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Abstract

This paper describes the synthesis, solution-phase biophysical studies, and X-ray crystallographic 

structures of hexamers formed by macrocyclic β-hairpin peptides derived from the central and C-

terminal regions of Aβ, which bear “tails” derived from the N-terminus of Aβ. Soluble oligomers 

of the β-amyloid peptide, Aβ, are thought to be the synaptotoxic species responsible for 

neurodegeneration in Alzheimer’s disease. Over the last 20 years, evidence has accumulated that 

implicates the N-terminus of Aβ as a region that may initiate the formation of damaging 

oligomeric species. Our laboratory has previously studied macrocyclic β-hairpin peptides derived 

from Aβ16–22 and Aβ30–36, capable of forming hexamers that can be observed by X-ray 

crystallography and SDS-PAGE. To better mimic oligomers of full length Aβ, we use an 

orthogonal protecting group strategy during the synthesis to append residues from Aβ1–14 to the 

parent macrocyclic β-hairpin peptide 1, which comprises Aβ16–22 and Aβ30–36. The N-terminally 

extended peptides N+1, N+2, N+4, N+6, N+8, N+10, N+12, and N+14 assemble to form dimers, 

trimers, and hexamers in solution-phase studies. X-ray crystallography reveals that peptide N+1 
assembles to form a hexamer that is composed of dimers and trimers. These observations are 

consistent with a model in which the assembly of Aβ oligomers is driven by hydrogen bonding 

and hydrophobic packing of the residues from the central and C-terminal regions, with the N-

terminus of Aβ accommodated by the oligomers as an unstructured tail.
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INTRODUCTION

The first 16 residues of the β-amyloid peptide are thought to be important in the formation 

of fibrils and oligomers in Alzheimer’s disease. These N-terminal residues of Aβ are subject 

to many important mutations and post-translational modifications, and may interact with 

other proteins and metal cations.1-7 These modifications and interactions have been observed 

to greatly affect Aβ fibril formation and oligomerization. Even without modification, these 

residues—1DAEFRHDSGYEVHHQK16—represent a significant number of amino acids 

capable of forming non-covalent interactions within and between monomers of Aβ, and 

should thus impact oligomerization.

Further supporting the importance of the N-terminus of Aβ are studies of the p3 peptide, an 

alternative cleavage product to full-length Aβ from the amyloid precursor protein.8 The p3 

peptide, which lacks residues 1–16 has been described as “nonamyloidogenic”, incapable of 

forming oligomers, devoid of any synaptotoxic effect, and even neuroprotective9-13 

However, a recent review from the Raskatov group has highlighted and summarized 

inconsistencies within the literature regarding biophysical and biological properties of the p3 

peptide and its importance in Alzheimer’s diease.14-16 In a subsequent investigation, the 

Raskatov group demonstrated that the p3 peptide is capable of assembling to form 

amyloidogenic fibrils and toxic oligomers.17 These recent findings suggest that Aβ1–16 may 

actually be less important than thought.

Elucidating the role of Aβ1–16 in the formation of Aβ oligomers offers the promise of 

furthering our understanding of the molecular basis of Alzheimer’s disease. Studying these 

oligomers is difficult, as these assemblies are heterogeneous—varying in structure, stability, 

and stoichiometry. Further compounding the challenge of studying Aβ, is its propensity to 

form insoluble fibrils, which are more stable than oligomers. Aβ oligomers are damaging to 

neurons and are thought to be present in the early stages of Alzheimer’s disease before the 

emergence of any pathohistological hallmarks or dementia symptoms.18-21

The assembly of Aβ oligomers has been tied to the ability of the Aβ peptide to fold and 

adopt a β-hairpin conformation.22,23 In 2008, Hard and Hoyer determined by NMR 
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spectroscopy that Aβ1–40 adopts a β-hairpin structure when bound to an affibody. In this 

structure, residues 17–23 and 30–36 hydrogen bond to form an antiparallel β-sheet, with 

residues 24–29 as a loop, and the N- and C-terminal residues as unstructured segments. Our 

own investigations of peptides derived from the central and C-terminal regions of Aβ have 

revealed that adoption of a β-hairpin conformation primes the peptide to assemble.24-29

In 2016, our laboratory reported peptide 1, a β-hairpin mimic derived from Aβ16–36 that 

forms hexamers that can be observed by X-ray crystallography and SDS-PAGE.28 The 

peptide is cytotoxic toward SH-SY5Y cells, and cytotoxicity correlates with oligomer 

formation in structure-activity studies. Peptide 1 contains the heptapeptide fragments 

Aβ16–22 and Aβ30–36 in the “top” and “bottom” β-strands, that are constrained to an 

antiparallel β-sheet by two turn units of δ-linked ornithine, δOrn (Figure 1).30 The δOrn that 

links Glu22 to Ala30 replaces a loop comprising residues 23–29, while the δOrn that links 

Lys16 to Val36 helps constrain the peptide to a β-hairpin conformation. We incorporate an N-

methyl group at the center of the top strand, on Phe19, to prevent uncontrolled aggregation 

and fibril formation.

Although peptide 1 has provided insights into the structure, biophysical, and biological 

properties of hexamers formed by hydrophobic segments of Aβ, it lacks the important N-

terminal region. In our initial report, REMD simulations of peptide 1 suggested that the 

hexamer could accommodate N- and C-terminal extensions without steric clashes.28 In this 

investigation, we set out to test experimentally whether the hexamer could accommodate the 

N-terminus and to study the effects of the N-terminus on the structure, biophysical, and 

biological properties of the hexamer. Here we describe the synthesis of N-terminally 

extended homologues of peptide 1. These N-terminally extended homologues bear “tails” of 

residues derived from Aβ1–14 and vary in length from 1 to 14 residues. Peptide N+14, which 

contains the entire N-terminus, is depicted in Figure 1. Peptides 1, N+14, and other N-

terminally extended homologues form hexamers in SDS-PAGE, and trimers and dimers in 

size exclusion chromatography (SEC). Peptide N+1, which contains a tail comprising Aβ14, 

forms a hexamer composed of dimers and trimers in the X-ray crystallographic structure. 

These observations are significant because they may help bridge the gap in our knowledge of 

how Aβ oligomers assemble in the brain.

RESULTS AND DISCUSSION

Synthesis of Peptide N+14.

We synthesized peptide N+14 by Fmoc-based solid phase peptide synthesis, using Fmoc-

Orn(Dde)-OH to incorporate an N-terminal tail of residues derived from Aβ1–14 (Figure 2). 

We began the synthesis by attaching Boc-Orn(Fmoc)-OH to 2-chlorotrityl resin. Residues 22 

through 2 were then introduced by Fmoc-based SPPS using HCTU as the coupling reagent, 

with Fmoc-Orn(Dde)-OH replacing residue 15 in the natural sequence of Aβ. Residue 1 was 

coupled as Boc-Asp(t-Bu)-OH, capping the synthesis of the top strand. The Dde protecting 

group was then removed with 10% hydrazine in DMF, and residues 36 through 30 were 

coupled to residue 15 using Fmoc-based SPPS. We found microwave-assisted SPPS to be 

essential and used it for most of the coupling steps, other than attaching Boc-Orn(Fmoc)-OH 

to the resin and removing the Dde protecting group.31 The final Fmoc protecting group was 

Samdin et al. Page 3

J Am Chem Soc. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



removed from residue 30, and the acyclic branched peptide was cleaved from the resin with 

a solution of 20% HFIP in DCM. The peptide was cyclized with PyBop in solution, and 

deprotected with treatment by trifluoroacetic acid (TFA). Purification by reverse-phase 

HPLC typically afforded ca. 12 mg peptide N+14 as the trifluoroacetate salt.32,33

Oligomerization and Folding of Peptides 1 and N+14.

We studied the assembly and folding of peptide 1 and peptide N+14 by SDS-PAGE, western 

blot, circular dichroism (CD) spectroscopy, and a cytotoxicity assay with SH-SY5Y cells. 

Like the Aβ peptide, peptide 1 and peptide N+14 assemble to form oligomers in SDS-

PAGE. We have previously reported peptide 1 (1.77 kDa) to run in SDS-PAGE with a 

molecular weight consistent with that of a hexamer (Figure 3A).28 The band formed by 

peptide 1 is comet shaped and streaks downward from the 10 kDa ladder band, suggesting 

that the hexamer may be in rapid equilibrium with lower molecular weight species. An X-

ray crystallographic structure of peptide 1 (PDB 5W4H) further corroborates the formation 

of a hexamer. In contrast to peptide 1, the N-terminally extended homologue peptide N+14 
(3.45 kDa) forms two species by SDS-PAGE, which appear to be in slow equilibrium. One is 

an oligomer that migrates to just below the 17 kDa ladder band, which we interpret as a 

hexamer. The other migrates just above the 4.6 kDa ladder band, which we interpret as a 

dimer. The hexamer band formed by peptide N+14 in silver-stained SDS-PAGE is more 

intense than the putative dimer band, suggesting that this oligomer predominates at the 75 

μM concentration under which the gel was run. These SDS-PAGE studies show that the 

hexamer can accommodate residues 1–14, but that introduction of these residues appears to 

substantially reduce the rate of exchange between the hexamer and lower order species.

To compare the oligomerization of peptide N+14 to full-length Aβ, we performed SDS-

PAGE in a western blot against AβM1–42, using the 6E10 antibody to visualize the bands 

generated by each peptide (Figure S1).34-36 The 6E10 antibody recognizes the N-terminal 

epitope comprising residues Arg5-His6-Asp7, which is shared by both peptide N+14 and 

full-length Aβ.37 AβM1–42 shows a strong band for the monomer, as well as weaker bands 

for oligomers. In contrast, the hexamer band for peptide N+14 predominates. This difference 

in oligomerization may reflect the lack of stabilizing conformational constraints in the 

AβM1–42 peptide.23 In peptide N+14, the δOrn turn units help prime the peptide for 

assembly by stabilizing a β-hairpin conformation.

In the hexamer formed by peptide 1, the bottom edges of the monomer subunits hydrogen 

bond to each other. To test whether peptide N+14 assembles to form a similar hexamer, we 

prepared and studied peptide N+14Me, a homologue of peptide N+14 with an additional N-

methyl group on Gly33 (Figure 4). In the hexamer formed by peptide 1, this additional N-

methyl group has been shown to disrupt hydrogen bonding between Gly33 of one monomer 

and Ile31 of the adjacent monomer within the dimer subunit, thus interfering with assembly 

(Figure S2).28,38 If peptide N+14 assembles to form a hexamer similar to peptide 1, N-

methylation of Gly33 should also disrupt assembly of the hexamer. By SDS-PAGE, peptide 

N+14Me migrates as a single band that runs parallel to the putative dimer band formed by 

peptide N+14 (Figure 3A). In contrast to peptide N+14, peptide N+14Me does not form a 

hexamer band. The migration of peptide N+14Me confirms that N-methylation of Gly33 in 
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peptide N+14 disrupts the assembly of higher order oligomers, and provides further 

evidence that peptide N+14 assembles to form a hexamer similar in structure to peptide 1.

Peptide 1 adopts a β-hairpin conformation in the crystallographic hexamer.28 In aqueous 

solution—where size exclusion chromatography (SEC) studies have shown peptide 1 to exist 

as a mixture of monomer, dimer, and trimer—circular dichroism (CD) studies suggest that 

peptide 1 also adopts a β-hairpin conformation (Figure 3B).28 The CD spectrum of peptide 1 
displays a negative band centered at ca. 210 nm, with increasing ellipticity at lower 

wavelengths and a positive ellipticity below 192 nm. To evaluate the ability of peptide N+14 
to adopt a β-hairpin, we compared the CD spectrum of peptide N+14 to that of peptide 1 
(Figure 3B). The CD spectrum of peptide N+14 is substantially shallower than the CD 

spectrum of peptide 1, with a weaker negative band centered at a slightly lower wavelength 

and no positive ellipticity above 190 nm. This spectrum appears to reflect an ensemble of β-

hairpin and random coil conformations. The CD spectrum of peptide N+14Me is similar to 

that of peptide N+14, suggesting that the additional N-methyl group on Gly33 does not 

substantially alter the folding of peptide N+14Me.

To better understand the CD spectrum of peptide N+14—in particular how residues 1–14 

affect the β-hairpin formed by residues 16–22 and 30–36—we synthesized peptide 2, the C-

terminal amide of Aβ1-14 (H-DAEFRHDSGYEVHH-NH2). The CD spectrum of peptide 2 
shows a strong negative band at ca. 190 nm and a weak positive band centered at ca. 220 nm, 

reflecting a predominantly random coil conformation (Figure 3C). To test whether the 

spectrum of peptide N+14 represents a linear combination of peptide 1 and peptide 2, we 

combined both peptides in equimolar concentrations and acquired the CD spectrum of the 

mixture. The CD spectrum of the mixture shows a negative band centered at ca. 208 nm with 

no positive band above 190 nm. Like the CD spectrum of peptide N+14, the spectrum of the 

mixture shows a diminished β-sheet-like conformation relative to peptide 1.

To evaluate the cytotoxicity of peptide N+14, we compared it to peptide 1 in an LDH release 

assay against neuronally derived SH-SY5Y cells. We had previously reported that peptide 1 
was toxic at concentrations of 50 μM or higher.28 Peptide N+14 proved less cytotoxic than 

peptide 1, even though it contains more residues from the sequence of full-length Aβ (Figure 

S3). The addition of residues 1–14 to peptide 1 does not enhance cytotoxicity, but rather 

diminishes the cytotoxicity. We envision that the cytotoxicity of peptide 1 is predominantly 

driven by the hydrophobic residues from the central region of Aβ, 16–22 and 30–36, and 

their interactions with cell membranes. These hydrophobic membrane interactions are likely 

offset by the hydrophilic tail in peptide N+14.

Oligomerization and Folding of Shorter N-Terminally Extended Homologues.

To gain additional insights into the effects of N-terminal extension on the assembly of 

peptide 1, we prepared seven additional N-terminally extended homologues of peptide N+14 
with shorter N-terminal tails: peptides N+1, N+2, N+4, N+6, N+8, N+10, and N+12 (Figure 

5). The CD spectra of these peptides all show minima between 210 and 220 nm (Figure 6). 

The minima are generally deeper for the peptides bearing shorter N-terminal extensions (N
+1 through N+4) (Figure 6A), and shallower for the peptides bearing longer N-terminal 
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extensions (N+6 through N+12) (Figure 6B). These differences reflect increased random 

coil character of the larger N-terminal extensions. The depth of the minimum of peptide N+1 
(Θ = −6190 deg cm2 dmol−1) is substantially less than that of peptide 1 (Θ = −9516 deg cm2 

dmol−1). This difference cannot be explained by a random coil conformation of the 

additional single residue, but rather suggests that N-acylation of the δ-linked ornithine turn 

unit diminishes the β-sheet folding of the macrocycle. 39,40

To determine the impact of these N-terminal extensions on the oligomerization of peptide 1, 

we compared the assembly of peptide 1 and each N-terminally extended peptide using SDS-

PAGE (Figure 7). We included trimers 1 and 2 as molecular-weight standards for 

comparison (Figures S4 and S5). Trimer 1 (5.3 kDa) and trimer 2 (5.3 kDa) are covalently 

stabilized trimers of β-hairpin peptides that we have previously reported to self-assemble 

and migrate respectively as 10.6 kDa hexamers and 21.2 kDa dodecamers.26 SDS-PAGE 

reveals that each N-terminally extended peptide migrates as a hexamer. Peptide 1 migrates to 

approximately the same position as trimer 1, and each of the longer N-terminally extended 

peptides migrates at a position between the hexamer formed by trimer 1 and the dodecamer 

formed by trimer 2. The hexamer formed by peptide N+1 (1.91 kDa) migrates to the top of 

the 10 kDa ladder band and streaks downward like peptide 1. Similarly, the hexamer formed 

by peptide N+2 (2.05 kDa) migrates to just above the 10 kDa ladder band and also streaks 

downward. The streaking observed for peptides N+1 and N+2 suggests that the hexamers 

formed by each peptide are in equilibrium with smaller oligomers. The hexamer bands 

formed by peptides N+4 (2.28 kDa), N+6 (2.49 kDa), N+8 (2.69 kDa), N+10 (2.99 kDa), N
+12 (3.27 kDa), and N+14 (3.45 kDa) are in comparable or higher positions than peptide N
+2 and migrate as tight bands between the 10 and 17 kDa ladder bands. The tightness of 

these bands may reflect an increase in hexamer stability that arises from stabilizing non-

covalent interactions from the N-terminal tail. Peptides N+2 through N+14 also show bands 

at or above the 4.6 kDa ladder band which correspond to the putative dimer.

To quantitatively assess the relationship between oligomer assembly and migration, we 

plotted the logarithm of oligomer molecular weights against the relative migration distance 

(Rf) of the hexamer bands (Figure 8). The ladder bands exhibit an excellent correlation 

between log MW and Rf (R2 = 0.999, black), with the exception of the 1.7 kDa ladder band 

which was excluded from the analysis. The hexamers do not fall on this line, but rather are 

shifted 12–33% lower than their calculated molecular weights, thus appearing as pentamers 

or tetramers. The hexamer bands also exhibit a linear relationship between log MW and Rf, 

albeit with a poorer fit to a straight line (R2 = 0.881, red). For comparison we also plotted 

the log MW vs. Rf for the covalently stabilized trimers 1 and 2 (green), which run on the gel 

as hexamers and dodecamers. These oligomers fall slightly off the line for the ladder bands.

Membrane proteins often migrate by SDS-PAGE at an apparent molecular weight that does 

not correspond to the actual molecular weight of the protein.41-43 Often this “gel shifting” 

results in a lower apparent molecular weight. This behavior has been well characterized for 

full-length Aβ and linear truncated variants of Aβ, where SDS binding correlates with 

hydrophobicity rather than the number of amino acids.44 The low apparent molecular 

weights of the hexamer bands may thus reflect gel shifting, causing the hexamer bands to 

appear as smaller oligomers (pentamers or tetramers).
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We used size exclusion chromatography (SEC) to better understand the solution-phase 

assembly of these N-terminally extended peptides. In SEC, peptide 1 does not assemble to 

form a hexamer (Figure 9). Peptide 1 elutes as a broad band comprising a large peak at 20.2 

mL, a smaller peak at 19.1 mL, and a small peak at 17.9 mL.28 These elution volumes fall at 

the low molecular weight range of the column, near the size standards vitamin B12 (1.3 kDa, 

19.7 mL) and aprotinin (6.5 kDa, 16.8 mL). Thus, the three peaks from peptide 1 appear to 

correspond to a monomer, a dimer, and a trimer (1.8 kDa, 3.6 kDa, and 5.3 kDa). Peptides N
+1 through N+14 also run as broad bands that contain multiple features (Figure 9). The SEC 

traces of the N-terminally extended homologues exhibit main bands between peptide 1 and 

the aprotinin size standard and additional minor peaks that elute significantly after peptide 1. 

The main bands are composed of several peaks which appear to correspond to monomer, 

dimer, and trimer. The N-terminally extended peptides also exhibit additional peaks that 

elute after vitamin B12, which may reflect adsorption of the peptides to the column.

The broad band formed by peptide N+14 shows a different distribution of monomer, dimer, 

and trimer peaks than peptide 1. Peptide N+14 elutes with a large peak at 17.4 mL, a smaller 

peak at 18.7 mL, and a small shoulder at 20.1 mL (Figure 9). We interpret these peaks to be 

the trimer (10.5 kDa), dimer (6.5 kDa), and monomer (3.5 kDa) of peptide N+14. The SEC 

trace of peptide N+12 resembles the SEC trace of peptide N+14 (Figure S6). The SEC traces 

of peptides N+1, N+2, and N+4 resemble the SEC trace of peptide 1 (Figure S7). The SEC 

traces of peptides N+6, N+8, and N+10 differ from the SEC traces of peptide 1 and peptide 

N+14 (Figure S8). The SEC traces of peptides N+6, N+8, and N+10 show two peaks, which 

correspond to a monomer peak and a dimer or trimer peak.

As controls we preformed SEC on peptide 2 (Aβ1–14, H-DAEFRHDSGYEVHH-NH2) and 

peptide N+14Me. Peptides 2 and N+14Me elute between the vitamin B12 and aprotinin size 

standards (Figure S9). Peptide 2 elutes as a narrow band at 17.6 mL that corresponds to a 

monomer. Peptide N+14Me elutes as a broader band at 18.9 mL that may correspond to 

monomer and/or dimer. Elution volumes for each peptide are summarized in supplementary 

Table 2.

To better assess the relationship between the assembly and elution volumes amongst the N-

terminally extended homologues, we plotted the logarithm of the oligomer molecular weight 

against the elution volumes for peptide 1 and peptides N+1 through N+14 (Figure 10). The 

resulting graph revealed a linear relationship between the monomer, dimer, and trimer 

elution volumes, with increasing oligomer size correlating with decreased elution volumes. 

Collectively, the SEC studies show that at hundred micromolar concentrations, peptide 1 and 

peptides N+1 through N+14 form mixtures of monomers, dimers, and trimers that 

equilibrate slowly on the 40-minutes time scale of the SEC experiment.45

The SDS-PAGE and SEC studies reveal that N-terminally extended homologues of peptide 1 
can assemble to form oligomers in aqueous environments in the presence or absence of 

sodium dodecyl sulfate. In SDS-PAGE, peptide 1 and each of the N-terminally extended 

homologues form hexamers. In SEC, peptide 1 and each of the of the N-terminally extended 

homologues do not form hexamers, but rather appear to elute as monomers, dimers, and 
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trimers. The lipophilic environment produced by the SDS micelles in SDS-PAGE appears to 

drive the assembly of the hexamers.46-48

X-ray crystallographic structure of peptide N+1.

X-ray crystallography of peptide N+1 (PDB 6VU4) corroborates the formation of the 

hexamers observed in SDS-PAGE (Figures 11 and 12). Peptide N+1 afforded crystals 

suitable for X-ray diffraction from an aqueous solution containing 0.1 M HEPES buffer at 

pH 7.2, 0.2 M sodium citrate, and 25% isopropanol. X-ray diffraction data were collected at 

a resolution of 2.08 Å. The crystallographic phase determination was carried out through 

molecular replacement using the structure of peptide 1 (PDB 5W4H) as the search model. 

Supplementary Table 3 summarizes the crystallographic properties, crystallization 

conditions, data collection, and model refinement statistics for peptide N+1.

In the crystal structure, the asymmetric unit contains two molecules of peptide N+1 that 

assemble edge-to-edge to form an out-of-register, antiparallel β-sheet dimer. Each monomer 

subunit folds to form a twisted β-hairpin stabilized by eight intramolecular hydrogen bonds 

between the top and bottom β-strands. The dimer itself is stabilized by four intermolecular 

hydrogen bonds between Ile31 and Gly33 in the bottom strands of both macrocycles (Figures 

11A and S10). Three dimers further assemble to form a hexamer—a trimer of dimers—that 

is nearly identical to the hexamer formed by peptide 1 (Figure S11). The hexamer can also 

be interpreted as a dimer of trimers formed through face-to-face packing of two trimers 

(Figure 11B and S10). Each vertex of the trimer is stabilized by three hydrogen bonds: two 

between Ala21 and δOrn, and one between N-Me-Phe19 and Leu17 (a total of nine hydrogen 

bonds per trimer). The hexamer is further stabilized by the packing of six sets of 

hydrophobic side chains from Leu17, N-Me-Phe19, Ala21, Ile31, and Met35 (Figure S10). In 

each of the two crystallographically independent monomers of peptide N+1, His14 is clearly 

visible in the electron density map, further corroborating that the hexamer can accommodate 

the N-terminal Aβ residues (Figure 11C).

SUMMARY AND CONCLUSION

To better mimic oligomers of full length Aβ, we have appended residues from Aβ1–14 as an 

N-terminal tail to macrocyclic β-hairpin peptide 1, which comprises Aβ16–22 and Aβ30–36. 

The synthesis of these tailed macrocycles was achieved through an orthogonal protecting 

group strategy using the amino acid protecting group Dde, in addition to Fmoc and Boc. 

Circular dichroism revealed that peptide 1 and the N-terminally extended homologues adopt 

β-sheet-like conformations, consistent with a model in which β-hairpins are key components 

of Aβ oligomers. In aqueous solution, peptide 1 and the N-terminally extended homologues 

form dimers and trimers in SEC, and hexamers in SDS-PAGE. The observations of dimers, 

trimers, and hexamers in solution are recapitulated in the X-ray crystallographic structure of 

peptide N+1. The consistent formation of hexamers by peptide 1 and the N-terminally 

extended homologues suggests that the N-terminus of Aβ does not substantially modify or 

impede the assembly of oligomers derived from Aβ1–36. These findings are surprising in 

light of the purported importance of the N-terminus in the aggregation of Aβ in Alzheimer’s 
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disease, as they support a model in which the N-terminus is not critical for the assembly of 

Aβ oligomers.17

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Extending the N-terminus of peptide 1 to include residues 1–14 as an N-terminal tail (red), 

giving peptide N+14. Residues in the tail comprise Asp1, Ala2, Glu3, Phe4, Arg5, His6, 

Asp7, Ser8, Gly9, Tyr10, Glu11, Val12, His13, and His14.
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Figure 2. 
Synthesis of the N-terminally extended peptide, N+14 derived from Aβ1–36.
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Figure 3. 
(A) Silver stained SDS-PAGE of peptides 1, N+14, and N+14Me. SDS-PAGE was performed 

in Tris buffer at pH 6.8 with 2% (w/v) SDS on a 16% polyacrylamide gel with 75 μM 

solutions of peptide in each lane. (B) Circular dichroism (CD) spectra of peptides 1, 2, and 

an equimolar mixture of peptides 1 and 2. CD spectra were acquired for each peptide at 50 

μM in 10 mM phosphate buffer at pH 7.4; the ellipticity was normalized for the number of 

residues in each peptide.
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Figure 4. 
Peptide N+14Me is a homologue of peptide N+14 with an additional N-methyl group on 

Gly33 to block hexamer formation.
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Figure 5. 
Peptides N+1, N+2, N+4, N+6, N+8, N+10, and N+12 are homologues of peptide N+14 
with truncated tails.
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Figure 6. 
CD spectra of peptides 1 and N+1 through N+14. CD spectra were acquired for each peptide 

at 50 μM in 10 mM phosphate buffer at pH 7.4; ellipticity was normalized for the number of 

residues in each peptide.
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Figure 7. 
Silver stained SDS-PAGE and folding of peptide 1, peptides N+1 through N+14, and trimers 

1 and 2. SDS-PAGE was performed in Tris buffer at pH 6.8 with 2% (w/v) SDS on a 16% 

polyacrylamide gel with 75 μM solutions of peptide in each lane.
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Figure 8. 
Oligomer molecular weights vs. relative migration distance (Rf) of peptide 1 and peptides N
+1 through N+14 by SDS-PAGE (semi-log plot).
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Figure 9. 
SEC traces of peptide 1 and select N-terminally extended peptides. SEC was performed on a 

1.0 mg/mL solution of each peptide in 50 mM Tris buffer at pH 7.4 with 150 mM NaCl on a 

Superdex 75 Increase 10/300 column.
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Figure 10. 
Oligomer molecular weights vs. elution volumes of peptide 1 and peptides N+1 through N
+14 by SEC (semi-log plot). Elution values and oligomer molecular weight are summarized 

in Supplementary Table 2.
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Figure 11. 
X-ray crystallographic structure of the hexamer formed by peptide N+1 (PDB 6VU4). (A) 

The trimer subunit within the X-ray crystallographic structure of the hexamer formed by 

peptide N+1. (B) The dimer subunit. (C) 2Fo – Fc electron density map contoured at 1.3σ, 

showing His14 in peptide N+1. Rwork: 0.22, Rfree: 0.26, PDB 6VU4.
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