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Effects of Familial Alzheimer’s Disease Mutations on the 
Assembly of a β-Hairpin Peptide Derived from Aβ16–36
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Candace Hart1, James S. Nowick1,2,*

1Department of Chemistry, University of California Irvine, Irvine, CA 92697, United States

2Department of Pharmaceutical Sciences, University of California Irvine, Irvine, CA 92697, United 
States

Abstract

Familial Alzheimer’s disease (FAD) is associated with mutations in the β-amyloid peptide (Aβ) or 

the amyloid precursor protein (APP). FAD mutations of Aβ were incorporated into a macrocyclic 

peptide that mimics a β-hairpin to study FAD point mutations K16N, A21G, E22Δ, E22G, E22Q, 

E22K, and L34V and their effect on assembly, membrane destabilization, and cytotoxicity. The 

X-ray crystallographic structures of the four E22 mutant peptides reveal that the peptides assemble 

to form the same compact hexamer. SDS-PAGE experiments reveal that the mutant FAD peptides 

assemble as trimers or hexamers, with peptides that have greater positive charge assembling as 

more stable hexamers. Mutations that increase the positive charge also increase the cytotoxicity of 

the peptides and their propensity to destabilize lipid membranes.
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Introduction

Familial Alzheimer’s disease (FAD) is insidious, because it results in the onset of the 

devastating neurodegeneration of Alzheimer’s disease (AD) in individuals as young as age 

30 and subsequent death at a young age.1 Approximately 10–15% of early-onset FAD cases 

are caused by point mutations in the β-amyloid (Aβ) region of the amyloid precursor protein 

(APP).2,3 These point mutations impact the oligomerization and fibrilization properties 

of Aβ, which can increase the cytotoxicity of these assemblies and exacerbate disease 

pathology. TEM images reveal that the Aβ mutations K16N, A21G, E22Δ, E22Q, E22K, and 

D23N induce the formation of amorphous aggregates, suggesting that these mutations cause 

an increase in Aβ oligomer formation.5 The A21G and E22K Aβ mutants typically form 

very few fibrils, which are generally in short fibril bundles.6 The E22Δ, E22Q, and L34V Aβ 
mutants have a higher propensity to form fibrils than wild type (WT) Aβ.5 The E22G, E22Q, 

and E22K Aβ mutants exhibit greater cytotoxicity than WT Aβ, and the E22G and E22K 

Aβ mutants are thought to favor the formation of stable oligomers.7,8 While these studies 

indicate that the FAD mutations of Aβ enhance aggregation and cytotoxicity, the relationship 

between the FAD mutations, oligomeric assembly, and cytotoxicity is poorly understood.

To better understand the structures and assembly of Aβ oligomers, our laboratory has 

pioneered macrocyclic peptides that constrain the central and C-terminal regions of Aβ in 

a β-hairpin conformation.9–15 We previously studied macrocyclic β-hairpin peptide 1 which 

is composed of Aβ16–22 and Aβ30–36 β-strands linked together with two δ-linked ornithine 

(δOrn) turn units (Figure 1). Peptide 1 also contains an N-methyl group on the backbone 

of Phe19 to limit uncontrolled aggregation. Peptide 1 is thus designed to mimic an Aβ16–36 

β-hairpin.13,16

Peptide 1 assembles to form hexamers and is cytotoxic. The X-ray crystallographic structure 

of peptide 1 revealed that the peptide assembles to form a tightly packed hexamer.13 A 

hexamer is also observed in SDS-PAGE. Cytotoxicity studies indicate that peptide 1 is 

toxic toward the human neuronal cell line SH-SY5Y.13 Cytotoxicity of peptide 1 and its 
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propensity to form oligomers make it a suitable model system to study the effects of FAD 

point mutations in Aβ.

In the current study, we set out to gain insights into the effect of FAD mutations on 

the cytotoxicity, biophysical behavior, and assembly of Aβ, by preparing and studying 

derivatives of peptide 1 that contain known FAD mutations. Peptide 1 accommodates four 

FAD mutations at position 22 (E22Δ, E22G, E22Q, and E22K), as well as three other FAD 

mutations (K16N, A21G, and L34V). We prepared peptides 1E22D, 1E22G, 1E22K, and 1E22Q 

to study the effect of a series of homologous mutations at position 22 (Figure 2). (The 

E22Δ mutation results in D23 in place of E22 and is thus designated E22D for the mutant 

peptide.) We also prepared and studied peptides 1K16N, 1A21G, and 1L34V. Many of the FAD 

mutations to peptide 1 change the net charge of the peptide at neutral pH (Figure 2). Here we 

describe biological, biophysical, and structural studies of this series of peptide 1 mutants and 

discuss how the findings from these studies may help unravel the relationship between the 

FAD mutations, oligomeric assembly, and cytotoxicity.

Results

X-ray Crystallographic Studies of Peptides 1E22D, 1E22G, 1E22K, and 1E22Q.

X-ray crystallography reveals that peptides 1E22D, 1E22G, 1E22K, and 1E22Q fold to form 

β-hairpins that assemble to form hexamers that are nearly identical to the hexamer formed 

by peptide 1 (Figure 3).13 Upon screening the seven different mutants of peptide 1 in 

over 200 crystallization conditions, we found that only the E22 mutant peptides produced 

crystals suitable for X-ray diffraction, and we successfully solved the X-ray crystallographic 

structures of all E22 mutant peptides: 1E22D, 1E22G, 1E22K, and 1E22Q. Crystallization 

conditions and statistics for all crystal structures are in the Supplemental Information. We 

solved the X-ray crystallographic structure of peptide 1E22Q using molecular replacement 

with a crystallographically observed trimer of peptide 1 as a search model. We used SAD 

phasing to solve the X-ray crystallographic structure of peptide 1E22G, and then used the 

monomer from the asymmetric unit of the peptide 1E22G crystal structure as a search model 

in molecular replacement to solve the structures of peptides 1E22D and 1E22K. The hexamers 

formed by peptide 1 and the E22 mutant peptides consist of a dimer of triangular trimers 

with a hydrophobic core composed of six copies of the side chains of Leu17, Phe19, Ala21, 

Ile31, and Met35.13 All residues at position 22 are solvent exposed and do not contribute 

significantly to the assembly of the hexamers. The close similarity between the hexamers 

formed by these mutants and peptide 1 indicates that peptide 1 can accommodate known 

FAD mutations at position E22 without substantially altering oligomer formation.

Cytotoxicity.

To assess the cytotoxicity of the E22 mutant peptides, we treated human neuroblastoma 

SH-SY5Y cells with varying concentrations of the peptides and measured LDH release, 

a marker for cytotoxicity (Figure 4).13,17 Peptides 1 and 1E22D proved the least toxic, 

exhibiting toxicity at 50 μM. Peptides 1E22G and 1E22Q are more toxic, exhibiting toxicity 

at 25 μM. Peptide 1E22K is the most toxic, exhibiting toxicity at 12.5 μM. Thus, the 

cytotoxicity increases ca. two-fold with each additional positive charge: 1 (+2) ≈ 1E22D 
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(+2) < 1E22G (+3) ≈ 1E22Q (+3) < 1E22K (+4). This correlation between peptide charge and 

cytotoxicity suggests that the charge of mutant Aβ may play a pivotal role in cytotoxicity, 

with mutations that introduce greater positive charge causing greater cytotoxicity.

Membrane Disruption.

The correlation between positive charge and cytotoxicity of the E22 mutant peptides 

suggests a mechanism of toxicity in which the cationic peptides interact with and disrupt 

the cell membranes, a trend that has been observed with peptides containing multiple 

positively charged residues.18–20 To investigate the disruption of membranes by the E22 

mutant peptides, we performed dye leakage assays.21,22 In these assays, large unilamellar 

vesicles (LUVs) — prepared in buffer to encapsulate a fluorescent dye — are exposed to 

varying concentrations of mutant peptide. If mutant peptides destabilize the membranes, the 

encapsulated dye leaks from the LUVs and is detected spectrofluorometrically as an increase 

in fluorescence.

All of the E22 mutant peptides cause dye leakage from negatively charged 1:1 

phosphatidylcholine:phosphatidylserine (PC:PS) LUVs (Figure 5). Peptides 1 and 1E22D 

have EC50 values of 4.41 μM and 3.50 μM respectively. Peptides 1E22G and 1E22Q have 

EC50 values of 1.85 μM and 0.93 μM, which are about half those of peptides 1 and 1E22D. 

Peptide 1E22K is the most active, with an EC50 value of 0.19 μM, which is approximately 

one order of magnitude smaller than those of peptides 1, 1E22D, 1E22G and 1E22Q (Figure 5). 

The trend in dye-leakage activity of the mutant peptides correlates with their cytotoxicity by 

LDH release assays: Peptides 1 and 1E22D (each with a charge of +2) are least destabilizing 

of the LUVs and least cytotoxic; peptides 1E22G and 1E22Q (each with a charge of +3) 

are more destabilizing and more cytotoxic; peptide 1E22K (with a charge of +4) is most 

destabilizing and most cytotoxic. Thus, the mutant peptides bearing greater positive charge 

exhibit greater interaction with and destabilization of the anionic PC:PS LUVs.

To further probe the role of charge in the interactions between the mutant peptides and the 

LUVs, we performed dye leakage assays with the E22 mutant peptides and LUVs composed 

of neutrally charged PC lipids. Peptides 1, 1E22D, 1E22G, 1E22Q, and 1E22K cause less dye 

leakage from neutrally charged PC LUVs than from negatively charged PC:PS LUVs by 

ca. one order of magnitude, with EC50 values greater than 10 μM (Figure 5). The weaker 

interactions with the neutral LUVs further support a model in which charge plays a large 

role in the interactions of the peptides with cellular membranes.

Oligomerization in SDS.

To probe the assembly of the E22 mutant peptides in an anionic lipid environment, we 

turned to SDS-PAGE. Peptide 1 was previously reported to migrate as a hexamer in SDS-

PAGE.13 We ran the E22 mutants and peptide 1 on SDS-PAGE and visualized the bands 

with silver staining to compare the assembly of the peptides. Peptides 1, 1E22D, 1E22G, 

1E22K, and 1E22Q, which all have molecular weights of ca. 1.8 kDa, all migrate as bands at 

roughly 10 kDa (Figure 6). Although there are some small differences among the positions 

of the bands formed by peptide 1 and the E22 mutants, all are roughly consistent with 

the molecular weight expected for hexamers (ca. 10.6 kDa), although oligomers of other 
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sizes (e.g. 4–8-mers) cannot be ruled out. The bands differ in appearance, with peptides 1 
and 1E22D forming comet-shaped bands that streak downward, and peptides 1E22G, 1E22Q, 

and 1E22K forming more compact bands. The streaky appearance of the bands formed by 

peptides 1 and 1E22D may reflect that the hexamers formed by these peptides are less 

stable, equilibrating with monomer or lower-order oligomers as these less charged (+2) 

peptides migrate through the gel. The hexamers formed by peptides 1E22G, 1E22K, and 

1E22Q are more stable, with less propensity to equilibrate with monomer or lower order 

oligomers. These observations suggest that the anionic SDS better stabilizes the more 

positively charged hexamers formed by the more positively charged mutants.

To further assess the relative stabilities of the hexamers formed by peptides 1, 1E22D, 1E22G, 

1E22K, and 1E22Q in SDS-PAGE, we ran peptide 1 and each of the E22 mutants at varying 

concentrations (Figure 7). Peptide 1E22K appears as a compact band at concentrations 

ranging from 0.2 mg/mL to 0.025 mg/mL, with no variation in position of the lower edge of 

each band and little shift in the upper edge of the band as the concentration decreases. The 

lower edge of each band aligns with the 10 kDa ladder band, consistent with the formation 

of a hexamer (10.6 kDa). Peptides 1, 1E22D, 1E22G, and 1E22Q stained less intensely in these 

experiments and were thus run at concentrations ranging from 0.4 mg/mL to 0.05 mg/mL. 

Peptides 1 and 1E22D appear as less compact bands, with no variation in position of the 

lower edge of each band but substantial variation in the upper edge. The lower edge of each 

band falls between the 10 kDa and 4.6 kDa ladder bands, suggesting an equilibrium favoring 

a lower order oligomer at lower concentrations. Peptides 1E22G and 1E22Q also appear as 

less compact bands, with the lower edge of each band falling somewhat below the 10 kDa 

ladder band. Collectively, these concentration-based SDS-PAGE experiments suggest that 

the hexamers formed by peptide 1E22K are most stable, with decreasing stability of the 

hexamers correlating with decreasing net charge: 1E22K (+4) > 1E22G (+3) ≈ 1E22Q (+3) > 

1E22D (+2) ≈ 1 (+2).

Folding.

The crystallographic oligomers formed by peptides 1, 1E22D, 1E22G, 1E22Q, and 1E22K 

are composed of folded β-hairpins. To determine if the mutant peptides fold in a similar 

fashion in aqueous solution, we performed circular dichroism (CD) spectroscopy.24,25 The 

CD spectra reveal that peptides 1, 1E22D, 1E22G, 1E22Q, and 1E22K all exhibit some β-sheet 

character (Figure 8). Peptides 1 and 1E22D primarily show canonical β-sheet character by 

CD, as indicated by minima at ~218 nm. Peptides 1 and 1E22D have additional dips at ~190 

nm, indicating that the peptides also have partial random coil character. Peptides 1E22G 

and 1E22Q have two dips, with minima at ~218 nm and ~190–200 nm, indicating that the 

peptides have significant random coil character in addition to β-sheet character. Peptide 

1E22K has a broad minimum from ~205–215 nm, also suggesting the presence of both 

β-sheet and random coil character. Collectively, the CD spectra suggest that peptides with 

similar charge have similar folding patterns, with the peptides with +2 charge (1 and 1E22D) 

exhibiting the greatest degree of β-sheet folding in solution.
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Assembly in Solution.

To investigate how the E22 mutant peptides assemble in aqueous solution, we turned to size 

exclusion chromatography (SEC). We ran cytochrome c (12.4 kDa), aprotinin (6.5 kDa), and 

vitamin B12 (1.3 kDa) as molecular weight markers in these experiments, to help determine 

whether the peptides (ca. 1.8 kDa each) ran as monomers or oligomers. Peptide 1E22K (+4) 

elutes as a single peak at 20.5 mL (Figure 9C). The peak elutes after the vitamin B12 size 

standard (19.5 mL) and tails beyond 25 mL, suggesting that the peptide runs as a monomer 

but sticks to the column. Peptide 1E22G shows a major peak at 22.0 mL, but also show 

smaller peaks at 19.5 and 17.5 mL (Figure 9B). These peaks elute after the aprotinin size 

standard (16.0 mL), suggesting the presence of dimer and trimer, in addition to monomer. 

Peptide 1E22Q also shows a major peak at 22.3 mL and somewhat smaller peaks at 19.5 

and 17.5 mL, suggesting the presence of monomer, dimer, and trimer (Figure 9B). Peptide 1 
(+2) also shows three peaks (19.3, 17.5, and 16.2 mL), suggesting the presence of monomer, 

dimer, and trimer (Figure 9A). Peptide 1E22D (+2) shows only two peaks (19.8 and 17.8 

mL), suggesting the presence of monomer and dimer or trimer (Figure 9A).

In contrast to SDS-PAGE, none of the peptides appear to run as hexamers in SEC, and 

the most highly charged peptide, 1E22K, exhibits the least self-assembly. In SDS-PAGE, 

the amphiphilic dodecylsulfate anion appears to facilitate the assembly of the more cationic 

peptides, while in aqueous solution, the most charged peptide is mostly or completely 

monomeric.

Peptides 1K16N, 1A21G, and 1L34V.

We studied peptides 1K16N, 1A21G, and 1L34V in a similar fashion to peptide 1 and the E22 

mutant peptides. None of these peptides afforded crystals suitable for X-ray crystallography. 

Cytotoxicity, membrane disruption, and SEC studies of peptides 1K16N and 1L34V were 

limited by poor solubility. For these reasons, studies of peptides 1K16N, 1A21G, and 1L34V 

were less illuminating than studies of the E22 mutants.

Peptide 1A21G (+2) proved toxic toward SH-SY5Y cells at 50 uM as assessed by an LDH-

release assay (Figure 10A). Peptides 1k16N (+1) and 1L34V (+2) showed no toxicity at 50 

uM when the peptides were prepared in water or in DMSO (Figures 10A and S1). Peptides 

1K16N and 1L34V exhibited poor solubility in water and in buffer. We attempted to mitigate 

the peptide insolubilities by preparing peptides 1K16N and 1L34V in DMSO. When the 

DMSO stock solutions were diluted into the culture media, precipitation was not observed. 

Nevertheless, it was not possible to determine whether the peptides were fully solubilized 

in the assay media by this procedure and whether the cells received exposure to 50 uM of 

the peptide. Thus, the lack of apparent toxicity of peptide 1K16N might reflect either the low 

(+1) charge of this peptide or its poor solubility. The lack of apparent toxicity of peptide 

1L34V is surprising because peptide 1L34V is identical in charge to peptides 1, 1E22D, and 

1A21G, and the leucine-to-valine mutation differs only by a single methylene group. The 

poor solubility of peptide 1L34V may account for its apparent lack of toxicity.

Peptide 1A21G proved more destabilizing of PC:PS LUVs than the other peptides bearing 

+2 charge (EC50 = 1.9 μM, vs. 4.4 μM for peptide 1 and 3.5 μM for peptide 1E22D). The 
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EC50 of peptide 1A21G is comparable to the +3 charged peptide 1E22G, albeit less than the 

+3 charged peptide 1E22Q (Figures 5 & 10B). Peptides 1K16N (+1) and 1L34V (+2) do not 

cause membrane destabilization as readily as the other mutant peptides (EC50 ~ 12 μM). The 

lower solubilities of these peptides or lower charge of peptide 1K16N (+1) may account for 

the modest activity of these peptides.

Peptides 1A21G, 1K16N, and 1L34V assemble to form oligomers in the presence of SDS 

(Figure 10C). When run at a concentration of 0.4 mg/mL, peptides 1A21G (+2) and 1L34V 

(+2) migrate as comet-shaped bands that approach the 10 kDa ladder band. At 0.4 mg/mL, 

peptide 1KI6N (+1) migrates between the 4.6 and 10 kDa ladder bands. As seen with other 

mutant peptides that have a net charge of +3 or lower, peptide 1A21G (+2) also migrates 

as bands that decrease in apparent MW upon decrease in peptide concentration, from 0.4 

mg/mL to 0.2, 0.1, and 0.05 mg/mL.

Peptides 1A21G, 1L34V, and 1K16N have β-sheet character by CD spectroscopy, as all these 

mutant peptide spectra have bands with minima at ~218 nm (Figure 10D). Peptide 1L34V 

appears to have the greatest β-sheet character, as the spectra has only one band at ~218 nm. 

Peptides 1A21G and 1K16N both have additional dips at ~190 nm, indicating that the peptides 

also have random coil character.

Peptide 1A21G shows two peaks (19.2 mL and 17.7 mL) by SEC (Figure 10E), and peptides 

1L34V and 1KI6N were not run on SEC because the peptides were insoluble in the column 

running buffer. The peaks of peptide 1A21G suggest the presence of monomer and dimer or 

trimer, similar to other mutant peptides with a charge of +2.

Discussion

Although familial mutations of Aβ result in dramatic differences in the onset of Alzheimer’s 

disease, incorporation of several of these mutations into a β-hairpin peptide derived from 

Aβ16–36 does not result in dramatic differences in behavior of the peptides. Peptides 

containing each of the four familial mutations at position 22 assemble to form similar 

hexamers in the crystal state and appear to assemble to form hexamers in the lipid 

environment provided by SDS-PAGE. Three of the four E22 mutant hexamers have greater 

net positive charge and appear to be more stable in lipid environments than those formed 

by the wild type peptide 1. The more positively charged E22 mutants also interact 

more strongly with lipids and are more toxic toward cells. These differences may reflect 

differences in behavior of the hexamers, although interactions of the monomers cannot be 

excluded.

The differences observed among the E22 mutants may shed light on the differences in 

behavior of the corresponding familial mutants of full-length Aβ. Most notable among the 

differences in the E22 mutants is the disruption of lipid bilayer membranes of anionic 

LUVs. Mechanisms of cytotoxicity caused by oligomers of full-length Aβ are thought to 

involve disruption of membrane integrity, calcium dysregulation, and pore formation.26–36 

We envision that peptides 1, 1E22D, 1E22G, 1E22K, and 1E22Q may cause membrane 

destabilization and cytotoxicity through similar mechanisms — insertion into membranes 
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as hexamers or the corresponding dimer or trimer subunits, followed by disruption of 

membrane integrity.

The changes in charge among the E22 mutants mirror changes in charge of mutants of 

full-length Aβ. Although Aβ has a net negative charge at physiological pH (~7.4), many of 

the mutations in FAD make the net charge of Aβ less negative. These differences in charge 

are significant, because the charged state of a peptide dictates how it can associate with and 

destabilize cell membranes. Aβ is calculated to have a charge of ca. −3 at physiological 

pH.37 Six out of the twelve FAD mutations of Aβ (D7N, E11K, E22G, E22K, E22Q, and 

D23N) involve the loss of an acidic residue in exchange for a neutral or basic residue. 

One FAD mutation (E22Δ) is simply a deletion of an acidic residue without replacement. 

All of these mutations thus cause a one- or two-unit diminution in the negative charge of 

Aβ, from −3 to −2 or −1.37 Only two FAD mutations (H6R and K16N) occur at basic 

residues, which are replaced with another basic residue or a neutral residue, resulting in no 

change or a greater negative charge. The remaining three FAD mutations (A2V, A21G, and 

L34V) involve the exchange of a neutral residue for a neutral residue. Thus, over half of the 

FAD mutations make the net charge of the Aβ peptide less negative and can increase the 

propensity of the peptide to associate with cell membranes.

Oligomers of Aβ are thought to be central to the neurodegeneration in Alzheimer’s 

disease.38,39 The model system provided by the macrocyclic β-hairpin peptides in this study 

offers a window into the oligomerization of Aβ bearing a variety of familial mutations. It 

should, of course, be noted that the model system has a number of limitations, because 

it contains conformational constraints and lacks key residues that comprise Aβ. For 

example, it lacks Lys28, which could form a salt bridge with GIU22 or Asp23 in full-length 

Aβ. Furthermore, the conformational constraints provided by macrocyclization limit the 

potential to form alternative hydrogen-bonding patterns, shift the registration of the paired 

amino acids, or switch of solvent-exposed residues. Nevertheless, the model system allows 

comparison of the effects of the familial mutations upon oligomerization with a level of 

detail and control that would not be possible with full-length Aβ.

Conclusions

Macrocyclic β-hairpin peptides derived from Aβ16–36 allow the mimicry of many of the 

known familial mutants of Aβ and exhibit meaningful trends among the closely related 

E22 mutants. The E22 mutations change the net charge of the peptides but do not alter the 

propensity of the peptides to assemble as hexamers in the solid state or to form hexamers 

in the lipid environment of SDS. Instead, changing the net charge of the peptides alters 

the degree of interaction of the peptide with lipid membranes, leading to greater activity in 

dye-leakage assays and greater cytotoxicity. In aqueous solution, the E22 mutant peptides do 

not appear to form well defined oligomers and exhibit variable degrees of β-sheet folding. 

The K16N, A21G, and L34V mutant peptides offered less meaningful insights than the E22 

mutants.

The hexamers formed by the E22 mutant peptides parallel the observation of hexamers of 

biogenic Aβ and the corresponding E22 mutants in SDS-PAGE.40 Although the structures of 
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the hexamers formed by full-length Aβ peptides are not known, a variety of studies suggest 

that β-hairpins are building blocks of some Aβ oligomers.41–43 The lipid environments 

provided by SDS and LUVs arguably provide more biologically relevant systems in which 

to study Aβ and peptides derived from Aβ than purely aqueous environments, because 

lipids constitute 50% of the dry weight of the brain and the amyloid precursor protein from 

which Aβ is generated is membrane-bound.44–46 Our findings from studying the E22 mutant 

peptides may provide clues about why these mutants lead to enhanced neurodegeneration 

in FAD, as they suggest a greater degree of interaction of the mutant peptides or their 

oligomeric assemblies with the membranes of neurons and other cells in the brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design of macrocyclic β-hairpin peptide 1 based on an Aβ16–36 β-hairpin. (A) Chemical 

structure of an Aβ16–36 β-hairpin. (B) Chemical structure of peptide 1. The δOrn that is 

colored green replaces the Aβ23–29 loop.
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Figure 2. 
β-Hairpin peptides incorporating FAD mutations. Mutated residues are shown in green, R 

= residue. The net charge at neutral pH corresponds to the number of ammonium groups 

minus number of carboxylate groups.
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Figure 3. 
X-ray crystallographic structures of the compact hexamers formed by peptides 1, 1E22D, 

1E22G, 1E22Q, and 1E22K. Peptide 1, purple (PDB ID 5W4H); peptide 1E22D, violet (PDB 

ID 7JQS); peptide 1E22G, teal (PDB ID 7JQR); peptide 1E22Q, light green (PDB ID 7JQU); 

peptide 1E22K, yellow (PDB ID 7JQT).
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Figure 4. 
Cytotoxicity of mutant peptides as assessed by LDH release assays. (A) Toxicity profiles 

of peptides 1, 1E22D, 1E22G, 1E22Q, and 1E22K at 50 and 25 μM. (B) Toxicity profiles of 

peptides 1E22G, 1E22Q, and 1E22K at 50, 25, 12.5, 6.25, and 3.13 μM. Each dot represents 

a single data point of five technical replicates, the horizontal black bars represent means, 

and the colored error bars represent standard deviations. Water served as a negative vehicle 

control and lysis buffer was the positive control.
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Figure 5. 
Membrane destabilization by mutant peptides as determined by dye-leakage assays. Large 

unilamellar vesicles (LUVs) consisting of either 1:1 PC:PS (negatively charged) or PC 

(neutrally charged) lipids and containing calcein were treated with peptides 1, 1E22D, 1E22G, 

1E22Q, and 1E22K at varying concentrations, and dye leakage was assessed by an increase 

in fluorescence. Peptides were prepared at various concentrations in Tris buffer (10 mM 

Tris pH 7.4, 150 mM NaCl, 1 mM EDTA) and incubated with LUVs containing 70 mM 

calcein. Fluorescence intensity was then measured at an emission wavelength of 520 nm and 

an excitation wavelength of 490 nm. The data were normalized by assigning the lysis buffer 

positive control as 100% dye leakage and the water negative control as 0% dye leakage. 

Data points represent averages of three replicate runs, error bars represent corresponding 

standard deviations (but are obscured by data points), and curves show nonlinear regression 

fits to the data. EC50 values for each peptide are shown under the peptide’s name.
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Figure 6. 
Oligomeric assembly of peptide 1 and mutant peptides as visualized by SDS-PAGE. Mutant 

peptides were prepared to final concentrations of 0.2 mg/mL and 5 μL of each peptide was 

run on the gel. Peptide bands were visualized using silver staining.23
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Figure 7. 
Effect of concentration on E22 mutant peptide oligomer assembly as assessed by SDS-

PAGE. A 5 μL aliquot of each peptide concentration was run on the gel. Peptide bands were 

visualized using silver staining: (A) Peptide 1. (B) Peptide 1E22D. (C) Peptide 1E22G. (D) 

Peptide 1E22Q. (E) Peptide 1E22K.
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Figure 8. 
CD spectra of peptides 1, 1E22D, 1E22G, 1E22Q, and 1E22K. Spectra were acquired at peptide 

concentrations of 50 μM in 10 mM sodium phosphate buffer at pH 7.4 at 25°C.
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Figure 9. 
SEC chromatograms of peptide 1 and 1E22D (A), peptides 1E22G and 1E22Q (B), and peptide 

1E22K (C). Peptides were prepared at 1.0 mg/mL in 50 mM Tris buffer (pH 7.4) with 

150 mM NaCl and run on a Superdex 75 10/300 column. Absorbance was recorded at 

214 nm, and the chromatogram for each peptide was normalized. Cytochrome c, aprotinin, 

and vitamin B12 were included as molecular weight markers. Each mutant peptide has a 

molecular weight of ca. 1.8 kDa.
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Figure 10. 
Studies of peptides 1K16N, 1A21G, and 1L34V. (A) Toxicities of peptides at 50 μM as 

assessed by LDH-release assays. (B) Membrane destabilization of mutant peptides as 

determined by dye-leakage assays with 1:1 PC:PS LUVs. (C) Effect of concentration on 

peptide oligomer assembly as assessed by SDS-PAGE. (D) CD spectra of peptides 1, 1K16N, 

1A21G, and 1L34V at 50 μM in 10 mM sodium phosphate buffer at pH 7.4 at 25°C. (E) SEC 

chromatograms of peptides 1 and 1A21G.
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