i f f ixedNotFixed == ’ not f i x ed ’ :

outputF . wr i t e ( f i r s t P a r t + atomNum + atomID + res i IDcha inID + resiNum + coord + ’ 1 .00

’ + ’ 0 .00 ’ + l a s tPa r t )

e l s e :

p r i n t ’ something bad happened ’

outputF . c l o s e ( )

inputF . c l o s e ( )
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Conversion of PDB file into the enantiomer

#Written by Patr i ck J . Salveson

#To run , save t h i s code as a f i l e named ent . py

#Place ent . py and the PDB to be inve r t ed in same f o l d e r

#in a termina l nav igate to aforementioned f o l d e r and ente r :

#python ent . py NAMEOFPDBFILE.PDB

from sys import argv

from decimal import ∗

s c r i p t , inputPDB = argv

inputF = open ( inputPDB , ’ r ’ )

f o r i in inputF :

atomIdent ity = i [ 1 1 : 1 7 ] . s t r i p ( )

residueNumber = i [ 2 2 : 2 6 ] . s t r i p ( )

atomOrNot = i [ : 7 ] . s t r i p ( )

i f l en ( i ) == 81 and (atomOrNot == ’ATOM’ or atomOrNot == ’HETATM’ ) :

x = i [ 3 1 : 3 8 ] . s t r i p ( )

y = i [ 3 8 : 4 6 ] . s t r i p ( )

z = i [ 4 6 : 5 4 ] . s t r i p ( )

newX = Decimal (x)∗(−1)

newY = (−1) ∗ Decimal (y )

newZ = (−1) ∗ Decimal ( z )

#convert the negat ive f l o a t s to s t r i n g s

newXString = s t r (newX)

newYString = s t r (newY)

newZString = s t r (newZ)

# need to check X length

dX = len ( i [ 3 1 : 3 8 ] ) − l en ( newXString )

dY = len ( i [ 3 8 : 4 6 ] ) − l en ( newYString )

dZ = len ( i [ 4 6 : 5 4 ] ) − l en ( newXString )

f ina lX = dX∗” ” + newXString

f ina lY = dY∗” ” + newYString

f i n a l Z = dZ∗” ” + newZString

newCoord = f ina lX + f ina lY + f i n a l Z

writeToNewPDB( i [ : 7 ] , i [ 7 : 1 1 ] , i [ 1 1 : 1 7 ] , i [ 1 7 : 2 2 ] , i [ 2 2 : 2 6 ] , i [ 2 6 : 3 1 ] , newCoord , i [ 5 4 : ] )

de f writeToNewPDB( f i r s tPa r t , atomNum, atomID , res i IDchainID , resiNum , blank , coord , l a s tPa r t ) :

f = ” occupancy sc r ip t output . pdb”

outputF = open ( f , ’ a ’ )

outputF . wr i t e ( f i r s t P a r t + atomNum + atomID + res i IDcha inID + resiNum + blank + coord + la s tPa r t )

outputF . c l o s e ( )

inputF . c l o s e ( )
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Chapter 3

X-ray crystallographic structure of a

compact dodecamer from a peptide

derived from Aβ16–36

3.1 Introduction

β-Hairpins are emerging as key building blocks of amyloid oligomers.59,77,86,123–128 The twisted

shape, exposed hydrogen-bonding edges, and hydrophobic surfaces of β-hairpins impart a

unique propensity to self-assemble. Characterization of the assemblies that form at high-

resolution has been challenging, because the resulting amyloid oligomers are heterogenous

and polymorphic. The ability of β-hairpins to fold in a variety of ways adds to the potential

for heterogeneity and polymorphism. There is a desperate need for high-resolution structural

models of the oligomers formed by amyloidogenic peptides and proteins. Here we report the

X-ray crystallographic structure of a compact ball-shaped dodecamer derived from the β-

amyloid peptide, Aβ, that is composed of fused trimers.
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Several research groups have generated models of Aβ oligomers composed of either β-hairpins

or β-sheets.52,53,57,60,129 The Härd group proposed an assembly of six β-hairpins, arranged in a

barrel-like structure.129 Our own laboratory described the X-ray crystallographic structures

of trimers, hexamers, and dodecamers formed by macrocyclic β-hairpin peptide 3.1 derived

from Aβ17–36.57 Peptide 3.1 contains the heptapeptide β-strands Aβ17–23 and Aβ30–36 con-

nected by two δ-linked ornithine β-turn mimics (δOrn) to form a macrocycle.87 In designing

peptide 3.1, we replaced the native hydrophobic Met35 with the polar isostere ornithine (α-

linked) to enhance solubility and reduce the propensity of the peptide to aggregate. Peptide

3.1 assembles into triangular trimers that further assemble into spherical dodecamers (PDB

4NTR). The interface between the dodecamers constitutes a hexamer in which two trimers

pack together. We subsequently reported that a homologue of peptide 3.1 containing the

loop of the β-hairpin assembles in a similar fashion.60

In the current study, we set out to explore how altering the residue pairing of the β-hairpin

associated with peptide 3.1 alters the resulting supramolecular assembly. We envisioned a

scenario in which Aβ15–23 is free to adopt three pairings with Aβ30–36: one in which Aβ17–23

pairs with Aβ30–36, one in which Aβ16–22 pairs with Aβ30–36, and one in which Aβ15–21 pairs

with Aβ30–36. Figure 3.1 illustrates this concept. These shifts in pairing sequentially pull

Lys16 and Gln15 into the upper β-strand while pushing Asp23 and Glu22 out of the β-strand

and into the loop.
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Figure 3.1: Cartoons of three different β-hairpins formed by Aβ15–36, with different residue
pairings.

3.2 Results and Discussion

We designed macrocyclic β-hairpin peptides 3.2, 3.3, and 3.4 to explore the concept em-

bodied in Figure 3.1 and characterized the resulting assemblies by X-ray crystallography.

Peptides 3.2–3.4 mimic only three of the six potential arrangements of β-strands associated

with the Aβ17–36, Aβ16–36, and Aβ15–36 β-hairpins. The other three arrangements of β-strands

cannot be achieved with these macrocyclic β-sheets. We incorporated the native Met35

into each of these peptides, rather than the α-linked ornithine isostere, to better mimic the

native β-hairpins. We replaced Phe19 with para-iodophenylalanine (PheI) to facilitate crys-

tallographic phase determination by single wavelength anomalous diffraction phasing.88 We

synthesized, crystalized, and determined the crystallographic structures of peptides 3.2–3.4

using procedures that we have previously reported130. Table 3.1 summarizes the crystallo-

graphic properties, crystallization conditions, data collection, and model refinement statistics

for peptides 3.2, 3.3 and 3.4.
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Peptide 3.2 assembles in an identical fashion to peptide 3.1, forming triangular trimers that

further assemble into spherical dodecamers (Figure 3.2). In each trimer, three monomers

occupy the edges of an equilateral triangle (Figure 3.2A). The Aβ17–23 β-strands of the

monomers come together, hydrogen bonding to each other and to three water molecules

that sit in the center of each trimer. The Aβ30–36 β-strands of the monomers form the outer

edges of the trimer. The side chains of Leu17, PheI
19, and Val36 of one monomer pack against

the side chains of Ala21, Asp23, Ile32, and Leu34 from an adjacent monomer at the three ver-

tices of the trimer. Four trimers further assemble in a tetrahedral arrangement into a loosely

packed hollow dodecamer (Figure 3.2B). The diameter of the dodecamer spans 4–6 nm, de-

pending on the points of measure, while its central cavity spans ca. 1.4 nm. The side chains

of PheI
19, Leu34, and Val36 line the cavity. The dodecamers further pack to form the lattice,

with each interface between two dodecamers constituting a sandwich-like hexamer (Figure

3.2C). The side chains of Phe20, Glu22, and Ile31 pack against one another in the interior of

the hexamer.
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Figure 3.2: Trimer, dodecamer, and hexamer formed by peptide 3.2 (PDB 5V65). (A)
Triangular trimer. (B) Dodecamer comprising four triangular trimers, colored green, ma-
genta, cyan, and grey. (C) Sandwich-like hexamer comprising two triangular trimers that
constitutes the interface between two dodecamers.

Peptide 3.3 assembles into compact ball-shaped dodecamers that differ from those formed

by peptide 3.2 (Figure 3.3). The dodecamer formed by peptide 3.2 comprises discrete
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triangular trimers, while the dodecamer formed by peptide 3.3 comprises fused triangular

trimers. Each trimer in the dodecamer formed by peptide 3.3 shares three edges with the

three adjacent trimers. As a result, the trimers are not discrete entities within the ball-shaped

dodecamer, but instead are fused like the benzene rings of naphthalene or graphite (Figure

3.4). Our laboratory has previously observed a similar assembly formed by a cross-linked

trimer derived from Aβ17–36.61
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Figure 3.3: Trimers and ball-shaped dodecamer formed by peptide 3.3 (PDB 5V63). (A)
Ball-shaped dodecamer. Trimers of one type are colored green, magenta, cyan, and grey;
trimers of the other type are composed of monomers of three different colors. (B) One type of
triangular trimer within the ball-shaped dodecamer. This trimer centers around the Aβ16–22

β-strands. (C) The other type of triangular trimer within the ball-shaped dodecamer. This
trimer centers around the Aβ30–36 β-strands.
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Figure 3.4: Two fused trimer subunits within the ball-shaped dodecamer formed by peptide
3.3.

Two types of trimers make up the ball-shaped dodecamer formed by peptide 3.3 (Figures

3.3B and C). The two types of trimers differ in the placement of the Aβ16–22 and Aβ30–36

β-strands. The Aβ16–22 β-strands of the monomers hydrogen bond to each other within the

trimer depicted in Figure 3.3B, while the Aβ30–36 β-strands hydrogen bond to each other

within the trimer depicted in Figure 3.3C. The outer edges of the trimer depicted in Figure

3.3B lie within three different trimers, like the one depicted in Figure 3.3C. Conversely, the

outer edges of the trimer depicted in Figure 3.3C lie within three different trimers, like the

one depicted in Figure 3.3B. Three water molecules occupy the center of the trimer depicted

in Figure 3.3B. The three N -methyl groups occupy the center of the trimer depicted in Figure

3.3C, in lieu of three water molecules.

The ball-shaped dodecamer formed by peptide 3.3 is hollow, like the dodecamer formed by

peptide 3.2. The diameter of the ball-shaped dodecamer spans 3–4 nm depending on the

points of measure, while its central cavity spans ca. 1.0 nm. The side chains of PheI
19 line
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the cavity, while the exterior surface of the dodecamer displays the side chains of Lys16,

Val18, Phe20, Glu22, Ala30, Ile32, Leu34, and Val36. Unlike the dodecamers formed by peptide

3.2, the dodecamers formed by peptide 3.3 do not form sandwich-like hexamers. Instead

these dodecamers pack hexagonally and stack like cannonballs.

The dodecamers formed by peptides 3.2 and 3.3 share similar themes in self-assembly,

as both are composed of triangular trimer subunits. Mapping the triangular subunits of

each dodecamer onto an octahedron highlights these similarities, as well as key differences

(Figure 3.5). In the dodecamer formed by peptide 3.2, the four trimers occupy four of

the eight triangular faces of the octahedron. The interfaces between the trimers define the

remaining four triangular faces. In the dodecamer formed by peptide 3.3, each monomer

occupies one edge of the octahedron, and each trimer defines one of the eight triangular faces

of the octahedron. At each of the six vertices of the octahedron, four monomers of peptide

3.3 form an eight-stranded β-barrel-like opening. An analogous opening is absent in the

dodecamer formed by peptide 3.2. The hydrogen-bonding network that helps stabilize both

dodecamers is more extensive in the dodecamer formed by peptide 3.3, which contains 36

additional intermolecular hydrogen bonds beyond those that compose the hydrogen-bonding

network in the dodecamer formed by peptide 3.2.

Figure 3.5: Dodecamers formed by peptides 3.2 (left) and 3.3 (right) superimposed on
octahedra (yellow). Both dodecamers are depicted on the same scale.
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The dodecamer formed by peptide 3.3 is more densely packed than the dodecamer formed by

peptide 3.2. Assembly of peptide 3.3 into a dodecamer buries ca. 10,800 Å2 of surface area,

whereas assembly of peptide 3.2 into a dodecamer buries only ca. 8,100 Å2. It is not obvious

from their sequences or structures why peptide 3.3 forms a more compact dodecamer that

differs from that of peptide 3.2.

In contrast to the discrete oligomers formed by peptides 3.2 and 3.3, peptide 3.4 forms a

fibril-like assembly (Figure 3.6). Each monomer of peptide 3.4 hydrogen bonds with the two

neighboring monomers along the fibril axis. The interface between monomers constitutes a

parallel β-sheet with three intermolecular hydrogen bonds in which Leu17, Val18, and PheI
19

pair with δOrn2, Ala30, and Ile31. The N -methyl group on Gly33 blocks formation of a

fully hydrogen-bonded interface, prying apart the β-sheets and requiring a water molecule

to bridge a hydrogen bond between the NH group of Phe20 and the carbonyl group of Ile31.

Each monomer is flipped upside down with respect to the neighboring monomers in the fibril

such that the surfaces of the monomers are displayed in an alternating pattern along the

surface of the fibril: one monomer displays its top surface, the next monomer displays its

bottom surface, and so on down the fibril (Figure 3.7).
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Figure 3.6: Fibril-like assembly formed by peptide 3.4 (PDB 5V64). (A) Top view of the
fibril formed by peptide 3.4. (B) Side view of four layers of fibrils colored to highlight the
zig-zag. The image in B is rotated 90° about both the z - and x -axes with respect to the
image in A.
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Figure 3.7: Fibril-like assembly formed by peptide 3.4. Monomer subunits are arranged
alternately displaying top (green) and bottom (blue) surfaces of peptide 3.4.

The fibril-like assemblies formed by peptide 3.4 are not flat; instead they zig-zag in the x -z

plane as depicted in Figure 3.6B. The fibrils stack along the x -axis, creating densely packed

layers in the x -z plane. The layers run in opposite directions to one another. Within each

layer, all of the N -methyl groups point in the same direction. In the green layers in Figures

3.6A and B, the N -methyl groups point in the negative z direction, while in the cyan layers,

the N -methyl groups point in the positive z direction (Figure 3.8). The layers pack tightly

through hydrophobic interactions, with the top surface of a monomer in one layer packing

against the bottom surface of its neighbor in the adjacent layer. This heterofacial packing of

residues contrasts the exclusively homofacial packing of residues in the dodecamers formed
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by peptides 3.2 and 3.3. It is not obvious why peptide 3.4 forms fibril-like assemblies in

the crystal lattice, instead of the trimers and dodecamers formed by peptides 3.2 and 3.3.

Figure 3.8: Directionality of the fibril-like assembly formed by peptide 4. (A) Top view of
two layers of the fibril-like assembly formed by peptide 4 in the crystal lattice. (B) Cartoon
diagram of the pink layer depicted in A. (C) Cartoon diagram of the grey layer depicted in
A. The black balls in B and C represent the N -methyl groups on Gly33.

The different assemblies of peptides 3.2–3.4 reflect the rich and diverse modes of β-hairpin

self-assembly and illustrate their propensity to form both fibril-like and oligomeric assemblies.

The assembly of β-hairpins into dodecamers comprising triangular trimer subunits offers an

alluring high-resolution model for the enigmatic oligomers reported for full-length Aβ. Selkoe

et al. reported that Aβ trimers inhibit long-term potentiation.131 Ashe et al. reported that

putative dodecamers of Aβ, termed Aβ*56, cause memory deficits in a mouse model of

Alzheimer’s disease.132 The putative Aβ*56 dodecamers appear to be composed of trimer

subunits. The trimers and dodecamers formed by peptides 3.2 and 3.3 provide two models

of how Aβ may oligomerize in Alzheimer’s disease. The formation of trimeric oligomers is

also a common theme of full-length peptides and proteins associated with other amyloid

diseases.69 We have also reported trimeric assemblies and related higher-order oligomers

formed by peptides derived from α-synuclein and β2-microglobulin.58,63
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3.3 Conclusion

Shifting the residue pairings of the two β-strands within a β-hairpin may dramatically al-

ter the self-assembly. The approach of systematically varying the residue pairings in con-

strained macrocyclic β-hairpins has revealed a compact ball-shaped dodecamer containing

fused trimers and stabilized by an extensive network of hydrogen bonds. The importance of

residues 15–36 in the aggregation of full-length Aβ makes peptides 3.2–3.4 relevant models

for the assembly of full-length Aβ. We envision that full-length Aβ may be able to fold

and assemble in a similar fashion. We do not yet understand the relationship between the

sequence of a β-hairpin and its mode of assembly. This gap in understanding represents an

exciting frontier in supramolecular assembly.

3.4 Materials and Methods

3.4.1 General information

All chemicals were used as received except where otherwise noted. Methylene chloride was

passed through alumina under argon prior to use. Anhydrous, amine free dimethylformamide

(DMF) was purchased from Alfa Aesar.∗ All reactions were performed at ambient temper-

ature (ca. 20 °C), unless otherwise noted. Peptide synthesis was performed on a Protein

Technologies PS3 synthesizer. Analytical reverse-phase HPLC was performed on an Agilent

1200 equipped with a Aeris PEPTIDE 2.6u XB-C18 column (Phenomonex). Preparative

reverse-phase HPLC was performed on a Beckman Gold Series P equipped with a ZOR-

BAX SB-C18 column (Agilent). HPLC grade acetonitrile and 18 MΩ deionized water, each

containing 0.1% trifluoroacetic acid, were used for analytical and preparative reverse-phase

∗In our hands, lesser quality DMF dramatically impacts yields
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HPLC. All peptides were prepared and used as the trifluoroacetate salts and were assumed to

have a molecule of trifluoroacetic acid (TFA) per ammonium group present in each peptide.

The synthesis of peptides 3.2–3.4 were performed using techniques previously described by

our laboratory.56–58,63

3.4.2 X-ray crystallography

X-ray crystallographic studies of peptide 3.2–3.4 were performed using the protocols pre-

viously published by our laboratory.63 We found that sonication of peptide 3.2 in a bath

sonicator for 2 h was necessary to solubilize peptide 3.2 prior to crystal growth. Table 3.1

summarizes the crystallization, data collection, data processing and refinement statistics for

peptides 3.2–3.4.
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Table 3.1: Crystallographic properties, crystallization conditions, and data collection and
model refinement statistics for peptides 3.2, 3.3 and 3.4

peptide 3.2 3.3 3.4
PDB ID 5V65 5V63 5V64
space group R3:H F23 P21212
a, b. c (Å) 67.1, 67.1, 169.6 55.01, 55.01, 55.01 20.35, 22.03, 31.60
α, β, γ (o) 90, 90, 120 90, 90, 90 90, 90, 90
peptide per
asymmetric unit 16 1 1
crystallization 0.1 M HEPES pH 6 0.1 M HEPES pH 7.0 0.1 M NaCitrate
conditions 24% jeffamine 0.2 M MgCl2 pH 5.25

28% isopropanol 24% PEG 4000
23% isopropanol

Data Collectiona

wavelength (Å) 1.54 1.54 1.54
resolution (Å) 33.86–2.52 19.45–2.091 18.07–2.023

(2.61–2.52) (2.166–2.091) (2.095–2.023)
total reflections 39933(2366) 12665 (1140) 4390 (932)
unique reflections 9726 (1019) 3062 (330) 1049 (272)
multiplicity 4.1 (2.3) 4.1 (3.5) 4.2 (2.3)
completeness (%) 98.8 (92.3) 94.7 (95.1) 98.0 (93.7)
mean I/σ 14.4 (5.4) 13.8 (5.6) 13.7 (8.0)
Rmerge 0.05 (0.11) 0.03 (0.08) 0.07 (0.15)
Rmeasure 0.06 0.04 0.09
CC1/2 0.996 (0.960) 0.997 (0.908) 0.994 (0.977)
CC* 0.945 (0.856) 1 (0.993) 0.998 (0.982)

Refinement

Rwork 23.4 27.9 17.0
Rfree 29.8 28.6 24.8
number of
non-hydrogen atoms 2070 140 151
number of
non-peptide atoms 70 6 24
RMSbonds 0.025 0.005 0.018
RMSangles 1.18 0.77 3.93
Ramachandran
favored (%) 100 100 100
outliers (%) 0 0 0
clashscore 1.05 3.75 0
average B-factor 40.53 23.28 20.5

aValues for the highest resolution shell are show in parentheses.
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Chapter 4

Controlling the oligomerization state

of Aβ-derived peptides with light

4.1 Introduction

Photolabile protecting groups have enabled the control of myriad biological properties by

allowing the release of biologically active molecules at precise times and locations.133–136

These protecting groups have revealed hitherto unknown biology through the precise control

afforded by light. Photocaged neurotransmitters have enabled the selective activation of

signaling pathways in subpopulations of neurons.137–139 The control gained using photola-

bile protecting groups has been leveraged in other applications, including protein dimeriza-

tion, immune cell activation, transcription, and hydrogel formation.41,140–150 Expanding the

control afforded by photolabile protecting groups to oligomers of Aβ may help dissect the

biological properties of these enigmatic species associated with Alzheimer’s disease.

Soluble oligomers of Aβ are closely associated with neurodegeneration in Alzheimer’s dis-

ease. The oligomers are heterogeneous and polymorphic, ranging in size from dimers,

89



trimers, and dodecamers to large annular protofibrils weighing 100–150 kDa.151 The large

Aβ oligomers are thought to comprise multiple copies of smaller oligomers, further compli-

cating the Aβ oligomer landscape. A putative Aβ dodecamer, termed Aβ*56, is thought

to comprise multiple trimeric subunits of Aβ.132 Annular protofibrils have been proposed

to comprise multiple hexameric assemblies of Aβ.129 These differently sized Aβ oligomers,

prepared or isolated in different fashions, have different biological properties such as cytotox-

icity, synaptotoxicity, and membrane permiabilization.152,153 The structural heterogeneity of

Aβ oligomers renders them intractable to high-resolution structural characterization by X-

ray crystallography or NMR spectroscopy. Methods that limit the structural heterogeneity

of Aβ oligomers enable the dissection of their structures and biological properties. Thus far,

studies of photocaged amyloid-forming peptides and proteins have focused on controlling

the aggregation and disaggregation of fibrils.154–157 To our knowledge, photocaged amyloid-

forming peptides have not been used to study amyloid oligomers.

Chemical model systems derived from amyloidogenic peptides and proteins are attractive

for exploring the ability of photolabile protecting groups to control the formation of amy-

loid oligomers. Chemical model systems can limit the structural heterogeneity of amy-

loid oligomers and provide insights into the assemblies and the biology of amyloid-forming

proteins, including Aβ.52,53,57,60–62,64,158 Our research group has developed chemical model

systems that provide insights into the structures and assembly of Aβ oligomers.57,60–62,64

These model systems are based on macrocyclic β-hairpins derived from Aβ. β-Hairpins have

emerged as key building blocks of Aβ oligomers.59,123,126,127,129,159–161 We have crystallized a

number of these macrocyclic β-hairpins and elucidated their structures through X-ray crys-

tallography. The X-ray crystallographic structures have revealed a hierarchical assembly of

the macrocyclic β-hairpins into oligomers. These structures have led us to propose models in

which Aβ folds into β-hairpins that assemble into triangular trimers and related higher-order

oligomers.55,60
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The chemical model systems that our laboratory has developed to study the oligomeriza-

tion of Aβ-derived peptides contain two heptapeptide β-strands from Aβ connected by two

δ-linked ornithine (δOrn) β-turn mimics.87 These macrocyclic β-hairpin peptides contain N -

methyl groups, which limit the uncontrolled aggregation of the hydrophobic peptides.56 Our

laboratory recently reported β-hairpin peptides 4.1 and 4.2, which are designed to mimic

β-hairpins adopted by Aβ17–36 and Aβ16–36 (Chart 4.1).57,62 Both peptides 4.1 and 4.2 con-

tain the heptapeptide β-strand Aβ30–36. In peptide 4.1, the Aβ30–36 β-strand is juxtaposed

with Aβ17–23; in peptide 4.2, the Aβ30–36 β-strand is juxtaposed with Aβ16–22. Both peptides

bear a single N -methyl group. The N -methyl group is on Gly33 in peptide 4.1, and on

Phe19 in peptide 4.2. Peptides 4.1 and 4.2 assemble in different fashions. Peptide 4.1 as-

sembles to form triangular trimers, which further assemble to form ball-shaped dodecamers

and sandwich-like hexamers.57 Peptide 4.2 assembles to form a compact hexamer.62 Pho-

toprotected homologues of peptides 4.1 and 4.2 may allow their assembly and biological

properties to be controlled.

Chart 4.1
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In the current paper, we set out to explore the use of light to switch the oligomerization

state of β-hairpin peptides derived from Aβ. Our laboratory has previously observed that

extensive intermolecular hydrogen-bonding networks stabilize the oligomers formed by both

peptides 4.1 and 4.2. In this study, we hypothesized that photolabile protecting groups

installed at locations designed to disrupt these hydrogen-bonding networks would allow the

assembly of the peptides to be controlled. We began by determining whether replacing the

N -methyl group of peptide 4.1 with an N -2-nitrobenzyl group would limit aggregation while

not altering the assembly into triangular trimers (Figure 4.1A). We then asked if we could

apply the N -2-nitrobenzyl group to switch on the toxicity of peptide 4.2 by controlling its

oligomerization state (Figure 4.1B). Finally, we applied the N -2-nitrobenzyl group to trimeric

homologues of peptide 4.1, which assemble to form hexamers or dodecamers depending on

the location of the N -methyl group (Figure 4.1C). Collectively, these experiments reveal

that homologues of peptides 4.1 and 4.2 containing N -2-nitrobenzyl groups can readily be

prepared and that their photolysis enables the assembly and the biological properties of the

peptides to be controlled with light.
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Figure 4.1: Photocaged peptides derived from Aβ. (A) Replacing an N -methyl group (blue
ball) with an N -2-nitrobenzyl group (blue star) does not alter the supramolecular assembly
of peptide 4.1. (B) Adding an N -2-nitrobenzyl group to peptide 4.2 allows its assembly and
toxicity to be controlled with light. (C) Incorporating N -2-nitrobenzyl groups into triangular
trimers allows their assembly to be controlled with light.

4.2 Results and Discussion

The following three sections describe and expand upon the experiments outlined in Figure

4.1A, B, and C. In the first set of experiments, we develop a synthetic method to incorporate

N -2-nitrobenzyl groups into macrocyclic β-hairpin peptides, characterize their assemblies by

X-ray crystallography, and demonstrate that we can remove the N -2-nitrobenzyl groups with

long-wave UV light. In the second set of experiments, we expand on the results from the

first set by using the N -2-nitrobenzyl group and light to control both the assembly and the

biological properties of peptide 4.2. In the final set of experiments, we expand upon the
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findings from the first two sets of experiments, by preparing a covalently crosslinked trimer

derived from peptide 4.1NB and altering its assembly with light.

4.1. Developing Macrocyclic β-Hairpin Peptides that Contain an N -2-Nitrobenzyl

Group. To test whether the N -2-nitrobenzyl group would limit uncontrolled assembly of

macrocyclic β-hairpin peptides in the same fashion as an N -methyl group, we prepared and

studied peptide 4.1NB, a homologue of peptide 4.1 (Chart 4.2). We hypothesized that an

N -2-nitrobenzyl group would be tolerated by the triangular trimer formed by peptide 4.1,

while also limiting the aggregation of the photocaged peptide in the same fashion as an

N -methyl group (Figure 4.2). We prepared peptide 4.1NB and characterized its assembly

by X-ray crystallography to ascertain the effect of replacing the N -methyl group with an

N -2-nitrobenzyl group.

Chart 4.2
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Figure 4.2: Design of a photocaged homologue of peptide 4.1. (A) X-ray crystallographic
structure of the hexamer formed by peptide 4.1 (PDB 4NTR). Inset shows the position of
N -methylglycine33 within the hexamer. (B) Cartoon of the design of peptide 4.1NB in which
N -2-nitrobenzyl groups replace N -methyl groups.

Synthesis. We synthesized peptide 4.1NB using solid-phase Fmoc-based peptide synthesis

followed by solution-phase macrocyclization. N -2-Nitrobenzylglycine33 was not introduced

as an Fmoc-protected amino acid, but rather constructed using a submonomer approach,

wherein the growing peptide was acylated with bromoacetic acid, and the α-bromo group was

then displaced with 2-nitrobenzylamine (Scheme S2).157,162 Subsequent coupling of Ile32 to

N -2-nitrobenzylglycine33 proved far more difficult than coupling to N -methylglycine33 (Fig-

ure 4.3). Using HATU and HOAt to activate Fmoc-Ile32-OH resulted in multiple products.

In contrast, using triphosgene to activate Fmoc-Ile32-OH as the acid chloride afforded the

Ile32-coupled peptide as the single product.163 Four 1-hour couplings using triphosgene gave

95% conversion to the Ile32-coupled product, whereas four 6-hour couplings using HATU and

HOAt to activate Fmoc-Ile32-OH resulted in little (< 20%) coupling. Triphosgene facilitates

this difficult amidation and enables the preparation of 10–30 mg of peptide 4.1NB from a

95



0.1-mmol scale synthesis. Approximately 5 mg of each peptide is sufficient to perform the

X-ray crystallographic and biological studies described in this chapter. We incorporated

4-iodophenylalanine (PheI) in place of Phe19 in peptide 4.1I
NB to facilitate X-ray crystallo-

graphic phase determination using single-wavelength anomalous diffraction phasing.88
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Figure 4.3: Triphosgene enables coupling Fmoc-Ile32-OH to N -2-nitrobenzylglycine33

in solid-phase peptide synthesis. (A) RP-HPLC chromatogram of crude N -2-
nitrobenzylglycine33-Leu34-Orn35-Val36-δOrn-OH after cleavage from 2-chlorotrityl resin. (B)
RP-HPLC chromatogram after coupling with Fmoc-Ile-OH, HATU, and HOAt and cleavage
from 2-chlorotrityl resin. (C) RP-HPLC chromatogram after coupling with Fmoc-Ile-OH
and triphosgene and cleavage from 2-chlorotrityl resin. Both coupling reactions were per-
formed for 1 hour. The peak that elutes at ca. 6.5 minutes is N -2-nitrobenzylglycine33-
Leu34-Orn35-Val36-δOrn-OH. The peak that elutes at ca. 12.5 minutes is Fmoc-Ile32-N -2-
nitrobenzylglycine33-Leu34-Orn35-Val36-δOrn-OH
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X-ray crystallography. Peptide 4.1I
NB crystalizes in similar conditions as peptide 4.1: 0.1 M

HEPES, buffered at pH 8.75, supplemented with 18% (w/v) Jeffamine M-600. Even though

peptides 4.1 and 4.1I
NB crystalize in similar conditions, the crystals belong to different space

groups. Crystals of peptide 4.1I
NB belong to space group P4232 and contain a single copy of

peptide 4.1I
NB in the asymmetric unit, whereas crystals of peptide 4.1 belong to space group

R3 and contain sixteen copies of peptide 4.1 in the asymmetric unit (PDB 4NTR). Peptide

4.1NB also grows crystals with identical morphology to those formed by peptide 4.1I
NB in

these conditions, however, these crystals do not diffract X-rays. We were therefore unable to

solve the X-ray crystallographic structure of peptide 4.1NB. Diffraction data were collected

to 2.03 Å. The structure of peptide 4.1I
NB was solved and refined in space group P4232.

The asymmetric unit contains a single copy of peptide 4.1I
NB, on which the N -2-nitrobenzyl

group is clearly visible in the electron density map, folded into a β-hairpin (Figures 4.4 and

4.5A). Table 4.1 summarizes the crystallographic properties, crystallization conditions, data

collection, and model refinement statistics for peptide 4.1I
NB.

Figure 4.4: The N -2-nitrobenzyl group on peptide 4.1I
NB is clearly visible in the electron

density map. The 2Fo-Fc electron density map is contoured at 1.0 σ.
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Figure 4.5: X-ray crystallographic structure of peptide 4.1I
NB (PDB 6CG3). (A) The

asymmetric unit contains a single, folded copy of peptide 4.1I
NB. (B) Triangular trimer

formed by peptide 4.1I
NB. In the inset, the N -2-nitrobenzyl groups are shown as sticks.

(C) Hexamer formed by peptide 4.1I
NB in the crystal lattice. Inset shows the inter-trimer

contacts that the N -2-nitrobenzyl group (abbreviated NB) makes within the hexamer.

Peptide 4.1I
NB assembles in an identical fashion to peptide 4.1 and several related homo-

logues that our laboratory has previously reported.57,60,64 The single copy of peptide 4.1I
NB
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within the asymmetric unit is folded into a β-hairpin; three copies of peptide 4.1I
NB occupy

the edges of an equilateral triangle (Figure 4.5B); four copies of this trimer assemble in a

tetrahedral fashion to form a ball-shaped dodecamer (Figure 4.6); the interface between dode-

camers constitutes a sandwich-like hexamer (Figure 4.5C). The lattice readily accommodates

the N -2-nitrobenzyl group without substantial changes in structure or assembly, with the

N -2-nitrobenzyl group from one trimer packing against the side chains of δOrn2 and Glu22

from a separate trimer within the sandwich-like hexamer. Thus, the N -2-nitrobenzyl group

does not prevent peptide 4.1I
NB from forming triangular trimers and related higher-order

oligomers.

Figure 4.6: Ball-shaped dodecamer formed by peptide 4.1I
NB in the crystal lattice (PDB

6CG3). The four trimer subunits are colored green, magenta, cyan, and grey.

The assembly of peptide 4.1I
NB into trimers, hexamers, and dodecamers highlights the pro-

clivity of Aβ17–36 to form triangular trimers when it is constrained into a β-hairpin. Replacing

the N -methyl group in peptide 4.1 with an N -2-nitrobenzyl group does not alter the assem-

bly of the peptide. Our research group has previously observed that a homologue of peptide

4.1 containing the Aβ24–29 loop also assembles into trimers, hexamers, and dodecamers.60
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Thus, the triangular trimer tolerates substantial modifications and the incorporation of ad-

ditional residues from Aβ. The formation of triangular trimers appears to be an innate

property of β-hairpins encompassing Aβ17–36.

Photodecaging. We evaluated the photolysis of peptide 4.1NB using a hand-held long-wave

(365 nm) UV lamp. We monitored the photolysis of a 2 mg/mL solution of peptide 4.1NB

in a 1 cm quartz cuvette by both RP-HPLC and mass spectrometry (Figure 4.7). Un-

der these conditions, the decaging appears to follow first-order kinetics, reaching approxi-

mately 50% completion in 10 minutes. Irradiation of peptide 4.1NB for 1 hour results in

the complete photolysis of the N -2-nitrobenzyl group. In these studies, we found that the

2-nitrosobenzaldehyde by-product reacts with amine groups of peptide 4.1NB. Addition of

cysteine to scavenge this by-product eliminates this side reaction.163
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Figure 4.7: Photolysis of the N -2-nitrobenzyl group with long-wave UV light. (A) Cartoon
representation of the photolysis reaction. (B) RP-HPLC chromatograms illustrating the
progress of the photolysis reaction. (C) ESI-MS illustrating the progress of the photolysis
reaction. (D) Progress of the photolysis reaction monitored by RP-HPLC. The line represents
a 1st-order kinetics fit of the data.
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The synthetic, X-ray crystallographic, and photolytic studies of peptides 4.1NB and 4.1I
NB

establish that the N -2-nitrobenzyl group can readily be incorporated into macrocyclic β-

hairpin peptides and that it can be removed with light. These studies set the stage for

applying the N -2-nitrobenzyl group to control the assembly and the biological properties of

other macrocyclic β-hairpins.

4.2. Controlling the Biological Properties of a Macrocyclic β-Hairpin Peptide

with Light. We next sought to apply the N -2-nitrobenzyl group to control the formation of

toxic oligomers of a macrocyclic β-hairpin peptide. Our research group has previously shown

that peptide 4.2 is toxic towards the neuroblastoma cell-line SH-SY5Y, and that it assembles

to form a hexamer, which is observed crystallographically and in SDS-PAGE.62 The hexamer

cannot accommodate N -alkylation of Gly33, which hydrogen bonds with Ile31 (Figure 4.8).

We hypothesized that replacing Gly33 with N -2-nitrobenzylglycine would disrupt hydrogen

bonding and thus disrupt assembly of the toxic hexamer. Photolysis of the N -2-nitrobenzyl

group would uncage Gly33 and allow the hexamer to assemble, thereby switching on the

biological properties of the peptide. We synthesized peptide 4.2NB using the submonomer

approach described in the preceding section. We studied its assembly in SDS-PAGE, its

cytotoxicity, and its interactions with lipid bilayers to test if the N -2-nitrobenzyl group can

control both the assembly and the biological properties of a macrocyclic β-hairpin peptide

(Chart 4.3).
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Figure 4.8: Design of peptide 4.2NB, a photocaged homologue of peptide 4.2. (A) X-ray
crystallographic structure of the hexamer formed by peptide 4.2 (PDB 5W4H). Inset shows
the hydrogen-bonding interface between two neighboring monomers in which Gly33 hydrogen
bonds with Ile31. (B) Cartoon illustrating photolysis and decaging of peptide 4.2NB to form
peptide 4.2, which assembles into a toxic hexamer.

Chart 4.3

SDS-PAGE. Unlike peptide 4.2, peptide 4.2NB does not assemble to form a hexamer in

SDS-PAGE (Figure 4.9). To ascertain the impact of N -alkylation of Gly33, we compared the

assembly of peptide 4.2 to that of peptide 4.2NB and peptide 4.2Me, a homologue bearing

an additional N -methyl group, on Gly33. In tricine SDS-PAGE, peptide 4.2 migrates with
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a similar mobility to the 10 kDa size standard. This mobility is consistent with peptide 4.2

assembling to form a hexamer (10.6 kDa). In contrast, peptides 4.2Me and 4.2NB migrate

between the 1.7 and the 4.6 kDa size standards and thus appear to be monomers or dimers.

The mobility of peptide 4.2NB shifts after photodecaging with a hand-held UV lamp. The

resulting band migrates with a mobility similar to that of peptide 4.2. Thus, the N -2-

nitrobenzyl group and its photolysis allows the oligomerization state of peptide 4.2 to be

controlled with light.

Figure 4.9: An N -2-nitrobenzyl group alters the assembly of peptide 4.2. Silver-stained
tricine SDS-PAGE gel. 6 µL aliquots of 0.2 mg/mL solutions of each peptide were loaded
into the lanes on the gel.

Cytotoxicity. In addition to altering the assembly of the hexamer, N -2-nitrobenzylation

alters the biological properties of peptide 4.2. Peptide 4.2NB is not toxic at concentrations

as high as 100 µM as measured by both LDH release and MTT conversion assays against the

neuroblastoma cell-line SH-SY5Y (Figure 4.10 and S4). In contrast, peptide 4.2 is toxic at

concentrations as low as 50 µM. Irradiating peptide 4.2NB with long-wave UV light switches

on the toxicity of the peptide. This toxicity results from the formation of peptide 4.2 and

not from the formation of the nitrosobenzaldehyde by-product, as the photolysis of peptide

4.1NB does not result in toxicity.
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Figure 4.10: An N -2-nitrobenzyl group alters the toxicity of peptide 4.2. LDH release and
MTT conversion toxicity assays. SH-SY5Y cells were incubated for 72 hours with 50 µM of
the indicated peptide before performing the assay. Error bars represent standard deviations
propagated from five replicate runs.

Interactions with liposomes. To evaluate whether the toxicity of peptide 4.2 arrises from its

disruption of cell membranes, we studied the effect of peptide 4.2 on liposomes using a dye

leakage assay. In this assay, large unilamellar vesicles (LUVs) encapsulating the fluorescent

dye calcein were treated with peptide 4.2 and the increase in fluorescence was monitored.

Peptide 4.2 induces anionic LUVs to leak their contents (Figure 4.11). Peptide 4.2 induces

measurable dye leakage from LUVs composed of a 1:1 mixture of phosphatidylcholine and

phosphatidylserine (PC:PS) at concentrations as low as ca. 300 nM. Peptide 4.2 induces
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50% dye leakage at ca. 2 µM. In contrast, peptide 4.2NB induces comparable leakage at

20 µM. The contrasting activities of peptide 4.2 and peptide 4.2NB in dye leakage assays

indicate that caging peptide 4.2 with the N -2-nitrobenzyl group reduces its ability to disrupt

membranes.

Figure 4.11: Peptide 4.2 disrupts membrane integrity of large unilamellar vesicles. Various
concentrations of peptide 4.2 (red) and peptide 4.2NB (blue) were incubated with LUVs
comprising either PC:PS (1:1) or PC encapsulating 70 mM calcein. The percentage of dye
leakage was monitored by the increase in fluorescence. Each point is calculated from the
average of three replicate runs. Error bars (obscured by the data points) represent standard
deviations propagated from three replicate runs.

Both peptides 4.2 and 4.2NB are substantially less active towards neutral LUVs composed

of only phosphatidylcholine (Figure 4.11). Peptide 4.2 induces ca. 33% dye leakage at 20 µM
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Figure 4.12: Long-wave UV light restores the dye leakage activity of peptide 4.2NB. PC:PS
LUVs were incubated with 5 µM of peptide 4.2 (red) or peptide 4.2NB (blue) and irradiated
with long-wave UV light. Dye leakage was assessed after 0, 10, 30, and 60 minutes of
irradiation. Error bars represent standard deviations propagated from three replicate runs.

(the highest concentration tested), whereas peptide 4.2NB does not induce any measurable

dye leakage from PC LUVs. The contrasting behavior of PC:PS LUVs and PC LUVs indi-

cates that electrostatic interactions between the cationic peptides and the anionic liposomes

are essential to the dye leakage activity of peptide 4.2.

Irradiation of peptide 4.2NB with long-wave UV light in the presence of PC:PS LUVs restores

the dye leakage activity (Figure 4.12). Photolysis of peptide 4.2NB appears to proceed at

a similar rate to the photolysis of peptide 4.1NB. Irradiating 5 µM peptide 4.2NB for

10 minutes results in an increase in dye leakage from PC:PS LUVs. Irradiating peptide

4.2NB for 1 hour restores nearly all of the activity that results from treatment with an equal

concentration of peptide 4.2. Thus, the N -2-nitrobenzyl group and its photolysis allows the

membrane disrupting activity of peptide 4.2 to be controlled with light.

To evaluate the effect of membranes on the conformations of peptides 4.2 and 4.2NB, we

compared the CD spectra of the peptides in aqueous buffer to those of the peptides in

the presence of either anionic (PC:PS) or neutral (PC) liposomes (Figure 4.13). The CD

spectrum of peptide 4.2 in buffer displays a broad minimum from 207 nm to 216 nm. This
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spectrum does not appear to be consistent with predominance of either β-sheets or random

coils. Upon mixing peptide 4.2 with anionic liposomes, the minimum sharpens and shifts

to 218 nm. In contrast, neutral LUVs have little effect on the CD spectrum. This change

in the CD spectrum suggests that interacting with anionic lipids, but not neutral lipids,

induces β-sheet folding in peptide 4.2. These differing effects of PC and PC:PS LUVs on

membrane-induced folding are congruent with the role of electrostatic interactions in the dye

leakage assays.

Figure 4.13: Effects of liposomes on the CD spectra of peptides 4.2 and 4.2NB. Spectra of
50 µM peptide in 10 mM sodium phosphate buffer at pH 7.4 were acquired in the presence
or absence of 1.0 mM lipids, constituting either phosphatidylcholine (PC) or phosphatidyl-
choline:phosphatidylserine (PC:PS) liposomes. Data are graphed as mean residue ellipticity.
The CD spectra could not be recorded below ca. 200 nm in the presence of the liposomes.

109



Similar conformational changes are observed when peptide 4.2NB is mixed with anionic lipo-

somes. The CD spectra of peptide 4.2NB in buffer and in the presence of neutral liposomes

display minima at ca. 205 nm. Upon mixing peptide 4.2NB with anionic liposomes, the

minimum shifts to ca. 218 nm. The N -2-nitrobenzyl group does not prevent peptide 4.2NB

from interacting with anionic lipids. Taken together, these studies with liposomes support

a model in which N -2-nitrobenzylation disrupts the assembly of peptide 4.2 into oligomers

that cause dye leakage.

The SDS-PAGE, cytotoxicity, and liposome studies establish that the N -2-nitrobenzyl group

can be incorporated into macrocyclic peptides to control both their assembly and their bi-

ological properties. The N -2-nitrobenzyl group in peptide 4.2NB disrupts its assembly into

hexamers in SDS-PAGE, markedly reduces its toxicity, and decreases its ability to induce

membrane leakage. Removal of the N -2-nitrobenzyl group with long-wave UV light restores

hexamer formation, toxicity, and membrane leakage. Collectively these studies suggest that

peptide 4.2 is toxic to SH-SY5Y cells through a mechanism that involves membrane disrup-

tion, mediated by oligomers of the peptide.

4.3. Controlling the Assembly of Triangular Trimers with Light. The ability of

the N -2-nitrobenzyl group to control the assembly of peptide 4.2 suggested that we could

incorporate N -2-nitrobenzyl groups into a covalently crosslinked trimer derived from peptide

4.1NB. Our laboratory has previously developed two crosslinked trimeric homologues of

peptide 4.1 to gain insights into the biological properties of the triangular trimer motif

(Figure 4.14A).61 These trimers are identical in amino acid sequence and only differ in the

placement of three N -methyl groups. The N -methyl groups are on Gly33 in trimer 4.1,

blocking the Aβ30–36 β-strands from further hydrogen bonding, while the N -methyl groups

are on Phe20 in trimer 4.2, allowing the Aβ30–36 β-strands to further hydrogen bond. Trimers

4.1 and 4.2 assemble to form different oligomers due to blocking or exposing the Aβ30–36

β-strands. Trimer 4.1 assembles as a hexamer, which is observed crystallographically and in
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SDS-PAGE; trimer 4.2 assembles as a dodecamer, which is also observed crystallographically

and in SDS-PAGE. Gly33 participates in a hydrogen-bonding interface with Ile31 within the

dodecamer (Figure 4.14B). We hypothesized that replacing the N -methyl groups in trimer

4.1 with photolabile N -2-nitrobenzyl groups would result in a triangular trimer that forms a

hexamer and that photolysis of the N -2-nitrobenzyl groups would switch the supramolecular

assembly to a dodecamer (Figure 4.14C). To test this hypothesis, we prepared and studied

photocaged trimer 4.3, which contains three N -2-nitrobenzyl groups.
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Figure 4.14: Design of a photocaged triangular trimer. (A) Cartoon of two crosslinked
trimers derived from peptide 4.1 highlighting the different positions of the N -methyl groups.
(B) X-ray crystallographic structure of the dodecamer formed by trimer 4.2 (PDB 5SUR).
Inset shows the hydrogen-bonding interface between three Aβ30–36 β-strands from three neigh-
boring trimers. (C) Cartoon illustrating the photolysis and decaging of trimer 4.3 to form
trimer 4.4.

Synthesis. The X-ray crystallographic structure of peptide 4.1I
NB suggests a strategy for

forming a covalently crosslinked trimer and testing the ability of the N -2-nitrobenzyl group
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to control assembly. At the three vertices of the triangular trimer, depicted in Figure 4.5B,

the side chains of Leu17 and Ala21 pack against one another. Mutation of these two residues

to Cys permits the formation of the tris-disulfide crosslinked photocaged trimer 4.3, in an

analogous fashion to the formation of trimers 4.1 and 4.2 that our laboratory has previously

reported.61 With the goal of forming trimer 4.3, we prepared peptide 4.3NB, which bears

the L17C and A21C mutations (Chart 4.4).

Chart 4.4

Oxidation of peptide 4.3NB with 20% aqueous DMSO produces three species: a tris-

disulfide crosslinked trimer, a bis-disulfide crosslinked dimer, and a monomer containing

an intramolecular disulfide bond (Figure 4.15).164,165 The identities of the trimer, dimer,

and monomer were established by examining the isotope patterns of the multiply charged

ions in the electrospray ionization mass spectrum. We purified trimer 4.3 using RP-HPLC

followed by lyophilization of pure fractions. From the oxidation of ca. 60 mg of peptide

4.3NB, we were able to prepare 14 mg of trimer 4.3 (ca. 23% yield). Photolysis of trimer

4.3 for two hours with long-wave UV light readily affords deprotected trimer 4.4. As with

the photolysis of peptide 4.1NB, cysteine is added to the photolysis reaction to scavenge

the nitrosobenzaldehyde by-product.163 We purified trimer 4.4 using RP-HPLC followed by

lyophilization of pure fractions. From the photolysis of 10 mg of trimer 4.3, we were able to

isolate 5 mg of trimer 4.5 (ca. 50% yield).
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Figure 4.15: Oxidation of peptide 4.3NB produces three major species. Analytical RP-HPLC
was performed on a C18 column with an elution gradient of 5–100% CH3CN over 20 min.

It is not possible to prepare trimer 4.4 by directly oxidizing peptide 4.4 (Chart 4.4). Peptide

4.4, which contains neither an N -methyl group nor an N -2-nitrobenzyl group, does not form

a crosslinked trimer upon oxidation in aqueous DMSO. Instead, peptide 4.4 only forms a

disulfide monomer (Figures 4.16). The N -2-nitrobenzyl group enables the synthesis of trimer

4.4 by acting as a traceless aggregation-blocking group that can be removed with light.
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Figure 4.16: Oxidation of peptide 4.4, which contains neither an N -methyl group nor an
N -2-nitrobenzyl group, does not produce trimer 4.4. A 6 mM solution of peptide 4.4 in 20%
aqueous DMSO was stirred for 48 hours, after which it was diluted 20-fold with water and
stirred for an additional 48 hours. (A) Cartoon representation of the oxidation of peptide
4.4 where the only isolable product is a disulfide monomer. (B) RP-HPLC chromatogram
of the oxidation reaction of peptide 4.4. (C) ESI-MS mass spectrum of the crude oxidation
reaction. The calculated m/z for the [M+2H]2+ isotope for the disulfide monomer is 876.0
while the calculated m/z for the [M+2H]2+ isotope for peptide 4.4 is 877.0. The isotope
pattern observed is that of the disulfide monomer, not the tris-disulfide crosslinked trimer
4.3. (D) Simulated isotope pattens for a monomer, a bis-disulfide crosslinked dimer, and a
tris-disulfide crosslinked trimer.
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SDS-PAGE. The N -2-nitrobenzyl group serves as a switch that alters the supramolecular

assembly of the triangular trimer motif upon photolysis and liberation of the Aβ30–36 β-

strands (Figure 4.17). Trimer 4.1 and photocaged trimer 4.3 contain blocked Aβ30–36 β-

strands and migrate in SDS-PAGE at similar mobilities to the 10 kDa size standard. These

mobilities are consistent with trimer 4.1 and trimer 4.3 assembling to form hexamers (10.6

and 11.3 kDa). In contrast, trimer 4.2 and trimer 4.4 contain exposed Aβ30–36 β-strands

and migrate in SDS-PAGE between the 17 and 26 kDa size standards. These mobilities

are consistent with trimer 4.2 and trimer 4.4 assembling to form dodecamers (21.2 and

21.0 kDa). Both dodecamer bands show pronounced downward streaking, indicating an

equilibrium with smaller oligomers, such as hexamers or nonamers. In contrast, peptide

4.1NB does not assemble into higher-order oligomers and instead migrates between the 1.7

and 4.6 kDa size standards and thus appears to be a monomer or a dimer.

Figure 4.17: Silver-stained SDS-PAGE gel illustrating the assembly of trimers 4.1–4.3. 6
µL of a 0.1 mg/mL solution of each trimer was loaded into the corresponding lanes on the
gel.

X-ray crystallography. We turned to X-ray crystallography to gain insights into the assembly

of trimers 4.3 and 4.4 into the hexamers and dodecamers observed in SDS-PAGE. Trimer 4.3

does not grow crystals in similar conditions as either trimer 4.1 or trimer 4.2. Instead, trimer

4.3 crystalizes from a mixture of 0.1 M sodium acetate, buffered at pH 4.5, 0.2 M NaCl, and

28% (w/v) 2-methyl-2,4-pentanediol. We determined the X-ray crystallographic phases by
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soaking a crystal for 1 hour in a mixture of 0.1 M potassium iodide (KI) and crystallization

buffer. We used the program BLEND to merge multiple data sets from a single crystal and

found that doing so allowed single-wavelength anomalous diffraction phasing.166 The X-ray

crystallographic structure of the KI-soaked trimer 4.3 (PDB 6CG4) was then used as a search

model in molecular replacement to determine the X-ray crystallographic phases of a data

set collected from a crystal that had not been soaked in KI (PDB 6CG5). Both structures

of trimer 4.3 were solved and refined in space group I41 at 2.03 Å resolution. Table 4.1

summarizes the crystallographic properties, crystallization conditions, data collection, and

model refinement statistics.

Trimer 4.4 does not grow crystals in similar conditions as trimers 4.1–4.3. Screening trimer

4.4 in 288 conditions yielded a single condition in which crystals grow: a mixture of 0.1 M

HEPES, buffered at pH 7.25, and 20% (v/v) Jeffamine M-600. These conditions are similar

to those used to crystalize peptides 4.1 and 4.1I
NB. Unfortunately, our attempts to optimize

these conditions have thus far only yielded crystals that diffract X-rays weakly. We have

been unable to process the resulting data sets and thus have been unable to solve the X-ray

crystallographic structure of trimer 4.4.

The crystals of trimer 4.3 contain a single copy of trimer 4.3 in the asymmetric unit (Figure

4.18A). The X-ray crystallographic structure of trimer 4.3 reveals a symmetrical trimer

composed of three folded β-hairpins. The trimer is stabilized by three disulfide bonds wherein

Cys17 of one monomer is linked to Cys21 of another monomer at the three vertices of the

triangular trimer. The N -2-nitrobenzyl groups pack against the Phe20 side chains on the

bottom surface of trimer 4.3 (Figure 4.18B). The three N -2-nitrobenzyl groups are clearly

visible in the electron density map (Figure 4.19). The N -2-nitrobenzyl groups also make

intermolecular contacts with neighboring trimers in the crystal lattice, packing against the

δOrn1 turns from other trimers and interacting with other N -2-nitrobenzyl groups. Unlike

117



the discrete oligomers formed by trimers 4.1 and 4.2, no discrete oligomers exist in the

crystal lattice formed by trimer 4.3.

Figure 4.18: X-ray crystallographic structure of photocaged trimer 4.3 (PDB 6CG5). (A)
Top surface of trimer 4.3 which displays the three disulfide crosslinks. (B) The bottom
surface of trimer 4.3 on which the three N -2-nitrobenzyl groups pack against Phe20. In the
inset, the side chain of Phe20 and the adjacent N -2-nitrobenzyl group are shown as spheres.
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Figure 4.19: The three N -2-nitrobenzyl groups on trimer 4.3 are clearly visible in the electron
density map. The 2Fo-Fc electron density map is contoured at 1.0 σ.

The assembly of trimer 4.3 in the crystal lattice differs from the assemblies of trimers 4.1

and 4.2. Trimer 4.1 assembles into stacks of sandwich-like hexamers, which resemble the

sandwich-like hexamer formed by peptide 4.1I
NB (Figure 4.20A). Trimer 4.2 assembles into

ball-shaped dodecamers (Figure 4.20B). We anticipated that trimer 4.3 would assemble in

a similar fashion to trimer 4.1, as the Aβ30–36 β-strands in both trimers are blocked from

hydrogen bonding. Instead, trimer 4.3 assembles into conjoined dodecamers in which each

trimer subunit is shared between two dodecamers in the crystal lattice. These conjoined

dodecamers do not resemble the dodecamers formed by trimer 4.2. The dodecamers formed

by trimer 4.3 assemble through heterofacial packing of the composite trimer subunits. In

contrast, the dodecamers formed by trimer 4.2 assemble through homofacial packing of

the composite trimer subunits. Sequestration of the N -methyl groups within trimer 4.2

exposes the Aβ30–36 β-strands to further hydrogen-bonding interactions within the trimer

4.2 dodecamer. The N -2-nitrobenzyl groups in trimer 4.3 do not permit this mode of
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hydrogen bonding. As a result, the hydrogen-bonding network in the trimer 4.2 dodecamer

is more extensive than that in the trimer 4.3 dodecamer.

Figure 4.20: X-ray crystallographic structures of trimers 4.1 and 4.2. (A) Sandwich-like
hexamer formed by trimer 4.1 (PDB 5SUT). (B) Ball-shaped dodecamer formed by trimer
4.2 (PDB 5SUR). Each trimer subunit is colored green, cyan, magenta, or grey.

The X-ray crystallographic structure of the conjoined dodecamers formed by trimer 4.3 offers

little insight into the hexamers that it forms in SDS-PAGE, because these dodecamers do not

contain discrete hexamer subunits. The sandwich-like hexamers formed by trimer 4.1 (PDB

5SUT), on the other hand, support a working model for the structures of these hexamers.

In this working model, two trimers sandwich together. Such a model is consistent with

other sandwich-like hexamers we have observed in the crystal lattices of other macrocyclic

β-hairpin peptides.57,58,60,61,64
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We have not been able to determine the X-ray crystallographic structure of trimer 4.4 and

thus lack a structure to help illuminate the dodecamers it forms in SDS-PAGE. The ball-

shaped dodecamers formed by trimer 4.2 (PDB 5SUR) provide a working model for these

dodecamers. In this working model, four trimers wrap together to form a ball. Such a model

is consistent with other ball-shaped dodecamers we have observed in the crystal lattices of

other macrocyclic β-hairpin peptides.64 Such a model is also consistent with the differing

oligomerization states observed for trimers 4.3 and 4.4 in SDS-PAGE.

The synthetic, SDS-PAGE, and X-ray crystallographic studies of trimers 4.3 and 4.4 estab-

lish that the N -2-nitrobenzyl group is sufficiently robust to be incorporated into covalently

crosslinked oligomers containing multiple peptides and N -2-nitrobenzyl groups. These stud-

ies further establish that the N -2-nitrobenzyl group can allow light to switch the peptide

from one oligomerization state to another.

4.3 Conclusion

The N -2-nitrobenzyl photolabile protecting group allows the oligomerization state of Aβ-

derived macrocyclic peptides to be controlled with light. Depending on their positions,

the N -2-nitrobenzyl groups can either be accommodated by or disrupt the higher-order

assemblies of the macrocyclic peptides. Disrupting intermolecular hydrogen bonds that sta-

bilize the oligomers observed by X-ray crystallography disrupts the assembly of the peptides

in solution. Their assembly can be recovered by irradiating the peptides with long-wave

UV light, which removes the N -2-nitrobenzyl groups. In the case of peptide 4.2NB, the

N -2-nitrobenzyl group also alters the biological properties of the peptide. Removing the

N -2-nitrobenzyl group from peptide 4.2NB restores both the assembly and the biological

properties of peptide 4.2. The N -2-nitrobenzyl group offers the promise of controlling when

and where macrocyclic β-hairpin peptides assemble in cells. In the case of trimer 4.3, the
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N -2-nitrobenzyl group enables the synthesis of trimer 4.4, which lacks any N -alkyl groups.

Trimer 4.4 should better model the types of trimers that full-length Aβ may form and thus

allow us to better probe the biology of Aβ oligomers.

We envision that N -2-nitrobenzyl groups could be applied to chemical model systems of other

amyloid oligomers. The αB crystallin-derived cylindrin oligomers and the SOD1-derived

corkscrew oligomers reported by Eisenberg and co-workers, as well as the hPrP-dervied

hexameric oligomers reported by Surewicz and co-workers, are all amenable to the strategy

described here.52,54,158 Controlling the assembly of these chemical model systems may enable

the biological properties of these oligomers to be probed. The aforementioned structures may

even guide the installation of photolabile protecting groups into full-length amyloid-forming

peptides and proteins. We envision that the N -2-nitrobenzyl group will enable a more

rigorous dissection of the relationship between the assembly and the biological properties of

amyloid-derived peptides. Studies in this direction are currently underway in our laboratory.

4.4 Materials and Methods

4.4.1 General information

All chemicals were used as received except where otherwise noted. Methylene chloride was

passed through alumina under argon prior to use in a solvent purification system. Anhy-

drous, amine free dimethylformamide (DMF) was purchased from Alfa Aesar. All reactions

were performed at ambient temperature (ca. 20 °C), unless otherwise noted. Peptide syn-

thesis was performed on a Protein Technologies PS3 synthesizer. Analytical reverse-phase

HPLC was performed on an Agilent 1200 equipped with a Aeris PEPTIDE 2.6u XB-C18

column (Phenomonex). Preparative reverse-phase HPLC was performed on a Rainin Dyna-

max equipped with a ZORBAX SB-C18 column (Agilent). HPLC grade acetonitrile and 18
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MΩ deionized water, each containing 0.1% trifluoroacetic acid, were used for analytical and

preparative reverse-phase HPLC. All peptides were prepared and used as the trifluoroacetate

salts and were assumed to have one trifluoroacetate ion per ammonium group present in each

peptide.

The synthesis of peptides 4.2 and 4.2Me were performed using techniques previously de-

scribed by our laboratory.56–58,63 Scheme 4.1 illustrates the synthesis of peptide 4.2. Pep-

tides 4.1NB, 4.1I
NB, 4.2NB, and 4.3 were prepared in an identical fashion to peptides 4.2

and 4.2Me, with exception of N -2-nitrobenzylglycine33 and Ile32, which were installed via

the submonomer approach followed by coupling with triphosgene. After the installation of

the N -2-nitrobenzyl group, the peptides were protected from light with black felt (purchased

from Amazon.com) in subsequent steps. The procedures for these steps are detailed below.
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Scheme 4.1
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4.4.2 Submonomer incorporation of N -2-nitrobenzylglycine33

Scheme 4.2 illustrates the steps involved in the submonomer incorporation of N -2-nitrobenzyl-

glycine33. After automated solid-phase peptide synthesis, the N -terminal Fmoc was depro-

tected with 20% piperidine in DMF for 5 minutes. The resin was transferred to a pep-

tide synthesis vessel equipped with nitrogen and vacuum, and washed three times with 5

mL DMF. Bromoacetic acid (750 mg, 5 equiv) was dissolved in ca. 4 mL of DMF. N,N -

Diisopropylcarbodiimide (DIC, 750 µL, 5 equiv) was added to the solution of bromoacetic

acid. This solution was allowed to mix for 1 minute, at which point it was added to the resin

via a Pasteur pipette. The coupling reaction was allowed to proceed for 20 minutes, after

which the solution was drained, and the resin was washed three times with DMF.

Scheme 4.2

o-Nitrobenzylamine hydrochloride (750 mg) and diisopropylethylamine (DIPEA, 750 µL)

were dissolved in 4 mL of DMF. This solution was added to the resin via a Pasteur pipette,

and allowed to mix overnight by bubbling nitrogen. The resin was then washed three times

with 5 mL DMF. During this reaction, and all subsequent steps in peptide synthesis, the

resin was protected from light with black felt.

4.4.3 Triphosgene coupling of Ile32

Scheme 4.3 illustrates the steps involved in the triphosgene-mediated coupling of Ile32 to

N -2-nitrobenzylglycine33. The resin was washed three times with dry THF, then allowed to
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swell in 2 mL of dry THF for 5 minutes. 2 mL of dry THF was added to a vial containing

triphosgene (47.5 mg, 1.3 equiv) and Fmoc-Ile-OH (170 mg, 4 equiv) to form a clear solution.

2,4,6-Collidine (220 µL) was added to the mixture of triphosgene and Fmoc-Ile-OH and

allowed to mix until a white precipitate formed (ca. 1 minute). This suspension was added

to the resin via a Pasteur pipette and mixed for one hour by bubbling nitrogen, protected

from light. The resin was then washed with 5 mL dry THF, 5 mL dry CH2Cl2, and then 5

mL dry THF. This sequence was repeated until coupling of Ile32 was completed, as judged

by RP-HPLC. Typically, four repititions of this process were performed. Resin was washed

three times with 5 mL DMF prior to continuing the traditional solid-phase peptide synthesis

protocols.

Scheme 4.3

4.4.4 Oxidation of peptide 4.3NB to form trimer 4.3

Peptide 4.3NB was prepared using the protocols described above. After purification and

lyophilization of peptide 4.3NB, a 6 mM solution of peptide 4.3NB in 20% aqueous DMSO

was prepared in a 20-mL glass scintillation vial. This vial was protected from light with

aluminum foil and rocked for 48 hours. After 48 hours, the solution was transferred to a 1-L

round bottom flask equipped with a stir bar and diluted 20-fold with 18 MΩ deionized water.

This diluted solution was allowed to stir for an additional 48 hours. After this second 48-hour
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period, the solution was removed using rotary evaporation. The white residue was dissolved

in ca. 10 mL of 20% aqueous acetonitrile and purified by RP-HPLC using a gradient of

20–30% acetonitrile in water over 15 minutes, followed by a gradient of 30–60% acetonitrile

in water over 60 minutes. The purity of fractions were judged by analytical RP-HPLC and

ESI-MS. Pure fractions were combined and lyophilized, yielding trimer 4.3 as a white solid.

4.4.5 Photolysis of trimer 4.3 and purification of trimer 4.4

Trimer 4.4 was prepared by photolysis of trimer 3. The procedure is described briefly

here and in more detail in the section on photolysis that follows, below. A 3.2 mg/mL

solution of trimer 3 was prepared gravametrically in 10 mg/mL L-cysteine. This solution was

transferred into quartz cuvettes placed ca. 1 cm from a hand-held UV lamp. The cuvettes

were irradiated for 3 hours with long-wave UV light (ca. 365 nm). The solution of irradiated

trimer 3 was filtered through a 0.2 µm filter, and purified by RP-HPLC using a gradient of

20–30% acetonitrile in water over 15 minutes, followed by a gradient of 30–60% acetonitrile

in water over 60 minutes. The purity of fractions were judged by analytical RP-HPLC and

ESI-MS. Pure fractions were combined and lyophilized, yielding trimer 4 as a white solid.

4.4.6 X-ray crystallography

X-ray crystallographic studies of peptide 4.1I
NB and trimer 4.3 were performed using the

protocols previously published by our laboratory with minor modifications. These procedures

are slightly modified, and in some cases taken verbatim, from Salveson et al. J. Am. Chem.

Soc. 2016, 139, 4458–4467.63
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4.4.7 Crystallization of peptide 4.1NB and trimer 4.3

Peptide 4.1NB: Crystal growth was optimized using conditions similar to those we had

previously reported for peptide 4.1.57 In the optimization, the pH and cryoprotectant con-

centrations were varied across the 4x6 matrix of a Hampton VDX 24-well plate to generate

crystals that diffracted well. The hanging drops for these optimizations were prepared on

glass slides by combining 1 or 2 µL of peptide solution with 1 or 2 µL of well solution in

ratios of 1:1, 2:1, and 1:2. Crystals that formed were checked for diffraction using a Rigaku

Micromax-007 HF diffractometer with a Cu rotating anode at 1.54 Å.

Trimer 4.3 : Conditions were identified in 96-well plates. Three kits from Hampton Research

(Crystal Screen, Index, and PEG/ION) were used to screen trimer 4.3, for a total of 288

separate crystallization experiments (three 96-well plates). Each well in the 96-well plates

was loaded with 100 µL of a solution from the kits. The hanging drops were set up using a

TTP Labtech Mosquito pipetting robot. For each well, three hanging drops were prepared

comprising either 50, 75, or 100 nL of well solution mixed with either 100, 75, or 50 nL of a

10 mg/mL solution of trimer 4.3. Crystal growth was further optimized in 24-well plates in

an analogous fashion described for the optimization of peptide 1NB crystal growth.

4.4.8 X-ray diffraction data collection, data processing, and re-

finement for peptide 4.1NB and trimer 4.3

Data collection: Prior to data collection, crystals of trimer 4.3 were transferred with a nylon

loop to a new hanging drop comprising a 1:1 mixture of well-solution and 0.1 M potassium

iodide (KI). Crystals were soaked in this condition for 1 hour to incorporate iodide ions into

the lattice.
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Data were collected from crystals of peptide 4.1NB and trimer 4.3 using a Rigaku Micromax-

007 HF diffractometer with a Cu rotating anode at 1.54 Å with 0.5° rotation per image. The

program CrystalClear 2.0 was used to design collection strategies with multiplicities exceed-

ing 20. This high multiplicity facilitates single-wavelength anomalous diffraction phasing.

This collection strategy results in multiple data sets from a single crystal that need to be

merged with one another.

Data processing: Each individual data set was integrated and scaled using XDS.89 The

multiple data sets were then merged using BLEND.118,166 Hybrid structure search (HySS)

in the Phenix software suite was used to determine the coordinates of the anomalous signal

for peptide 4.1NB and the KI-soaked trimer 4.3.90 The initial electron density maps were

generated using the coordinates of the anomalous signal as initial positions in Autosol. For

the dataset from the unsoaked crystal of trimer 4.3, the structure of the KI-soaked trimer

4.3 was used as a search model in Phaser.119

Refinement and model manipulation: Phenix.refine was used to refine the models of peptide

4.1NB and trimer 4.3. Coot was used to manipulate the coordinates for both peptides.120

Table 4.1 summarizes the crystal properties, data collection, and data processing for peptide

4.1NB and trimer 4.3.

4.4.9 Photolysis

The rate of decaging was monitored by irradiating a 2 mg/mL solution of peptide 4.1NB

with a hand-held UV lamp (model UVGL-58) producing 365 nm light. The solution of

peptide 4.1NB was prepared gravametically by dissolving 2 mg in 0.99 mL of a 10 mg/mL

solution of L-cysteine. 10 µL of a 5% (w/v) solution of aqueous phenol was added, bringing

the total volume of the peptide 4.1NB solution to 1 mL. This solution was placed in a

quartz cuvette with a 1 cm x 2 mm chamber. This cuvette was placed ca. 1 cm away from
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Table 4.1: Crystallographic properties, crystallization conditions, data collection, and model
refinement statistics for peptide 4.1I

NB and trimer 4.3

peptide 4.1I
NB trimer 4.3 + KI trimer 4.3

PDB ID 6CG3 6CG4 6CG5
space group P4232 I41 I41

a, b. c (Å) 47.5, 47.5, 47.5 39.3, 39.3, 58.4 39.3, 39.3, 58.9
α, β, γ (o) 90, 90, 90 90, 90, 90 90, 90, 90
peptide/trimer per
asymmetric unit 1 1 1
crystallization conditions 0.1 M HEPES pH 8.75 0.1 M NaOAc 0.1 M NaOAc

18% Jeffamine M-600 pH 4.5 pH 4.5
0.2 M NaCl 0.2 M NaCl
28% MPD 28% MPD
0.1 M KI soak

Data Collectiona

wavelength (Å) 1.54 1.54 1.54
resolution (Å) 19.4–2.03 (2.1–2.03) 32.8–2.08 (2.1–2.08) 37.8–2.08

(2.16 –2.08)
total reflections 39938 (6708) 90671 (7956) 53152 (4449)
unique reflections 1388 (312) 2742 (313) 2728 (301)
multiplicity 28.8 (21.5) 33.1 (25.4) 19.5 (14.8)
completeness (%) 99.5 (98.5) 100.0 (100.0) 100 (99.7)
mean I/σ 18.4 (5.4) 33.1 (14.1) 36.5 (15.6)
Rmerge 0.166 (0.654) 0.096 (0.241) 0.06 (0.168)
Rmeasure 0.171 0.098 0.063
CC1/2 0.998 (0.954) 0.999 (0.994) 0.999 (0.994)
CC* 0.999 (0.988) 0.998 (0.995) 1 (0.997)

Refinement

Rwork 23.0 22.9 19.7
Rfree 26.5 27.7 24.2
number of
non-hydrogen atoms 145 440 416
number of
non-peptide atoms 16 40 20
RMSbonds 0.02 0.005 0.007
RMSangles 2.72 0.93 1.03
Ramachandran
favored (%) 100 100 100
outliers (%) 0 0 0
clashscore 11.0 9.52 2.98
average B-factor 22.4 24.0 30.0

aValues for the highest resolution shell are show in parentheses.
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the UV lamp such that light shown through the 2 mm path length, rather than the 1 cm

path length of the cuvette. 150 µL aliquots of this reaction were removed at various time

points and diluted with 150 µL of 18 MΩ deionized water. These samples were analyzed by

RP-HPLC using a gradient of 0–100 % acetonitrile in water over 20 minutes. Each peak

was integrated manually. The integrated values for peptide 4.1NB, the photolysis product,

and the nitrosobenzaldehyde by-product were divided by the integrated value of the phenol

internal control. These ratios were plotted vs time.

Irradiating peptides 4.1NB and 4.2NB prior to treating cells (see below) was accomplished

in a similar fashion. Briefly, a 500 µM solution of either peptide 4.1NB or 4.2NB in 0.625

mg/mL L-cysteine was placed into a cuvette and irradiated for 1 hour, as described above.

4.4.10 SDS-PAGE

The oligomerizaiton of trimers 4.1, 4.2, 4.3, and 4.4 as well as peptides 4.1NB, 4.2, 4.2Me,

and 4.2NB were studied by tricine SDS-PAGE. Reagents and gels for tricine SDS-PAGE

were prepared according to recipes reported previously.61,167

2X samples of each peptide or trimer were prepared by diluting 10 mg/mL solutions of the

peptides or timers with 18 MΩ deionized water to the appropriate concentration. 2X samples

of peptides 4.1NB and 4.2NB exposed to UV light were prepared from a 1 mg/mL solution

of the corresponding peptide that was irradiated in the presence of 10 mg/mL L-cysteine

for 1 hour, as described in the Photolysis section of this document. The 2X samples were

then diluted with 2X SDS-PAGE loading buffer (100 mM Tris buffer at pH 6.8, 20% (w/v)

glycerol, and 4% (w/v) SDS) to create the 1X samples which were loaded into the gel. 6

µL of the 1X samples were loaded into the gel, in addition to 1 µL of SpectraTM Multicolor

Low Range Protein Ladder (Thermo Scientific part no.: 26628). Samples were run through

a 16% polyacrylamide gel with a 4% stacking polyacrylamide gel at a constant 80 V at 23
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oC. Silver-staining was used to visualize peptide and trimer bands in the SDS-PAGE gel as

described previously.61,168

4.4.11 Cell culture

SH-SY5Y cell cultures were maintained in 1:1 mixture of Dubelcco’s modified Eagle medium

and Ham’s F12 (DMEM:F12) media supplemented with 10% heat-inactivated fetal bovine

serum (FBS), 100 U/mL penicillin and 100 µg/mL streptomycin at pH 7.4 in a humidified

5% CO2 atmosphere at 37 oC. All experiments were performed using ca. 60–80% confluent

cells on passages ranging from 3–12.

4.4.12 MTT and LDH assays

These procedures are slightly modified, and in some cases taken verbatim, from Salveson et

al., J. Am. Chem. Soc., 2016, 139, 4458–4467.63

SH-SY5Y cells were plated into 96-well plates at 15,000 cells per well in 100 µL 1:1 DMEM/F12

medium supplemented with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin

at pH 7.4 and incubated in a humidified 5% CO2 atmosphere at 37 °C for 24 h. Prior to

treatment, the medium was aspirated and replaced with 90 µL serum-free, phenol-red free

DMEM/F12 media. Solutions of the peptides were prepared gravimetrically by dissolving

the lyophilized peptide in the appropriate amount of 18 MΩ deionized water to achieve a 10

mg/mL stock. From the 10 mg/mL stock solutions, 10X solutions were made by dilution

with 18 MΩ deionized water. 10X samples of peptides 4.1NB and 4.2NB were irradiated for

1 hour in a quartz cuvette in the presence of 0.625 mg/mL cysteine prior to treating cells,

as outlines in the Photolysis section. 10 µL of the 10X solutions were added to the wells on

the 96-well plates, bringing the total volume of each well to 100 µL. Cells were treated and
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incubated in replicates of five in the presence of each compound for 72 hours in a humidified

5% CO2 atmosphere at 37 °C prior to performing both MTT and LDH assays.

Both MTT (Sigma) and LDH (Thermo Scientific) assays were performed on the each plate.

A 50-µL aliquot of supernatant media was transferred to a new 96-well plate and spectropho-

tometrically analyzed for LDH content according to the manufacturer’s instructions. The

remainder of the media was aspirated and replaced with 100 µL of serum free, phenol-red

free DMEM/F12 medium supplemented with 0.2 mg/mL MTT. The cells were incubated

for 24 hours in a humidified 5% CO2 atmosphere at 37 °C in the presence of the MTT

containing media. Formazan crystals from the MTT reaction were dissolved in 10% SDS in

10 mM HCl for 4 h in a humidified 5% CO2 atmosphere at 37 °C. MTT plates were read

spectrophotometrically at 570 nm.

MTT data were graphed as a percentage versus the water treatment control, whereas LDH

data were analyzed and plotted as previously described.103

4.4.13 Liposome preparation

Large unilamelar vesicles (LUVs) were prepared as previously described.63 Chicken egg-

derived L-α-phosphatidylcholine (PC, product number: 840051C) and porcine brain-derived

L-α-phosphatidylserine (PS, product number: 840032) were purchased from Avanti Polar

Lipids as 10 mg/mL solutions in chloroform. Liposomes were prepared using 2.6 micromoles

of lipids, either solely PC or as a 1:1 molar ratio of PC and PS. For circular dichroism studies,

LUVs were prepared in 10 mM sodium phosphate buffer (pH 7.4) by extrusion through 100

nm filters.
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4.4.14 Dye leakage assay

For dye leakage assays, LUVs were prepared in leakage buffer, comprising 10 mM Tris (pH

7.4), 150 mM NaCl and 1 mM EDTA supplemented with 70 mM calcein by extrusion through

100 nm filters. The LUVs were separated from free calcein by passage through a 10 x 1 cm

column of Spehadex G-50 and collection of the yellow fractions that did not fluoresce under

long-wave UV light. After removal of free calcein from LUVs encapsulating calcein, the

concentration of lipids was determined using a modified phosphorus assay, as follows.169 50

µL of the LUV suspension was added to a 12 x 75 mm disposable culture tube. 30 µL of a

10% (w/v) solution of Mg(NO3)2 in ethanol was added to the culture tube. This mixture

was ashed over a hot flame resulting in the formation of a grey precipitate. 300 µL of 0.5

M HCl was added to dissolve the precipitate. This solution was heated for 15 minutes in a

boiling water bath. After cooling to room temperature, 700 uL of a mixture of 1% (w/v)

ascorbic acid and 0.378% (w/v) ammonium molybdate tetrahydrate dissolved in 0.45 M

H2SO4 was added to the boiled solution. This mixture was heated for 1 hour at 37 oC. Over

this time the solution develops a faint blue color. This solution was then transferred to a

1 cm quartz cuvette, and the OD820 was measured. The concentration of phosphate was

determined using a molar extinction coefficient of 120 M-1cm-1. The concentration of total

lipid is assumed to be equal to the concentration of phosphate measured in this assay, as

one mole of phospholipid contains one mole of phosphate.

The stock LUV suspension was diluted in leakage buffer to a final concentration of 11 µM

lipid. 10X solutions of the peptides where prepared from 10 mg/mL stock solutions prepared

in 18 MΩ deionized water. 20 uL of these 10X stock solutions were added to the wells of

a 96-well plate. 20 µL of 10X lysis buffer was used as the 100% leakage controls. 20 µL

of 18 MΩ deionized water was used as the 0% leakage control. Each treatment was done

in triplicate. 180 uL of the 11 µM lipid LUV suspension was added to every well. The

fluorescence was immediately recorded on a Spectra Max Gemini XPS fluorescent plate
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reader. The excitation wavelength was set to 490 nm. Emission was recorded at 520 nm.

Data was averaged across the three replicate wells. Data is plotted using the below equation:

% leakage = 100 * (Fpeptide - Fwater)/(Flysis buffer - Fwater)

Where Fpeptide is the average fluorescence of the given peptide treatment, Fwater is the average

fluorescence of the water treatments, and Flysis buffer is the average fluorescence of the lysis

buffer treatment.

4.4.15 Circular dichroism spectroscopy

CD spectra were acquired on a Jasco J-810 circular dichroism spectropolarimeter at ambient

temperature (ca. 20 °C). A 50 µM solution of each peptide was prepared by diluting an

appropriate amount of a 10 mg/mL stock solution of peptide with either 10 mM sodium

phosphate buffer at pH 7.4 or 10 mM sodium phosphate buffer at pH 7.4 containing 1 mM

lipids in a 1 mm quartz cuvette. Data were collected using 0.2 nm intervals from 260 nm to

190 nm and averaged over 5 accumulations.99 Spectra were smoothed using Savitsky-Golay

smoothing with a 21 point window. Data are graphed as mean residue ellipticity, [Θ], which

is calculated as follows:98,99

[Θ] = millidegrees/(path length(mm) x [peptide] (M) x number of residues)

Data were omitted below wavelengths at which the voltage in the photomultiplier tube

exceeded 600 V.
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Chapter 5

Repurposing triphenylmethane dyes

to bind to triangular trimers derived

from Aβ

5.1 Introduction

Fluorescent dyes have longstanding history as probes to study the molecular basis of amy-

loid disorders, such as Alzheimer’s disease, Parkinson’s disease, and type 2 diabetes. The

dye Congo red has been used to stain amyloid plaques in tissue for nearly a century, while

thioflavin T and thioflavin S have been used for several decades as both probes of amyloid

plaques and tools to monitor the aggregation of amyloid-forming proteins into fibrils.170–174

New life has been breathed into these chemical probes through the creative application of

their selectivity for amyloid plaques. For example, homologues of Congo red have been

used to block amyloid fibril formation, radio-labeled homologues of thioflavin T are cur-

rently used in PET imaging diagnostic tests of Alzheimer’s disease, and combinatorial flu-
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orescent molecular sensors based around thioflavin T have enabled differentiation among

aggregates of Aβ.175–178 High-resolution structures of fibrils and fibril-dye complexes, cou-

pled with molecular dynamics simulations, have revealed structural bases of this molecular

recognition, wherein planer aromatic dyes lie parallel to the fibril axis and pack against hy-

drophobic residues displayed on the fibril surface.179–188 These structures have guided the

design of other small molecules that bind to amyloid fibrils.189

Although a handful of chemical probes are used to study the formation of the biologically

inert amyloid fibrils, there are few that specifically detect neurotoxic oligomers.190–196 The

specific oligomer structures that these chemical probes recognize remain unknown. Chemical

probes that detect amyloid oligomers are urgently needed to help study the structures and

function of amyloid oligomers.197,198 The current lack of high-resolution structures of amyloid

oligomers hinders the design of chemical probes that detect these assemblies199.

While studying the self-assembly of peptides derived from the β-amyloid peptide, Aβ, we have

discovered that triphenylmethane dyes bind to assemblies of covalently stabilized oligomers

formed by peptides derived from Aβ17–36.61 This discovery was guided by the complementary

shape and symmetry of triphenylmethane dyes and the oligomeric assemblies our laboratory

has characterized by X-ray crystallography.61 This binding produces marked changes to the

color of the dyes, from purple in the unbound state to blue in the bound state. Binding also

induces pronounced red fluorescence upon excitation with green light. Here we report the

discovery of triphenylmethane dyes that bind to triangular trimers derived from Aβ.

Our laboratory previously synthesized macrocyclic β-hairpin peptide 5.1 to mimic a β-hairpin

formed by Aβ17–36 (Figure 5.1).57 Peptide 5.1 contains the heptapeptide β-strands Aβ17–23

and Aβ30–36 connected by two δ-linked ornithine turn units. Peptide 5.1 bears a single N -

methyl group, on Phe20, which limits uncontrolled aggregation of the peptide. The X-ray

crystallographic structure of peptide 5.1 revealed a triangular trimer motif wherein three

copies of peptide 5.1 assemble to form an equilateral triangle (PDB 4NW9). To ascertain the
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biological and biophysical properties of this triangular trimer, we covalently stabilized this

oligomer, resulting in trimer 5.2.61 Trimer 5.2 is stabilized by disulfide crosslinks, which we

engineered into the three vertices of the triangular trimer. Trimer 5.2 induces apoptosis in

the human neuroblastoma SH-SY5Y cell line and reacts with the amyloid oligomer-specific

antibody A11,200 thus mimicking the biological properties of oligomers formed by full-length

Aβ.153

Figure 5.1: Chemical models of oligomers formed by Aβ. (A) Amino acid sequences of peptide
5.1 and trimer 5.2. (B) Cartoon of peptide 5.1 and trimer 5.2. Black lines represent δ-
linked ornithine turn units; yellow lines represent disulfide bonds. (C) X-ray crystallographic
structure of trimer 5.2 (PDB 5SUR). The side chains of Cys17, Phe20, Cys21, and Ile31 are
shown as sticks. (D) Chemical structure of crystal violet.

The discovery and development of compounds that interact with fibrils have been guided by

high resolution structures of fibrils and fibril-like assemblies.186,189,201,202 The X-ray crystallo-

graphic structure of trimer 5.2 (PDB 5SUR) provided us with a starting point for discovering

chemical probes that bind the triangular trimers that we have observed crystallographically

and that we postulate to be formed by Aβ. We hypothesized that C 3 symmetric dyes would

interact with the C 3 symmetric trimer. Specifically, we envisioned that the three side chains
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of Phe20, arrayed around the C 3 symmetry axis of trimer 5.2, would interact with C 3 sym-

metric small molecules (Figure 5.1C). We began our exploration with crystal violet, a C 3

symmetric triphenylmethane dye (Figure 5.1D).

5.2 Results and Discussion

Trimer 5.2 forms a complex with crystal violet in aqueous solution (Figure 5.2). The vis-

ible absorption spectrum of crystal violet is sensitive to changes in the local environment

surrounding the dye.203 The resulting color change has been used to measure complexation

of crystal violet by proteins, including bovine serum albumin.204–206 We also observe color

changes, from violet to blue, upon addition of trimer 5.2 to crystal violet. The visible spec-

trum of crystal violet displays an absorption maximum at 590 nm and a shoulder at ca.

530 nm in 100 mM aqueous acetate buffer (pH 4.6). When trimer 5.2 is added to crystal

violet at low micromolar concentrations, the maximum shifts to longer wavelengths and be-

comes more intense, while the shoulder disappears (Figure 5.2B). The spectra that result

from titration of crystal violet with trimer 5.2 do not exhibit a well defined isosbestic point,

suggesting the formation of multiple trimer 5.2-crystal violet complexes in solution. The

complexation also enhances the fluorescence spectra of crystal violet, causing it to fluoresce

red when irradiated with green light (Figure 5.2C). Crystal violet is largely non-fluorescent in

aqueous solution due to non-irradiative modes of relaxation that result from bond rotations

in the excited state.203 Complexation by trimer 5.2 likely restricts these rotations, resulting

in the enhanced fluorescence of crystal violet.207,208
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Figure 5.2: Crystal violet binds to trimer 5.2 in aqueous buffer. (A) Cartoon of the color
and fluorescence changes that occur upon binding. (B and C) Absorbance and fluorescence
spectra of crystal violet (red) titrated with increasing amounts of trimer 5.2 (black) in
buffer comprising 50 mM sodium acetate and 50 mM acetic acid (pH 4.6). Fluorescence
spectra were acquired with a 590 nm excitation wavelength. (D) Job plot analysis of the
stoichiometry of the trimer 5.2-crystal violet complex. The dashed line is a 1:1 (trimer
5.2-crystal violet) fit of the data, while the solid line is a 2:1 fit of the data. (E) Molecular
weight distributions calculated from sedimentation velocity analytical ultracentrifugation
experiments. The distributions are calculated from mixtures of 7 µM crystal violet with 14
µM (black), 42 µM (red), and 56 µM (blue) trimer 5.2.

To determine the stoichiometry of the complex between crystal violet and trimer 5.2, we

used Job’s method of continuous variation (Figure 5.2D).209–212 In this experiment, we mixed

crystal violet and trimer 5.2 at varying ratios while maintaining the total concentration of

the two components, and we measured the fluorescence intensities of the resulting mixtures.

The resulting fluorescence spectra display a maximum intensity at a 0.33 mole fraction (χ) of

168



crystal violet, which suggests that two molecules of trimer 5.2 bind to one molecule of crystal

violet. The data do not fit a simple 1:1 trimer-dye binding model, wherein the maximum

fluorescence intensity would occur at a 0.5 mole fraction of crystal violet. From the 2:1 fit

of the data, the dissociation constant is ca. 0.94·10-9 M2, which corresponds to a complex

that dissociates around 30 µM. The 2:1 stoichometry is consistent with our laboratory’s

previously reported observation that trimer 5.2 assembles to form a dimer in solution.61

To corroborate the apparent 2:1 stoichiometry, we performed sedimentation velocity analyt-

ical ultracentrifugation (AUC) experiments. In these experiments, we mixed 7 µM crystal

violet with one, two, four, six, or eight molar equivalents of trimer 5.2 in sodium acetate

buffer, and monitored the sedimentation of crystal violet by measuring the visible absorbance

at 593 nm. Crystal violet does not sediment upon ultracentrifugation in the absence of trimer

5.2, because it is too low in molecular weight (Figure 5.3). When crystal violet is mixed with

two or more equivalents of trimer 5.2, it sediments as a ca. 9 kDa species (Figure 5.2E).

This molecular weight is largely consistent with crystal violet binding to two molecules of

trimer 5.2, each weighing 5.3 kDa. These experiments support the Job plot analysis that

trimer 5.2 forms a 2:1 complex with crystal violet.

Figure 5.3: Sedimentation velocity analytical ultracentrifugation experiments for 7 µM crys-
tal violet with (left) and without (right) 28 µM trimer 5.2. Sedimentation velocity data
(black) fitted using 2DSA213 analysis (red). For clarity, only the first and last scan are
shown for crystal violet, while three scans, ranging from the 100th to the last, are shown for
the crystal violet and trimer 5.2 mixture.
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To further corroborate the formation of the 2:1 trimer 5.2-crystal violet complex, we per-

formed isothermal titration calorimetry (ITC) experiments. In these experiments, we added

aliquots of a 500-µM crystal violet solution to a solution of 100 µM trimer 5.2 and recorded

the heat of association. Although the reaction is clearly exothermic, the association constant

is too low to permit precise analysis of the titration data (Figure 5.4). The limited solubility

of trimer 5.2 in sodium acetate buffer and the propensity of crystal violet and trimer 5.2

to self-associate at higher concentrations complicate a rigorous analysis of binding constants

and thermodynamic parameters by ITC. At the concentrations used in the titration, the data

fit well to a 2:1 binding model, with a dissociation constant of ca. 1.4·10-9 M2 (Figure S2B

and C). This dissociation constant is similar to that estimated by Job’s method of continuous

variation. The data deviate from a simple 1:1 binding model, where the residuals display

sinusoidal deviation similar to the deviation in the attempted 1:1 fit of the Job plot data in

Figure 5.2D.214 The fit to a 2:1 binding model shows substantially smaller deviations.
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Figure 5.4: Isothermal titration calorimetry experiments with crystal violet and trimer 5.2.
(A) Raw data for the titration of 500 µM crystal violet into 100 µM trimer 5.2 (top) or into
acetate buffer (bottom). (B) Integrated heat per injection (black circles) fitted to a 2:1 (blue
squares) and 1:1 (red circles) trimer 5.2-crystal violet binding model. (C) Residuals for the
2:1 and 1:1 binding models.

Crystal violet is known to interact with numerous proteins, such as BSA and acetylcholine

receptors.204–206,215–219 For these reasons, we were concerned that the interaction of crystal

violet and trimer 5.2 might not reflect the specific recognition of the three-fold symmetric
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dye by the triangular trimer motif. To determine if the association of crystal violet with

trimer 5.2 requires the triangular trimer motif, we studied the interaction of crystal violet

with peptide 5.1 (Figure 5.5). Peptide 5.1 does not assemble into a triangular trimer at the

low micromolar concentrations (5–150 µM) at which trimer 5.2 complexes crystal violet.61

No significant changes occur in the absorbance or fluorescence spectra of crystal violet upon

addition of peptide 5.1 (Figure 5.5B and C). ITC experiments further corroborate that

peptide 5.1 does not bind crystal violet at concentrations where trimer 5.2 does (Figure

5.6). The association of crystal violet with macrocyclic β-hairpins derived from Aβ appears

to require a binding site that is unique to the triangular trimer.

Figure 5.5: Interaction of other Aβ-derived peptides with crystal violet. (A) Amino acid
sequences of peptide 5.1, trimer 5.2, and trimer 5.3. Residues bearing N -methyl groups are
highlighted in blue. (B) Difference absorbance spectra of 25 µM crystal violet with 75 µM
peptide 5.1, 25 µM trimer 5.2, or 25 µM trimer 5.3. Difference spectra are calculated by
subtracting the absorbance spectrum of 25 µM crystal violet from the absorbance spectra
of the mixed samples. (C) Fluorescence spectra of 25 µM crystal violet or 25 µM crystal
violet with 75 µM peptide 5.1, 25 µM trimer 5.2, or 25 µM trimer 5.3. Fluorescence spectra
were acquired with a 550 nm excitation wavelength. Crystal violet exhibits near-baseline
fluorescence alone or with peptide 5.1. Experiments were performed in buffer comprising 50
mM sodium acetate and 50 mM acetic acid (pH 4.6).
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Figure 5.6: ITC titrations of 500 µM crystal violet into 100 µM peptide 5.1 (left) or 100 µM
trimer 5.2 (right).

To further test if the interaction between crystal violet and trimer 5.2 results from specific

molecular recognition of the trimer 5.2 surface, we studied the interaction between crystal

violet and trimer 5.3 (Figure 5.5). Trimer 5.3 is almost identical to trimer 5.2, differing

only in the location of the three N -methyl groups. The N -methyl groups are on Phe20

in trimer 5.2, while they are on Gly33 in trimer 5.3. The surfaces of trimer 5.3 differ

from those of trimer 5.2 because the two trimers have different hydrogen-bonding patterns

between the cross-linked monomers that comprise the trimers (Figure 5.7). Absorbance

spectroscopy, fluorescence spectroscopy, and ITC experiments indicate that trimer 5.3 does

not appreciably associate with crystal violet at low micromolar concentrations. No significant

changes occur to the absorbance spectrum of crystal violet when crystal violet and trimer

5.3 are mixed at 25 µM concentrations (Figure 5.5B). In contrast, trimer 5.2 visibly alters

the color of crystal violet under the same conditions. A small enhancement does occur to the

fluorescence spectrum of crystal violet when mixed with trimer 5.3, but this enhancement

is far smaller than that which occurs when crystal violet is mixed with trimer 5.2 (Figure

5.5C). ITC experiments further corroborate that trimer 5.3 does not bind crystal violet under

conditions wherein trimer 5.2 does (Figure 5.8). These titration data do suggest that trimer

5.3 weakly associates with crystal violet, with an association constant that corresponds to a

complex that dissociates in the hundred-micromolar regime. However, the limited solubility
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of trimer 5.3 precludes the accurate measurement of this weak association constant by ITC.

The interaction of crystal violet with trimer 5.2 but not trimer 5.3, under these conditions,

suggests that the surfaces displayed by trimer 5.2 are primed to interact with crystal violet.

Figure 5.7: Comparison of the surfaces of trimer 5.2 (PDB 5SUR, green) and trimer 5.3
(PDB 5SUT, cyan). (A) Top view. (B) Side view. The side chains of Phe20 and Ile31 are
depicted as spheres; the side chains of Cys17 and Cys21 are depicted as sticks.

Figure 5.8: ITC titrations of 500 µM crystal violet into 100 µM trimer 5.3 (left) or 100 µM
trimer 5.2 (right).

To understand why trimer 5.2 interacts with crystal violet while other Aβ-derived peptides

we have studied do not, we performed docking simulations. In these simulations, we used

AutoDock to propose a model for the recognition of crystal violet by trimer 5.2.220 We

performed these docking studies because X-ray crystallography and NMR spectroscopy have
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been unsuccessful in illuminating the details of the trimer 5.2-crystal violet complex: We

have been unable to co-crystalize crystal violet with trimer 5.2, and the NMR spectra of

trimer 5.2 in the presence or absence of crystal violet are broad and uninterpretable. Docking

simulations, on the other hand, have enabled us to generate testable models for the molecular

recognition between trimer 5.2 and crystal violet (Figure 5.9). In these simulations, we

docked crystal violet to a single copy of trimer 5.2, extracted from the X-ray crystallographic

structure of trimer 5.2 (PDB 5SUR). These simulations suggest that the three side chains of

Phe20 complement the three aryl rings of crystal violet, and that the three side chains of Ile31

are positioned to pack against the three N,N -dimethylamino substituents on crystal violet.

We proceeded to probe this model by studying the association of crystal violet homologues

with trimer 5.2, as well as the association of crystal violet with trimer 5.2 homologues.

Figure 5.9: Representative molecular model of the trimer 5.2-crystal violet complex gener-
ated in AutoDock. The side chains of Phe20 and Ile31 are depicted as spheres.

The model proposed in Figure 5.9 suggests that the N,N -dimethylamino substituents of crys-

tal violet pack against the side chains of Ile31. To test the role of the N,N -dimethylamino

substituents on complex formation, we studied the association of crystal violet homologues

with trimer 5.2 (Figures 5.10 and 5.11). We studied two dyes with smaller substituents

than crystal violet and two dye with larger substituents than crystal violet (Figure 5.10A):

malachite green contains only two N,N -dimethylamino groups; pararosaniline contains three
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amino groups; ethyl violet contains three N,N -diethylamino groups; propyl violet contains

three N,N -dipropylamino groups. No significant changes occur in the visible spectrum of

either malachite green or pararosaniline upon mixing with trimer 5.2 (Figure 5.10B). No

enhancement occurs to the fluorescence spectrum of pararosaniline upon mixing with trimer

5.2 (Figure 5.11A). A small enhancement does occur to the fluorescence spectrum of mala-

chite green, but it is much smaller than that which occurs to the fluorescence spectrum of

crystal violet. ITC experiments corroborate that malachite green does not associate with

trimer 5.2 at concentrations that crystal violet does (Figure 5.11B).
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Figure 5.10: Interaction of other triphenylmethane dyes with trimer 5.2. (A) Chemical
structures of crystal violet and related triphenylmethane dyes. (B) Absorbance spectra of
25 µM malachite green and 25 µM pararosaniline in the presence (black) or absence (red)
of equimolar trimer 5.2. (C) Absorbance spectra of 25 µM ethyl violet and 20 µM propyl
violet in the presence (black) or absence (red) of equimolar trimer 5.2. Experiments were
performed in buffer comprising 50 mM sodium acetate and 50 mM acetic acid (pH 4.6).
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Figure 5.11: Fluorescence spectra of malachite green, pararosaniline, ethyl violet, and propyl
violet in the presence and absence of trimer 5.2 and ITS titrations of malachite green
or pararosaniline into trimer 5.2. (A) Fluorescence spectra of 25 µM malachite green or
pararosaniline in the presence (black) or absence (red) of equimolar trimer 5.2 (black). (B)
ITC Titration of 500 µM malachite green into 100 µM trimer 5.2 (left) or into acetate buffer
(right). (C) ITC titration of 500 µM pararosaniline into 100 µM trimer 5.2 (left) or into
acetate buffer (right). (D) Fluorescence spectra of 20 µM ethyl violet (red) or 5 µM propyl
violet in the presence (black) or absence (red) of 20 µM or 10 µM trimer 5.2.

ITC experiments suggest that pararosaniline associates weakly with trimer 5.2, with an as-

sociation constant that corresponds to a complex that dissociates in the hundred-micromolar
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regime (Figure 5.11C). The limited solubility of trimer 5.2 precludes the accurate measure-

ment of this association constant by ITC. In contrast to malachite green and pararosaniline,

dramatic changes occur to both the visible and fluorescence spectra of ethyl violet and propyl

violet upon mixing with trimer 5.2 (Figures 5.10C and 5.11D). It is difficult to characterize

the complexes of ethyl violet and propyl violet with trimer 5.2 using Job’s method of contin-

uous variation, AUC, and ITC, because the dyes aggregate strongly in aqueous solution. Col-

lectively these studies with crystal violet homologues suggest that three N,N -dialkylamino

substituents are required for complexation.

To further test the molecular model proposed in Figure 5.9, we prepared five homologues

of trimer 5.2 containing cyclohexylalanine (Cha), valine, and cyclohexylglycine (Chg) at

positions 19, 20, and 31. Cha is the fully reduced (non-aromatic) analogue of phenylalanine;

Chg is a bulkier analogue of both valine and isoleucine. We prepared trimers 5.2I31V and

5.2I31Chg to test if crystal violet packs against the side chain of Ile31, and we prepared

trimers 5.2F19Cha, 5.2F20Cha, and 5.2F19,F20Cha to test if crystal violet packs against the

side chain of Phe20 (Figure 5.12A). We prepared these trimer 5.2 homologues using the same

procedures our laboratory has previously used to prepare other crosslinked trimers.61,65
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Figure 5.12: Trimer 5.2 homologues. (A) Amino acid sequence of trimer 5.2 homologues.
Mutations relative to trimer 5.2 are colored red. (B) SEC chromatograms of trimer 5.2 and
its homologues. SEC was performed on 1 mg/mL (ca. 150 µM) solutions of trimer dissolved
in buffer comprising 50 mM sodium acetate and 50 mM acetic acid on a Superdex 75 10/300
column. (C) Silver-stained SDS-PAGE gel of trimer 5.2 and its homologues. Aliquots (5
µL) of 0.1 mg/mL solutions of each trimer were loaded into the corresponding lanes in the
gel.

To determine the impact of these five mutations on the oligomerization state of trimer 5.2, we

compared the oligomerization state of these trimer 5.2 homologues to that of trimer 5.2 using

size exclusion chromatography (SEC) and SDS-PAGE. In SEC, we found that some of the

180



trimer 5.2 homologues elute as well defined oligomers, while others elute as broad peaks that

contain multiple features, some of which suggest adsorption to the column (Figure 5.12B).

In 100 mM acetate buffer (pH 4.6), trimer 5.2 elutes between the cytochrome C (12.4 kDa)

and aprotinin (6.5 kDa) size standards, which elute at 13.6 and 15.8 mL, respectively. The

retention volume (15.6 mL) is consistent with the assembly of trimer 5.2 into a dimer (10.6

kDa).61 Trimer 5.2 shows pronounced tailing in its elution, which suggests that trimer 5.2

may adsorb to the column. Trimer 5.2F20Cha and trimer 5.2I31V both elute with retention

volumes similar to that of trimer 5.2, and exhibit tailing similar to that present in the elution

of trimer 5.2 (14.6 and 15.7 mL). These retention volumes suggest that both of these trimer

5.2 homologues assemble into dimers, like that formed by trimer 5.2.

In contrast, trimers 5.2F19Cha, 5.2F19,20Cha, and 5.2I31Chg, elute as broad peaks with mul-

tiple distinct features. Trimer 5.2I31Chg elutes as two peaks with retention volumes of 17.0

and 19.1 mL. It is possible that these two peaks correspond to a dimer and monomer that

both adsorb to the column. In contrast, trimers 5.2F19Cha and 5.2F19,20Cha elute as broad

heavily-featured bands with retention volumes as early as ca. 12 and 14 mL and as late as

22 mL. The early retention volumes are consistent with these hydrophobic mutations pro-

moting the solution-phase assembly of oligomers larger than the dimers formed by trimers

5.2, 5.2F20Cha, and 5.2I31V, while the late retention volumes are consistent with the ad-

sobption of these hydrophobic trimers to the column. Mutating Phe19 to cyclohexylalanine

in full-length Aβ40 also enhances its propensity to aggregate.221

In contrast to the SEC studies, SDS-PAGE studies indicate that the trimer 5.2 homologues

assemble in a fashion similar to that of trimer 5.2 (Figure 5.12C). These 5.0–5.4 kDa trimers

migrate as bands between the 17 and 26 kDa size standards, consistent with the trimers

forming tetramers under these conditions. These putative tetramer bands show pronounced

downward streaking, indicating an equilibrium with lower weight oligomers. The degree of

this downward streaking varies among the mutants, likely reflecting the mutations stabilizing
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or destabilizing the tetrameric assemblies in SDS. Mutating Phe20 to Cha (trimers 5.2F20Cha

and 5.2F19,20Cha) appears to stabilize the putative tetrameric assemblies. In contrast, mu-

tating Phe19 to Cha (trimer 5.2F19Cha) or mutating Ile31 to Val (trimer 5.2I31V) appears to

have little impact on the stabilities of the tetramers relative to trimer 5.2. Mutating Ile31

to Chg (trimer 5.2I31Chg) appears to disrupt the tetramer and instead stabilize a putative

dimer in the presence of SDS. This dimer band shows pronounced upward streaking, rather

than downward streaking, suggesting an equilibrium with higher weight oligomers such as

trimeric and tetrameric assemblies.

To further characterize the impact of these mutations on the structure and assembly of

trimer 5.2, we determined their structures using X-ray crystallography. Of the five trimer

5.2 homologues, only trimer 5.2F19,20Cha failed to grow crystals. The four other trimer 5.2

homologues grew crystals with hexagonal morphologies, similar to crystals of trimer 5.2. To

remove any possible model bias from using molecular replacement to generate the electron

density maps, we determined the X-ray crystallographic phases of each mutant using sulfur

single-wavelength anomalous diffraction (S-SAD) phasing.222–227 Table 5.1 summarizes the

crystallographic properties, crystallization conditions, data collection, and model refinement

statistics for trimers 5.2I31V, 5.2I31Chg, and 5.2F20Cha
228.
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Table 5.1: Crystallographic properties, crystallization conditions, data collection, and model
refinement statistics for trimers 5.2I31V, 5.2I31Chg, and 5.2F20Cha

trimer 5.2I31V trimer 5.2I31Chg trimer 5.2F20Cha

PDB ID 6DR4 6DR5 6DR6
space group P6322 P3121 P6322
a, b. c (Å) 57.7, 57.7, 94.7 57.8, 57.8, 61.8 58.0, 58.0, 95.6
α, β, γ (o) 90, 90, 120 90, 90, 120 90, 90, 120
monomers per
asymmetric unit 4 6 4
crystallization 0.1 M tris pH 9.0 0.2 M NH4OAc 0.1 M tris pH 7.5
conditions 0.2 M MgCl2 0.1 M bis-tris pH 5.0 0.2 M MgCl2

2.7 M 1,6-hexanediol 47% (w/v) MPD 3.9 M 1,6-hexanediol

Data Collectiona

wavelength (Å) 1.54 1.54 1.54
resolution (Å) 47.34–2.10 38.9–2.08 34.6–2.61

(2.17–2.10) (2.14–2.08) (2.72–2.62)
total reflections 103768 (6426) 186775 (9988) 245931 (30168)
unique reflections 5880 (461) 7543 (577) 3263 (384)
multiplicity 17.6 (13.9) 24.8 (17.3) 75.4 (78.6)
completeness (%) 99.9 (99.1) 99.9 (99.5) 100 (100)
mean I/σ 35.7 (2.7) 73.3 (27.9) 57.4 (13.1)
Rmerge 0.055 (0.926) 0.034 (0.093) 0.069 (0.483)
Rmeasure 0.057 0.032 0.070
CC1/2 1.0 (0.886) 0.993 (0.998) 1.0 (0.993)
CC* 1.0 (0.969) 0.998 (0.999) 1 (0.998)

Refinement

Rwork 22.0 17.0 24.2
Rfree 26.4 21.0 27.7
number of non-
hydrogen atoms 532 828 499
number of non-
peptide atoms 36 66 7
RMSbonds 0.01 0.03 0.012
RMSangles 1.2 1.55 1.25
Ramachandran
favored (%) 100 100 100
outliers (%) 0 0 0
clashscore 3.8 3.1 21.2
average B-factor 58.6 33.6 70.0

aValues for the highest resolution shell are show in parentheses.
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The X-ray crystallographic structures of trimer 5.2I31V (PDB 6DR4), trimer 5.2I31Chg (PDB

6DR5), and trimer 5.2F20Cha (PDB 6DR6) are nearly identical to that of trimer 5.2 (PDB

5SUR, Figure 5.13). The mutations do not appear to alter the proposed crystal violet

binding site, depicted in Figure 5.9. The mutant trimers differ mainly in the conformations

of Asp23, Ala30, and the δ-linked ornithine turn that connects them229. These mutations

do not significantly alter the supramolecular assembly of the cross-linked trimers; the three

trimer 5.2 homologues assemble into ball-shaped tetramers which resemble the ball-shaped

tetramer formed by trimer 5.2 (Figure 5.13B). The tetramers pack together in the lattice to

form dimer interfaces. Although the specific details of these dimer interfaces vary amongst

the trimer 5.2 homologues, the modes of assembly are similar to that of trimer 5.2, which

forms tetramers that pack in the lattice through dimer interfaces.61

Figure 5.13: X-ray crystallographic structures of trimer 5.2 (PDB 5SUR, green), trimer
5.2F20Cha (PDB 6DR6, magenta), trimer 5.2I31V (6DR4, yellow), and trimer 5.2I31Chg

(PDB 6DR5, cyan). (A) Comparison of the triangular trimers. The side chains of Phe20,
Cha20, Ile31, Val31, and Chg31 are shown as spheres; the side chains of Cys17 and Cys21 are
shown as sticks. (B) Comparison of the ball-shaped tetramers formed by trimer 5.2 and its
homologues in the crystal lattices.

To ascertain the impact of these mutations on the molecular recognition of crystal violet,

we studied the interaction of crystal violet with the five trimer 5.2 homologues using fluo-
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rescence spectroscopy (Figure 5.14). We compared the fluorescence spectra of crystal violet

in the presence of the five trimer 5.2 homologues to the fluorescence spectrum of crystal

violet in the presence of trimer 5.2. Fluorescence spectroscopy reveals that the side chains

of Phe20 and Ile31 are important for the recognition of crystal violet (Figure 5.14A). The

fluorescence enhancements that occur upon mixing crystal violet with trimer 5.2F20Cha or

5.2F19,F20Cha are far smaller than those which occur upon mixing crystal violet with trimers

5.2 or 5.2F19Cha (Figure 5.14A, left). These results indicate that the aromatic surface

formed by the Phe20 side chains is involved in the association of trimer 5.2 with crystal

violet. The fluorescence enhancement that occurs upon mixing crystal violet with trimer

5.2I31Chg is greater than that which occurs upon mixing crystal violet and trimer 5.2, while

the fluorescence enhancement that occurs upon mixing trimer 5.2I31V is far smaller that that

which occurs upon mixing crystal violet with trimer 5.2 (Figure 5.14A, right). These results

indicate that the steric bulk provided by the Ile31 side chains is involved in the association of

trimer 5.2 with crystal violet and suggest that the bulkier Chg stabilizes the 2:1 trimer-dye

complex while the smaller Val destabilizes the 2:1 trimer-dye complex.
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Figure 5.14: Complexation of crystal violet by trimer 5.2 homologues. (A) Fluores-
cence spectra from mixtures of crystal violet and trimers 5.2, 5.2F19Cha, 5.2F20Cha, and
5.2F19,20Cha (left) and trimers 5.2, 5.2I31Chg, and 5.2I31V (right). Fluorescence spectra
where acquired from samples comprising 20 µM crystal violet and 20 µM of the indicated
trimer using an excitation wavelength of 550 nm. (B) Job plot analyses for trimers 5.2F19Cha,
5.2F20Cha, and 5.2F19,20Cha (left) and trimers 5.2I31Chg and 5.2I31V (right). The dashed
line is a 1:1 binding model, while the solid line is a 2:1 binding model. Job plot experi-
ments where conducted with a total concentration of 30 µM crystal violet and the indicated
trimer. (C) Molecular weight distributions calculated from sedimentation velocity analytical
ultracentrifugation experiments for trimer 5.2F19Cha (left) and trimer 5.2I31V (right). the
distributions are calculated from samples comprising 10 µM crystal violet and 60 µM of
the indicated trimer. All experiments were performed in buffer comprising 50 mM sodium
acetate and 50 mM acetic acid (pH 4.6).

We used Job’s method of continuous variation to determine the stoichiometry of the five

trimer 5.2 homologue-crystal violet complexes.209–212 All five homologues deviate from a
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simple 1:1 trimer-dye binding model (Figure 5.14B). The Job plot for trimer 5.2F19Cha fits

well to a 2:1 binding model, with a dissociation constant of ca. 0.92·10-9 M2. This dissociation

constant is similar to that of the trimer 5.2-crystal violet dissociation constant determined

by Job’s method of continuous variation (above). The Job plots for the other four trimer

5.2 homologues do not fit well to either a 2:1 or a 1:1 binding model. The deviations from

these models may reflect more complex associations of crystal violet with these trimer 5.2

homologues. The maxima in these Job plots occur at χcrystal violet ranging from 0.2–0.4, and

suggest that multiple molecules of the trimer 5.2 homologues associate with one molecule

of crystal violet. Alternatively, the deviations may reflect unavoidable errors that result

from the lower fluorescence intensity of these complexes coupled with the absorption of the

emitted light by the dye in samples that contain higher concentrations of crystal violet (e.g.,

χcrystal violet >0.3).

To corroborate the apparent stoichiometries of the trimer 5.2 homologue-crystal violet com-

plexes, we performed sedimentation velocity analytical ultracentrifugation experiments (Fig-

ure 5.15). In these experiments, we monitored the sedimentation of 10 µM crystal violet in

the presence of 60 µM of each of the trimer 5.2 homologues. When mixed with trimers

5.2F19Cha and 5.2I31V, crystal violet sediments as a mixture of ca. 5 and 13 kDa species

(Figure 5.14C). These molecular weights are largely consistent with crystal violet associating

with one and two molecules of trimer 5.2F19Cha or trimer 5.2I31V. When mixed with trimer

5.2I31Chg, crystal violet sediments as high molecular weight aggregates (Figure 5.15A). In

contrast, crystal violet does not sediment when mixed with trimers 5.2F20Cha or 5.2F19,20Cha

(Figure 5.15E and F). This lack of sedimentation reflects the weak association of crystal vio-

let with either of these mutants, as also seen in the reduction in fluorescence intensity relative

to trimer 5.2 (Figure 5.14A).
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Figure 5.15: Sedimentation velocity analytical ultracentrifugation experiments for mixtures
of crystal violet and the trimer 5.2 homologues. (A) Sedimentation coefficient distributions.
(B–F) Sedimentation velocity data (black) fitted using 2DSA213 analysis (red). Data are
from sedimentation velocity experiments acquired from samples comprising 10 µM crystal
violet and 60 µM of the indicated trimer 5.2 homologue. For clarity, only the first and last
scan are shown for trimers 5.2F20Cha and 5.2F19,20Cha, while four scans, ranging from the
first to the last, are shown for trimers 5.2F19Cha, 5.2I31V, and 5.2I31Chg.
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Collectively, these studies support the model depicted in Figure 5.9, wherein the three aryl

rings of crystal violet pack against the side chains of Phe20 and the three N,N -dimethylamino

substituents pack against the side chains of Ile31. The complex likely resembles a sandwich,

in which two copies of trimer 5.2 sandwich around crystal violet through the interactions

described above. Such a model is consistent with the observation that two molecules of

trimer 5.2 bind to one molecule of dye. This sandwich is likely in equilibrium with an

”open-faced” sandwich, wherein only one molecule of trimer 5.2 binds crystal violet. Such

an equilibrium is consistent with the lack of an isosbestic point in the transition from free

to bound dye (Figure 5.2B), and the observation of crystal violet sedimenting as ca. 5 and

13 kDa species in the presence of trimers 5.2F19Cha and 5.2I31V (Figure 5.14C).

We used a combination of docking and molecular mechanics to construct a model for the sand-

wich complex (Figure 5.16). In this model, two molecules of trimer 5.2 envelop one molecule

of crystal violet. The side chains from the six Phe20 residues sandwich the three aryl rings

of crystal violet, and the side chains from two Ile31 residues clasp each N,N -dimethylamino

group. These interactions are similar to the interactions between crystal violet and other

proteins observed in high resolution X-ray crystallographic structures.216,218,219 These struc-

tures show that the aryl rings of crystal violet pack against aromatic residues and that the

N,N -dimethylamino groups pack against hydrophobic residues. These co-crystal structures

do not indicate that the three-fold symmetry of crystal violet is important for recognition,

unlike the trimer 5.2-crystal violet model. The association of ethyl violet with an insulin

hexamer does suggest that symmetry of the triphenylmethane dye can be important in com-

plexation of an oligomer.230
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Figure 5.16: Molecular model of the 2:1 trimer 5.2-crystal violet complex. (A) Top view.
(B) Side view. Crystal violet and the side chains of Cys17, Phe20, Cys21, and Ile31 are shown
as sticks.

This working model of the trimer 5.2-crystal violet complex may explain the interaction

of other triphenylmethane dyes with full-length Aβ. The triphenylmethane dye coomassie

brilliant blue G associates with neurotoxic trimers and tetramers formed by Aβ.231 This

triphenylmethane dye differs from those studied here in the substitution of the three nitrogen

atoms and in methylation of the triphenylmethane core. Formation of these complexes

detoxifies these neurotoxic oligomers232. This triphenylmethane dye also alters the in vitro

aggregation of Aβ and is neuroprotective in animal models of Alzheimer’s disease.233–235

It is possible that coomassie brilliant blue G is recognized by a surface similar to that

which recognizes crystal violet in trimer 5.2. The selectivity of other oligomer-specific dyes

has been rationalized through docking studies with the X-ray crystallographic structures of

triangular trimers reported by our laboratory.191–193 BODIPY-based probes,191 developed by
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the Chang group, spiropyran-based probes,192 developed by the Yi group, and cyanine-based

probes,193 developed by the Wong group, all specifically stain Aβ oligomers. To explain the

oligomer-specific reactivity of these probes, all three groups performed docking simulations,

in which the probes were docked on a triangular trimer formed by an Aβ-derived peptide

(PDB 4NTR). These docking studies suggest that the side chains of three Phe19 residues

pack against the probes and that the side chains of three Val36 residues clasp the probes.

These proposed interactions are similar to those that occur between crystal violet and trimer

5.2, wherein crystal violet packs against an aromatic surface and is clasped by hydrophobic

side chains. While these three fluorogenic probes are not C 3-symmetric, they may recognize

a surface similar to that which binds crystal violet in trimer 5.2.

5.3 Conclusion

Crystal violet and other triphenylmethane dyes have rich history in their use as metachro-

matic probes for amyloid deposition in tissue.236 The results described here suggest that

these dyes may be repurposed to serve as metachromatic and fluorogenic probes for amyloid

oligomers. The X-ray crystallographic structure of trimer 5.2 suggested that C 3 symmetric

small molecules might bind to the triangular trimer. Several different C 3 symmetric triph-

enylmethane dyes associate with trimer 5.2 to form supramolecular complexes. Association

with trimer 5.2 alters the color of the triphenylmethane dyes, and enhances their fluores-

cence. These changes and enhancements are specific to trimer 5.2 and several homologues,

but do not occur in the presence of the unassembled monomer or in the presence of the

related triangular trimer 5.3. The triphenylmethane dyes appear to pack against the aro-

matic surface formed by the three Phe20 side chains while being clasped by the three Ile31

side chains. These triphenylmethane dyes recognize a motif distinct from the amyloid fibrils

recognized by planer aromatic dyes.
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These studies suggest a blueprint for other small molecules that may bind to Aβ-derived

triangular trimers, wherein C 3-symmetric molecules position three aryl groups around the

symmetry axis. We envision that such molecules may be identified in fluorescence- and

absorbance-based competition assays in which small molecules compete with crystal violet

for the binding site formed by Phe20 and Ile31.237,238 We also envision that the fluores-

cence enhancements of crystal violet may facilitate imaging trimer 5.2 and related triangu-

lar trimers in cellular environments.239–242 Triphenylmethane dyes, and other C 3-symmetric

small molecules, thus might prove a rich source of chemical probes to explore the structure

and function triangular trimers.

5.4 Materials and Methods

5.4.1 General information

All chemicals were used as received except where otherwise noted. Methylene chloride and

tetrahydrofuran (THF) were passed through alumina under argon prior to use in a solvent

purification system. Anhydrous, amine free dimethylformamide (DMF) was purchased from

Alfa Aesar. Diethyl carbonate was dried over magnesium sulfate and distilled prior to use.

All reactions were performed at ambient temperature (ca. 20 °C), unless otherwise noted.

Peptide synthesis was performed on a Protein Technologies PS3 synthesizer. Analytical

reverse-phase HPLC was performed on an Agilent 1200 equipped with a Aeris PEPTIDE

2.6u XB-C18 column (Phenomonex). Preparative reverse-phase HPLC was performed on

a Rainin Dynamax equipped with a ZORBAX SB-C18 column (Agilent). HPLC grade

acetonitrile and 18 MΩ deionized water, each containing 0.1% trifluoroacetic acid, were used

for analytical and preparative reverse-phase HPLC. All peptides were prepared and used as

192



the trifluoroacetate salts and were assumed to have one trifluoroacetate ion per ammonium

group present in each peptide.

5.4.2 Synthesis of trimer 5.2, its homologues, and trimer 5.3

Trimer 5.2, its homologues, and trimer 5.3 were prepared using protocols our laboratory

has previously described.61,65 Macrocyclic β-hairpin peptides containing the heptapeptide

β-strands Aβ17–23 and Aβ30–36 were prepared on a 0.1-mmol scale using the protocols our

laboratory has previously described.63 Peptides I31V, I31Chg, F19Cha, F20Cha, and

F19,20Cha all contained the L17C and A21C point mutations, which are required for the

covalent stabilization of the cross-linked trimer. After purification and lyophilization, these

monomeric peptides were oxidized into cross-linked trimers as follows: A 6 mM solution of the

cysteine-bearing peptide in 20% aqueous DMSO was prepared in a 20-mL glass scintillation

vial. [We routinely oxidize 10–50 mg of the cysteine-bearing peptides at a time.] The 6 mM

solution was rocked for 48 hours. After 48 hours, the solution was transferred to a 1-L round

bottom flask equipped with a magnetic stirring bar and diluted 20-fold with 18 MΩ deionized

water. This diluted solution was allowed to stir for an additional 48 hours. After this second

48-hour period, the solution concentrated to dryness using rotary evaporation. The white

residue was dissolved in ca. 10 mL of 20% aqueous acetonitrile and purified by RP-HPLC

using a gradient of 20–30% acetonitrile in water over 15 minutes, followed by a gradient of

30–60% acetonitrile in water over 60 minutes. During these purifications, the column was

heated to 60 oC in a water bath. The fractions were analyzed by analytical RP-HPLC and

ESI-MS, and pure fractions were combined and lyophilized. This protocol yields trimer 5.2,

its homologues, and trimer 5.3 as a white solids. These procedures typically afford 3–7 mg

of the crosslinked trimer from each 0.1-mmol scale synthesis of the corresponding monomeric

peptide.
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5.4.3 Synthesis of propyl violet

Scheme 5.1

A mixture of anhydrous potassium carbonate (1 g, 7 mmol), p-bromoaniline (3.4 g, 20 mmol),

1-bromopropane (4 mL, 44 mmol), and 0.5 mL DMSO was stirred at 50 oC overnight (ca.

18 h), and then cooled to room temperature and poured into ca. 10 mL of water. This

mixture was extracted with ca. 30 mL of methylene chloride. The organic layer was washed

with saturated aqueous sodium chloride, dried with magnesium sulfate, and filtered. Solvent

was removed under reduced pressure and the resulting oil was purified by silica gel column

chromatography (0–10 % EtOAc:hexanes) to afford 1.42 g of N,N -dipropyl-p-bromoaniline.

1H-NMR (400 MHz, CDCl3) δ 7.25 (d, J=8.7 Hz, 3 H, includes CHCl3), δ 6.50 (d, J=8.8

Hz, 2 H), δ 3.20 ppm (appar. t, J=7.6 Hz, 4 H), δ 1.59 (sex, J=7.3 Hz, 5 H, includes H2O),

δ 0.92 (t, J=7.2 Hz, 6 H). 13C-NMR (125 MHz, CDCl3) δ 147.2, δ 131.8, δ 113.4, δ 106.8,

δ 53.0, δ 20.3, δ 11.4.

A flame-dried 250-mL round bottom flask equipped with a magnetic stirring bar and a

reflux condenser was charged with ca. 50 mL anhydrous THF. To this reaction vessel,

ground magnesium turnings (ca. 200 mg, 8.3 mmol), and N,N -dipropyl-p-bromoaniline

(1.42 g, 6.2 mmol), and an iodine crystal were added. This mixture was heated to reflux

under an atmosphere of N2 until the mixture had a murky brown color. The reaction vessel

was allowed to cool to room temperature at which point dry diethyl carbonate (0.23 mL,

2 mmol) was added via syringe. The reaction mixture turned yellow upon addition of dry

diethyl carbonate. The reaction mixture was heated at reflux for ca. 5 min at which point
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it was allowed to cool to room temperature. Upon exposure to air, the reaction mixture

gradually turned a deep violet color. A 6-mL aliquot of 6 M HCl was added, and the

THF was removed under reduced pressure by rotary evaporation. The resulting greenish

purple residue was suspended in ca. 20 mL of water, heated to boiling, and recrystallized.

The resulting green paste was filtered, washed with diethyl ether, and dried under reduced

pressure overnight to afford 300 mg of propyl violet. 1H-NMR (500 MHz, DMSO-d6) δ 7.30

(d, J=9.1 Hz, 6 H), δ 7.00 (d, J=6.8 Hz, 6 H), δ 3.50 (t, J=7.1 Hz, 18 H, includes H2O),

δ 1.67 (sex, J= 7.2 Hz, 12 H), δ 0.95 (t, J=7.3 Hz, 18 H). 13C-NMR (125 MHz, DMSO-d6)

δ 175.8, δ 154.2, δ 139.8, δ 125.9, δ 113.0, δ 52.3, δ 20.8, δ 11.5. Calcd for C37H54N3
+ [M]+:

540.4318; found 540.4311.

5.4.4 Sample preparation

The triphenylmethane dye stocks were prepared gravimetrically by dissolving ca. 1.5 mg of

triphenylmethane dye in buffer comprising 50 mM acetic acid and 50 mM sodium acetate

(pH 4.6) to achieve 500 µM dye. We found that the triphenylmethane dyes adsorb onto glass

and plastic containers used to prepare the stock solutions. For these reasons, the stocks were

prepared fresh for each experiment, and used for no longer than 24 hours.

The peptide and trimer stock solutions were prepared gravimetrically by dissolving ca. 1.0

mg of lyophilized peptide or trimer in 18 MΩ water to achieve 10 mg/mL. The molarity

of the peptide and trimer stock solutions was calculated using the molecular weight of the

peptides and trimers, assuming that the peptides and trimers contain one trifluoroacetate

ion per ammonium group present in each peptide. These stock solutions were stored at 4 oC

degrees when not in use.

All samples were prepared by diluting aliquots of stock peptide/trimer and stock dye solu-

tions with buffer comprising 50 mM acetic acid and 50 mM sodium acetate (pH 4.6). Table
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Table 5.2: Representative sample preparation

conc. (µM) conc. (µM) vol (µL) vol (µL) vol (µL)
trimer 5.2 crystal violet stock trimer 5.2 stock crystal violet buffer
0 37.5 0 30.0 370.0
0.95 37.5 0.25 30.0 369.8
4.7 37.5 1.2 30.0 368.8
9.5 37.5 2.4 30.0 367.6
14.2 37.5 3.6 30.0 366.4
19.0 37.5 4.8 30.0 365.2
23.7 37.5 6.0 30.0 364.0
28.4 37.5 7.2 30.0 362.8
35.6 37.5 9.0 30.0 361.0
42.7 37.5 10.8 30.0 359.2
53.3 37.5 13.5 30.0 356.5
61.6 37.5 15.6 30.0 354.4
66.4 37.5 16.8 30.0 353.2
71.1 37.5 18.0 30.0 352.0
75.8 37.5 19.2 30.0 350.8
106.7 37.5 27.0 30.0 343.0

5.2 demonstrates the volumes of stock solutions and buffer required to prepare the samples

in Figure 5.2B and C.

5.4.5 Absorption Spectroscopy

Visible absorbance spectra were recorded on a Thermo Scientific MULTISKAN GO instru-

ment equipped with a cuvette reader. Data were acquired from samples in a quartz cuvette

with a 0.1 cm path length.

5.4.6 Fluorescence Spectroscopy

Fluorescence data were recorded on a Cary Eclipse fluorimeter. Data were acquired from

samples in a quartz cuvette with a 1 cm by 0.2 cm cross section. For all measurements,

the sample were excited along the 0.2 cm path and emission was observed from the 10 cm
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path. Samples of crystal violet, ethyl violet, and propyl violet were excited at either 550

nm or 590 nm. Samples of pararosaniline and malachite green were excited at 540 nm and

640 nm, respectively. For each experiment, the photomultiplier tube voltage and excitation

slit widths were optimized to achieve ca. 900 RFU from the brightest sample. Typically,

10 nm excitation and 5 nm emission slit widths were used for the measurements. After

this initial optimization of instrument parameters, the remaining samples in the experiment

were acquired using the same photomultiplier tube voltage and slit widths. Fluorescence

spectra were recorded from 600–800 nm for crystal violet, ethyl violet, and propyl violet.

Fluorescence spectra were recorded from 650–750 nm for malachite green, and from 550–750

nm for pararosaniline.

5.4.7 Job Plots

Mixtures of trimer 5.2 and crystal violet were prepared such that the concentration of trimer

5.2 plus the concentration of crystal violet was equal to 30 µM in acetate buffer. In other

words, [trimer 5.2] + [crystal violet] = 30 µM. Mixtures were prepared to span χcrystal violet

from ca. 0.01 to 0.9, where χcrystal violet is calculated by the following ratio: [crystal violet] /

( [crystal violet] + [trimer 5.2] ). These mixtures were prepared from the 10 mg/mL trimer

5.2 stock solutions and the 500 µM crystal violet stock solutions. This same process was

followed for the five trimer 5.2 homologue-crystal violet mixtures as well. Table 5.3 lists the

volumes of trimer 5.2 stock solution, crystal violet stock solution, and buffer that are mixed

to prepare the samples in Figure 5.2D.
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Table 5.3: Representative sample preparation for Job’s method of continuous variation

conc. (µM) conc. (µM) vol (µL) vol (µL) vol (µL)
χcrystal violet trimer 5.2 crystal violet stock trimer 5.2 stock crystal violet buffer
0.016 29.5 0.5 9.4 0.5 490.1
0.05 28.5 1.5 9.1 1.5 489.4
0.083 27.5 2.5 8.8 2.5 488.7
0.17 25.0 5 8.0 5.0 487.0
0.25 22.5 7.5 7.2 7.5 485.3
0.33 20.0 10 6.4 10.0 483.6
0.42 17.5 12.5 5.6 12.5 481.9
0.50 15.0 15.0 4.8 15.0 480.2
0.58 12.5 17.5 4.0 17.5 478.5
0.67 10.0 20.0 3.2 20.0 476.8
0.75 7.5 22.5 2.4 22.5 475.1
0.83 5.0 25.0 1.6 25.0 473.4
0.92 2.5 27.5 0.8 27.5 471.7

The fluorescence intensity of these mixtures was recorded on a Cary Eclipse fluorimeter. The

excitation wavelength was 550 nm, and the emission was monitored from 620–650nm. Prior

to recording the intensity from all of the trimer 5.2-crystal violet mixtures, the excitation

slit width and photomultiplier tube voltage was optimized to achieve ca. 900 RFU from the

brightest sample, as described above. The resulting raw data was normalized to the most

intense sample in the series, and graphed versus χcrystal violet. This same process was followed

for the five trimer 5.2 homologue-crystal violet mixtures as well. The resulting data was

fitted to a one-to-one trimer-crystal violet binding model and to a two-to-one trimer-crystal

violet binding model using OriginPro. See the nonlinear regression analysis section for more

detail and the equations used to fit the data.

5.4.8 X-ray crystallography

X-ray crystallographic studies of the trimer 5.2 homologues were performed using the proto-

cols previously published by our laboratory with minor modifications. These procedures are
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slightly modified, and in some cases taken verbatim, from Salveson et al. J. Am. Chem. Soc.

5.2016, 139, 4458–4467 and Salveson et al. J. Am. Chem. Soc. 5.2018, 140, 5842–5852.63,65

5.4.9 Crystallization of trimer 5.2 homologues

Trimers 5.2I31V and 5.2F20Cha: Crystal growth was optimized using conditions similar

to those we had previously reported for trimer 5.2.61 In the optimization, the pH and

cryoprotectant concentrations were varied across the 4x6 matrix of a Hampton VDX 24-well

plate to generate crystals that diffracted well. The hanging drops for these optimizations

were prepared on glass slides by combining 1 or 2 µL of peptide solution with 1 or 2 µL of

well solution in ratios of 1:1, 2:1, and 1:2. Crystals that formed were checked for diffraction

using a Rigaku Micromax-007 HF diffractometer with a Cu rotating anode at 1.54 Å.

Trimers 5.2I31Chg and 5.2F19Cha: Conditions were identified in 96-well plates. Three kits

from Hampton Research (Crystal Screen, Index, and PEG/ION) were used to screen trimers

5.2I31Chg and 5.2F19Cha, for a total of 288 separate crystallization experiments (three 96-

well plates). Each well in the 96-well plates was loaded with 100 µL of a solution from the

kits. The hanging drops were set up using a TTP Labtech Mosquito pipetting robot. For

each well, three hanging drops were prepared comprising either 50, 75, or 100 nL of well

solution mixed with either 100, 75, or 50 nL of a 10 mg/mL solution of trimer 5.2I31Chg or

trimer 5.2F19Cha. Crystal growth was further optimized in 24-well plates in an analogous

fashion described for the optimization of trimers 5.2I31V and 5.2F20Cha.
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5.4.10 X-ray diffraction data collection, data processing, and re-

finement

Data collection: Diffraction data were collected using a Rigaku Micromax-007 HF diffrac-

tometer with a Cu rotating anode at 1.54 Å with 0.5° rotation per image. The program Crys-

talClear 2.0 was used to design collection strategies with multiplicities exceeding 20. This

high multiplicity facilitates sulfur single-wavelength anomalous diffraction phasing. This col-

lection strategy results in multiple data sets from a single crystal that need to be merged

with one another.

Data processing: Each individual data set was integrated and scaled using XDS.89 The

multiple data sets were then merged using BLEND.118,166 Hybrid structure search (HySS) in

the Phenix software suite was used to determine the coordinates of the sulfur atoms.90 The

initial electron density maps were generated using the coordinates of the anomalous signal

as initial positions in Autosol.

Refinement and model manipulation: Phenix.refine was used to refine the models of the

timer 5.2 homologues. Coot was used to manipulate the coordinates of the models.120 Table

5.1 summarizes the crystal properties, data collection, and data processing for the trimer

5.2 homologues.

5.4.11 Analytical ultracentrifugation

Trimer 5.2 and its homologues were sedimented in the presence of crystal violet on a Beckman

Optima AUC at the Center for Analytical Ultracentrifugation of Macromolecular Assemblies

(CAUMA) at the University of Texas Health Science Center at San Antonio (UTHSCSA).

Samples were prepared from the 10 mg/mL trimer and 500 µM crystal violet stock solutions,

described above, in buffer comprising 50 mM sodium acetate and 50 mM acetic acid buffer
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(pH 4.6). All samples were measured at 20 oC at 60 krpm by UV intensity detection at 560

nm, 564 nm, or at 594 nm in the presence of crystal violet. All measurements were performed

using an An60Ti rotor and standard 2-channel titanium centerpieces (Nanolytics). All data

were analyzed with UltraScan 4.0 release 2470.243 The partial specific volumes of peptides

were determined by UltraScan using the peptide sequence.243

Sedimentation velocity data were analyzed as previously described.244 Optimization was per-

formed by 2-dimensional spectrum analysis (2DSA)213 with simultaneous removal of time-

and radially-invariant noise contributions. 2DSA solutions were further refined using the

parametrically constrained spectrum analysis (PCSA)245 and, where applicable, analyzed

by the enhanced van Holde-Weischet analysis.246 PCSA solutions were further refined using

Monte Carlo analysis247 to determine confidence limits for the determined parameters. The

calculations are computationally intensive and are carried out on high-performance comput-

ing platforms.

5.4.12 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed on a Malvern MicroCal

PEAQ-ITC. All titrations were performed at 25 oC, using a 750 rpm stirring speed. The

reference power for each titration was set to 5 µcal/s. The titrations were performed by

titrating 500 µM triphenylmethane dye into 100 µM trimer 5.2. All samples were prepared

in buffer comprising 50 mM acetic acid and 50 mM sodium acetate (pH 4.6), as described

above. The syringe was filled with 40 µl of the triphenylmethane dye sample. The sample cell

was filled with 280 µL of the trimer 5.2 sample. An initial 60 seconds of baseline was recorded

prior to a single 0.2 µL injection, followed by thirteen 3 µL injections. Each injection was

spaced by either 120 or 150 seconds to ensure that the signal decayed back to the baseline

value. The integrated heats of injection were calculated in the Malvern software. The heat of
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dilution for each triphenylmethane dye was measured by titrating 500 µM triphenylmethane

dye into acetate buffer, in a similar fashion to titrating triphenylmethane dye into trimer

5.2. The heat of dilution was then subtracted from the heat of injection measured for the

trimer 5.2-triphenylmethane dye titrations in the Malvern software. Data were fit with a

one-to-one trimer 5.2-triphenylmethane dye binding model and a two-to-one trimer 5.2-

triphenylmethane dye binding model using Solver in Excel. See the nonlinear regression

analysis section for more detail and the equations used to fit the data.

5.4.13 SDS-PAGE

The oligomerizaiton of trimers 5.2 were studied by tricine SDS-PAGE. This procedure is

slightly modified from Salveson et al. J. Am. Chem. Soc. 5.2018, 140, 5842–5852.65

Reagents and gels for tricine SDS-PAGE were prepared according to recipes reported previ-

ously.61,167 2X samples of each trimer were prepared by diluting 10 mg/mL solutions of the

peptides or timers with 18 MΩ deionized water to the appropriate concentration. The 2X

samples were then diluted with 2X SDS-PAGE loading buffer (100 mM Tris buffer at pH 6.8,

20% (w/v) glycerol, and 4% (w/v) SDS) to create the 1X samples which were loaded into

the gel. 6 µL of the 1X samples were loaded into the gel, in addition to 1 µL of SpectraTM

Multicolor Low Range Protein Ladder (Thermo Scientific part no.: 26628). Samples were

run through a 16% polyacrylamide gel with a 4% stacking polyacrylamide gel at a constant

80 V at 23 oC. Silver-staining was used to visualize trimer bands in the SDS-PAGE gel as

described previously.61,168

5.4.14 Size exclusion chromatography

The solution-phase oligomerization of the trimer 5.2 homologues was studied by size exclu-

sion chromatography (SEC). SEC was performed in 50 mM sodium acetate/50 mM acetic
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acid buffer at 4 oC on a GE Superdex 75 10/300 GL column. Samples were prepared as

follows: Each trimer was dissolved in 18 MΩ water to a concentration of 10 mg/mL. These

10 mg/mL stocks were then diluted to 1 mg/mL by adding 65 µL of the 10-mg/mL solutions

to 585 µL of the sodium acetate running buffer. The samples were then loaded into the

column and run using a flow rate of 0.85 mL/min. Chromatograms were recorded at 215

nm and normalized to the highest absorbance value. Carbonic anhydrase, cytochrome C,

aprotinin, and vitamin B12 were run as size standards, in a similar fashion.

5.4.15 Nonlinear regression analysis

Two models were used for nonlinear regression analysis for data from both Job plot exper-

iments and isothermal titration calorimetry experiments: a 1:1 trimer-dye model and a 2:1

trimer-dye model. The derivation of these two models for both experiments is identical,

however, each model is modified slightly to handle the different observables in the Job plot

experiments and ITC experiments. The following text first describes the derivation of the

functions used to determine the concentration of either the 1:1 or the 2:1 trimer-dye com-

plexes. These functions are then applied to data analysis for both Job plots experiments

and ITC experiments.

1:1 trimer-dye model

The association of one molecule of trimer with one molecule of dye can be expressed as the

following equilibrium:

[trimer]f + [dye]f<–> [1 : 1 complex] (5.1)
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where [trimer]f and [dye]f are the free concentrations of the trimer and dye, while [1:1 com-

plex] is the concentration of the 1:1 complex. The corresponding association constant, Ka,

and material balance equations for this equilibrium are:

Ka =
[1 : 1 complex]

[trimer]f[dye]f
(5.2)

[trimer]t = [trimer]f + [1 : 1 complex] (5.3)

[dye]t = [dye]f + [1 : 1 complex] (5.4)

where [trimer]t and [dye]t are the total concentrations of the trimer and dye. The con-

centration of the 1:1 trimer-dye complex, [1:1 complex], can be expressed as a function

of the association constant Ka, the total concentration of trimer [trimer]t, and the total

concentration of dye [dye]t. This function is derived by rearranging equations 5.3 and 5.4

and substituting them into equation 5.2. The resulting equation is then rearranged into a

quadratic equation of the form:

a[1 : 1 complex]2 + b[1 : 1 complex] + c = 0 (5.5)
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The roots of quadratic equation can be solved using the quadratic formula, which results in

an expression for the concentration of the 1:1 complex:

[1 : 1 complex] =
[dye]t + [trimer]t +Ka

-1 −
√

([dye]t + [trimer]t +Ka
-1)2 − 4[dye]t[trimer]t

2

(5.6)

Equation 5.6 will be modified in the following sections for the analysis of either the Job plot

experiments or the ITC titrations.

2:1 trimer-dye model

The association of two molecules of trimer with one molecule of dye can be expressed as the

following two equilibriums:

[trimer]f + [dye]f<–> [1 : 1 complex] (5.7)

[1 : 1 complex] + [trimer]f<–> [2 : 1 complex] (5.8)

where [trimer]f and [dye]f are the free concentrations of the trimer and dye, [1:1 complex]

is the concentration of the 1:1 complex, and [2:1 complex] is the concentration of the 2:1

complex. In our derivation of an expression for [2:1 complex] as a function of an associ-

ation constant and the total concentrations of trimer and dye, we treat the concentration

of the 1:1 complex as negligible, which greatly simplifies the math for the following steps.
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This simplification allows us to express the association of two molecules of trimer with one

molecule of dye as a single equilibrium:

2[trimer]f + [dye]f<–> [2 : 1 complex] (5.9)

The corresponding association constant, Ka, and material balance equations for this simpli-

fied equilibrium are:

Ka =
[2 : 1 complex]

([trimer]f)2[dye]f
(5.10)

[trimer]t = [trimer]f + 2[2 : 1 complex] (5.11)

[dye]t = [dye]f + [2 : 1 complex] (5.12)

The concentration of the 2:1 complex [2:1 complex] can be written as a function of the

association constant Ka, the total concentration of trimer, and the total concentration of

dye. This function is derived by rearranging equations 5.11 and 5.12 and substituting them
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into equation 5.10. The resulting equation is then rearranged into a cubic equation of the

form:

a[2 : 1 complex]3 + b[2 : 1 complex]2 + c[2 : 1 complex] + d = 0 (5.13)

The roots of this cubic equation can be determined using Cardano method with Vieta’s sub-

stitution, as described elsewhere248. This process results in a expression of the concentration

of the 2:1 complex as a function of the association constant Ka, total concentration of trimer

[trimer]t, and total concentration of dye [dye]t:

[2 : 1 complex] = ... (5.14)

Equation 5.14 is too long to be reproduced here, legibly, with the terms [dye]t, [trimer]t,

and Ka substituted into it. Equation 5.14 will be modified in the following sections for the

analysis of either the Job plot experiments or the ITC titrations.

Job Plots

In traditional titration experiments, the observable (e.g., fluorescence intensity) is plotted

versus the total concentration of titrant added. In Job’s method of continuous variation,

the observable is instead plotted versus the mole fraction, χ, of one of the species in the

equilibrium. For this reason, equations 5.6 and 5.14 were modified to accommodate mol

fraction of crystal violet, χcrystal violet, in place of the total concentrations of trimer and dye.
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This modification was achieved by substituting [trimer]t and [dye]t in equations 5.6 and 5.14

with:

[trimer]t = C − Cχcrystal violet (5.15)

[dye]t = Cχcrystal violet (5.16)

where C is the total concentration used for the Job Plot (in our case, 30 µM). The term,

χcrystal violet, can range from 0–1.

To normalize both the 1:1 and 2:1 Job plot models, (1) evaluate equation 5.6 at χcrystal violet

= 0.5, and evaluate equation 5.14 at χcrystal violet = 0.33; (2) divide equation 5.6 and equation

5.14 by these values, respectively. This cumbersome process was done in OriginPro using

the Fitting Function Organizer. For simplicity, we have included these models below, broken

up as simple equations. These equations can be directly incorporated into a user defined

function as equations in OriginPro. In this process, the user must specify a constant value

for C, and OriginPro will determine the association constant.

For the 1:1 trimer-dye model:

L = C * x

R = C - C * x

a = L + R + ( 1 / K )

b = 4 * L * R
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PP = sqrt( a * a - b )

d = ( L + R + ( 1/ K ) - PP ) / 2

LL = C * 0.5

RR = C - C * 0.5

e = LL + RR + ( 1 / K )

f = 4 * LL * RR

QQ = sqrt( e * e - f )

g = ( LL + RR + ( 1/ K ) - QQ ) / 2

y = d / g

where y is the normalized value of the function, C is the total concentration of trimer + dye

used in the experiment, K is the association constant, and x is χcrystal violet.

For the 2:1 trimer-dye model:

L = C * x

R = C - C * x

a = -4 * K

bo = 4 * K * L + 4 * K * R

c = -1 - 4 * K * L * R - K * R * R

d = K * L * R * R

DO = bo * bo - 3 * a * c
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D1 = 2 * bo * bo * bo - 9 * a * bo * c + 27 * d * a * a

DD = D1 * D1 - 4 * DO * DO * DO

PP = sqrt(DD)

G = (D1 / 2 + PP / 2)ˆ(1/3)

B = ( -1 / ( 3 * a ) ) * ( bo + G + DO / G )

LL = C * 0.33

RR = C - C * 0.33

aa = -4 * K

boo = 4 * K * LL + 4 * K * RR

cc = -1 - 4 * K * LL * RR - K * RR * RR

dd = K * LL * RR * RR

DOO = boo * boo - 3 * aa * cc

D11 = 2 * boo * boo * boo - 9 * aa * boo * cc + 27 * dd * aa * aa

DDD = D11 * D11 - 4 * DOO * DOO * DOO

PPP = sqrt(DDD)

GG = (D11 / 2 + PPP / 2)ˆ(1/3)

BB = ( -1 / ( 3 * aa ) ) * ( boo + GG + DOO / GG )

y = B/BB
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where y is the normalized value of the function, C is the total concentration of trimer + dye

used in the experiment, K is the association constant, and x is χcrystal violet.

Isothermal titration calorimetry

In an isothermal titration calorimetry experiment, a series of i injections of small volume,

vi, of a concentrated solution of dye, [dye]syringe, are added to a sample well with volume Vo

containing a solution of trimer, [trimer]cell, i. In these types of titrations, a sequence of events

is assumed to occur for the each injection: (1) a volume vi of the syringe solution is added

to the cell; (2) this addition displaces a volume vi of the sample cell, which displaces the

contents of the cell by a factor vi/Vo; (3) the system re-equilibrates to the new concentrations

of [trimer]free, cell, i, [complex]cell, i, [dye]free, cell, i.

The initial concentration of the trimer in the sample cell prior to the start of the titration is

given by [trimer]initial, cell. The total concentration of trimer in the cell after the 1st injection

is given by:

[trimer]total, 1 = (1 − v1

V o

)[trimer]cell, initial (5.17)

The total concentration of trimer in the sample cell after the ith injection is then given by:

[trimer]total, i = (1 − vi

V o

)[trimer]cell, i-1 (5.18)
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The total concentration of dye in the sample cell after the 1st injection is given by:

[dye]total, 1 =
vi

V o

[dye]syringe (5.19)

The total concentration of dye in the sample cell after the ith injection is then given by:

[dye]total, i =
vi

V o

[dye]syringe + (1 − vi

V o

)[dye]cell, i-1 (5.20)

Equations 5.17–5.20 are then substituted into equation 5.6 and 5.14 to calculate the con-

centration of the 1:1 complex, [1:1 complex]i, and the concentration of the 2:1 complex, [2:1

complex]i, in the sample cell after the 1st or ith injection of dye. The heat observed from

each injection i upon formation of the 1:1 complex is given by:

qi = V o∆H([1 : 1 complex]i − (1 − vi

V o

)[1 : 1 complex]i-1) + qi, dilute (5.21)

and the heat observed from each injection i upon formation of the 2:1 complex is given by:

qi = V o∆H([2 : 1 complex]i − (1 − vi

V o

)[2 : 1 complex]i-1) + qi, dilute (5.22)

In equations 5.21 and 5.22, qi, dilute is the heat of dilution of the dye. This constant can be

measured by titrating dye into buffer. Equations 5.21 and 5.22 were incorporated into excel,

and Solver was used to determine values for Ka, ΔH, and qi, dilute.
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5.4.16 Docking and molecular modeling

The model of the trimer 5.2-crystal violet interaction depicted in Figure 5.9 was generated

as follows: Starting coordinates of trimer 5.2 were generated from the trimer 5.2 crystallo-

graphic structure (PDB 5SUR) using PyMOL and saved as a new PDB file. Coordinates of

crystal violet were obtained from the RCSB as a PDB file (ligand three letter code CVI).

iBabel was used to convert the crystal violet PDB file into a PDBQT file prior to docking.

Docking was performed using AutoDock Tools and AutoDock 4.2.220 In AutoDock Tools,

a grid was chosen to encompass the entire molecule of trimer 5.2. Trimer 5.2 was treated

as a rigid receptor in these calculations. Docking was repeated 50 times using the genetic

algorithm. The lowest energy cluster, as determined by AutoDock Tool’s built-in analysis

feature, was chosen to represent the trimer 5.2-crystal violet model in Figure 4.

The model of the 2:1 trimer 5.2-crystal violet complex depicted in Figure 5.16 was generated

as follows: (1) in PyMOL, create a crude dimer model manually; (2) in Macromodel, generate

a hollow dimer model; (3) in AutoDock, dock crystal violet into the hollow dimer model. To

generate the crude model of the complex, two copies of the trimer 5.2-crystal violet model

were loaded into PyMOL. The coordinates of one of these models was manipulated manually

such that the two trimer 5.2 molecules sandwiched the two molecules of crystal violet. This

sandwiching was achieved by manually superimposing the two molecules of crystal violet.

The two molecules of crystal violet were deleted, and the resulting crude hollow trimer 5.2

sandwich structure was saved as a new PDB file. This process results in the generation of a

crude model of the sandwich complex with a cavity in the center. It is currently not possible

to perform minimizations in Macromodel with crystal violet present within the sandwich

model, as MacroModel currently does not support atom types for the central carbocation

of crystal violet. It is possible to model crystal violet with the positive charge centered

on one of three three nitrogens; however, this results in an unrealistic conformation of the

triphenylmethane core. For these reasons, we chose to minimize the sandwich model without
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crystal violet in MacroModel, then redock crystal violet into the energy-minimized model

using AutoDock.

To minimize the crude hollow model, the structure was loaded into MacroModel using the

Maestro graphical interface. Bond orders and atom types were edited as needed to correct

errors in bond orders (i.e. carbonyl groups becoming hydroxy groups) and atom types

(ammonium groups becoming amine groups). Prior to minimization, several constraints

were applied to the model. First, all main-chain hydrogen bonds were constrained as a

2.5Å long bond (from amide N-H to carbonyl oxygen). This constraint was applied to every

cross-strand hydrogen bond within the macrocyclic β-hairpins that compose the crosslinked

trimers. This constraint was also applied to three hydrogen bonds that occur between two

macrocyclic β-hairpins at the three vertices of the crosslinked trimers (33 intramolecular

hydrogen bond constraints, per molecule of trimer 5.2). Six intermolecular hydrogen bonds

were also enforced between the layers of the sandwich model. These hydrogen bonds were

enforced between Ile31 of one trimer, and Ile31 of the other trimer, at each of the three

vertices of the sandwich. We found that six additional intermolecular distant constraints

between the side chains of Phe20 that line the empty cavity of the sandwich were required to

maintain the binding pocket of crystal violet in this minimization. These constraints were

chose to ensure that the phenyl rings from one trimer were 7 Å from the phenyl rings from

the other trimer. Without these constraints, the minimization collapses this cavity rendering

it impossible to redock crystal violet into this energy minimized trimer 5.2 sandwich model.

This model was minimized in MacroModel using the MMFFs force field in GB/SA water.

After minimization of the crude trimer 5.2 sandwich model with both the hydrogen bond

and Phe20–Phe20 constraints, the model was again minimized without the hydrogen bond

constraints. Crystal violet was then docked into this hollow dimer model using AutoDock

4.2, as described above for the generation of the trimer 5.2-crystal violet model.
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