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Macrocyclic Peptides Derived from Familial Alzheimer’s Disease
Mutants Show Charge-Dependent Oligomeric Assembly and
Toxicity
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N. Ashby?, Mohamed Laayouni?, James S. NowickaP

aDepartment of Chemistry, University of California, Irvine, Irvine, California 92697, United States

bDepartment of Pharmaceutical Sciences, University of California, Irvine, Irvine, California 92697,
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Abstract

This work probes the role of charge in the oligomeric assembly, toxicity, and membrane
destabilization of a series of peptides derived from AP and the E22Q and E22K familial mutants.
In the mutant AP peptides, an acidic residue (E) is replaced with either a neutral or basic
residue (Q or K), thus altering the net charge of the peptide. Acetylation at peripheral positions
permits modulation of charge of the peptides and allows investigation of the role of charge in
their oligomeric assembly, cytotoxicity, and membrane disruption. Peptides with the same net
charge generally behave similarly even if the amino acid residue at position 22 differs. As the
net charge of the peptide decreases, so does the extent of assembly, cytotoxicity, and membrane
destabilization, which were determined using SDS-PAGE, LDH-release assays with SH-SY5Y
cells, and dye leakage assays using liposomes. These findings suggest that the charge of the
amino acid side chain, rather than its size or hydrophobicity, accounts for the differences in the
oligomeric assembly and toxicity of the E22 familial mutants of Ap.
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INTRODUCTION

Charge plays an essential role in molecular recognition. Phosphorylation of receptor-
tyrosine kinases triggers the transduction of signals that allow the release of growth factors
and hormones like insulin by converting neutral hydroxy groups to anionic phosphate
groups.! Removal of these phosphate groups by phosphatases halts downstream signaling.?
C-terminal amidation increases the binding affinity of corticotropin-releasing hormone,
thyrotropin-releasing hormone, and other peptide hormones to their G-protein coupled
receptors and thus enhances cell signaling by eliminating the negative charge of the C-
terminal carboxylate group.3 Acetylation of the positively charged ammonium groups of
the lysine residues of histone proteins by acetyltransferases increases gene expression by
reducing the electrostatic interactions between those proteins and DNA.# Removal of the
acetyl groups by histone deacetylases has the opposite effect.*

In the current study, we set out to use acetylation to study the impact of charge on the
oligomerization and toxicity of peptides derived from familial Alzheimer’s disease (FAD)
mutants of AB. Amyloid oligomers are the result of protein misfolding and aggregation, and
these oligomers are critical to study because they have been implicated in the pathogenesis
of amyloid diseases such as Alzheimer’s disease.?6:" Due to the transient and heterogeneous
nature of these oligomers, evaluating how they assemble and exert their toxic effects has
been challenging.8

We had previously found that a B-hairpin peptide derived from AB1s_36, peptide 1a,
assembles in both the crystal state and in SDS-PAGE to form a hexamer (Figure 1).°

The formation of a hexamer is significant, as hexamer formation has been shown to be an
early step in the self-assembly of AB.10-16 We recently found that introduction of familial
Alzheimer’s disease mutations at position 22 of peptide 1a alters its oligomeric assembly
and cytotoxicity.1” In this study, we compared a peptide derived from wild-type AB (peptide
1a) to peptides containing the E22Q and E22K mutations (peptides 2a and 3a) and found
increasing toxicities across this series of peptides, all of which form hexamers. Each of
these macrocyclic peptides is composed of two heptapeptide strands (AP1g-22 and AB3zo-36)
joined by &-linked ornithine turn units (80rn).18.19 ALMethylation of the peptide backbone
attenuates uncontrolled aggregation.29 The peptides differ only in the residue at position 22.
The resulting increasing charge of the peptides at physiological pH (+2, peptide 1a; +3,
peptide 2a; +4 peptide 3a) correlates with increasing toxicity toward SH-SY5Y cells in an
LDH-release assay and increasing membrane disruption of negatively charged LUVs in a
dye leakage assay.
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Familial mutations at position 22 have also been studied extensively by other researchers.
The E22G, E22Q, and E22K mutants of Ap1_40 and AP1_42 aggregate into oligomers at
faster rates than wild-type Ap and have enhanced cellular toxicity.21-36 Some studies have
attributed the enhanced aggregation rates and toxicity of the E22G and E22Q mutants in part
to the greater hydrophobicity of the glycine and glutamine residues relative to the charged
glutamic acid residue.22:32:34.36 A separate study has attributed the increased aggregation
rates of the E22G, E22Q, and E22K mutants primarily to differences in the size of the
amino acid residues.?8 The authors of that study suggest that as the steric bulk of the

side chain decreases, the rate of aggregation increases. Still other studies suggest that the
charges of the amino acid residues are responsible for the differences in the aggregation
rates and toxicities of the peptides.21:33 Replacement of the charged glutamic acid residue
with a neutral glycine or glutamine may reduce the electrostatic repulsion between adjacent
peptides in the oligomeric state, and thus stabilize the oligomer.21 Although replacement

of glutamic acid with lysine might not eliminate electrostatic repulsion among adjacent
peptides, the researchers suggest that the greater conformational freedom of the lysine side
chain lessens this repulsion.

Mutations in the E22 residue concurrently alter the hydrophobicity, size, and charge of the
side chain, making it challenging to identify the principal factor responsible for the observed
differences in the aggregation rates and toxicities of the E22 mutants. Methods other than
amino acid mutation are needed to understand the contribution of the individual factors.
Herein, we probe the role of charge in the oligomeric assembly and toxicity of the E22
mutants of AB by varying the charges of the peptides 1a, 2a, and 3a without varying the
residue at position 22. To alter the net charge of the peptides, we acetylated the a-amino
group of either or both of the 8Orn residues in peptides 1a, 2a, and 3a (Figure 2).37 Peptides
1b, 2b, and 3b are acetylated on the top strand, peptides 1c, 2¢, and 3c are acetylated on

the bottom strand, and peptides 1d, 2d, and 3d are acetylated on both strands. This approach
allows for a controlled decrease of net charge without altering amino acid sequence.

RESULTS AND DISCUSSION

SDS-PAGE.

We evaluated the effects of charge on the assembly, toxicity, and membrane destabilization
of peptides 1-3 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
LDH-release assays with SH-SY5Y cells, and dye leakage assays using liposomes.

We assessed how the net charges of the twelve peptides affect the propensity of these
peptides to assemble into oligomers using SDS-PAGE. In SDS-PAGE, non-acetylated
peptides 1a, 2a, and 3a all migrate near the 10 kDa marker band at molecular weights
consistent with hexamers (~10.6 kDa) although the shapes of the bands differ (Figure

3). Peptide la forms a band in which the higher molecular weight region is rounded and
intense and the lower molecular weight region is more diffuse, suggesting a hexamer in
equilibrium with lower-order oligomers. The comet-like appearance of this band suggests
that lower-order oligomers are in rapid equilibrium with the hexamer and migrate more
quickly as the band migrates down the gel. As the lower-order oligomers migrate more
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quickly, they become more dilute, peeling away from the more concentrated region of

the band. The greater dilution shifts the equilibrium further toward lower order oligomers,
leading to yet more rapid migration and the formation of an elongated diffuse region. In
contrast to peptide 1a, peptides 2a and 3a form tighter bands, suggesting the formation of
more stable hexamers. The more compact shape of these bands suggests that the equilibrium
more strongly favors the hexamer over lower-order oligomers.

The diacetylated peptides 1d, 2d, and 3d migrate lower on the gels than their non-acetylated
counterparts. Peptide 1d forms a tight band that migrates near the 4.6 kDa marker band at
a molecular weight consistent with a trimer (~5.6 kDa). Peptides 2d and 3d form elongated
bands that migrate slightly below the 10 kDa marker band. The elongated bands formed by
peptides 2d and 3d have a more intense higher molecular weight region and a more diffuse
lower molecular weight region, similar to the band formed by peptide 1a. The different net
charges of peptide 1a (+2) and peptide 1d (0) appear to be responsible for the differences
in the oligomeric assemblies of the two peptides on the gel. Differences in net charge also
appear to be responsible for the different shapes of the bands formed by peptides 2a and
2d, and by peptides 3a and 3d. The change in the shape of the bands from tighter to more
elongated also correlates with a reduction in the net charge of the peptides (+4, peptide 3a
vs. +2 peptide 3d; +3, peptide 2a vs. +1, peptide 2d), suggesting that greater net charge
imparts greater stability to the hexamers in SDS.

The monoacetylated peptides 1b and 1c migrate differently in SDS-PAGE, even though both
peptides have the same net charge (+1). Peptide 1b migrates as an elongated band above

the 10 kDa marker band and slightly above peptide la, while peptide 1c migrates as an
elongated band at the 4.6 kDa marker band. Peptide 2b also migrates as an elongated band
above the 10 kDa marker band and slightly above peptide 2a, while peptide 2c migrates as

a comet-shaped band below the 10 kDa marker band. Peptides 3b and 3c show similar, but
less pronounced differences in migration. The differences in migration of each of these pairs
of peptides is surprising, because both members of each pair have comparable net charge.
The differences in their behavior suggest that the position of acetylation may also have an
effect upon the oligomeric assembly of the peptides.

We treated SH-SY5Y cells with peptides 1-3 to assess how the cytotoxicity of the peptides
correlates with their net charges. Of the non-acetylated peptides, peptide 1a proved the
least cytotoxic, exhibiting toxicity at 50 uM (Figure 4). Peptide 2a is more toxic, exhibiting
toxicity at 25 uM. Peptide 3a is the most toxic of the non-acetylated peptides, exhibiting
toxicity at 12.5 uM. The increasing cytotoxicity correlates with the increasing net charge of
the peptides: +2, peptide 1a; +3, peptide 2a; +4 peptide 3a.

The acetylated variants of peptides 1a, 2a, and 3a are less toxic than their non-acetylated
counterparts. Peptides 1b, 1c, and 1d do not exhibit toxicity at any of the concentrations
tested. Peptide 2b exhibits toxicity at 25 uM, and peptides 2c and 2d exhibit toxicity at 50
UM. Peptides 3b and 3c exhibit toxicity at 25 pM, and peptide 3d exhibits toxicity at 50
1M.38 The cytotoxicities thus increase with the increasing net charges of the peptides. The
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peptides with net charges of +1 or 0 do not exhibit toxicity at any of the concentrations
tested (peptides 1b, 1c, and 1d), except for peptide 2d which exhibits toxicity at 50 UM.
The peptides with a net charge of +2 (peptides la, 2c, and 3d) exhibit toxicity at 50 UM,
except peptide 2b which also exhibits toxicity at 25 uM. The peptides with a net charge of
+3 (peptides 2a, 3b, and 3c) exhibit toxicity at 25 pM.

Membrane Destabilization.

The cytotoxicity of AR is associated with the binding to and disruption of cell membranes,
and previous studies have demonstrated that AB binds and disrupts negatively charged lipid
bilayers to a greater extent than neutrally charged ones.3%-4° To investigate whether the
cytotoxicity of peptides 1-3 in our study also correlates with membrane disruption, we
assessed the extent to which the peptides destabilize the membranes of negatively charged
large unilamellar vesicles (LUVs) composed of 1:1 phosphatidylcholine :phosphatidylserine
(PC:PS) in a dye leakage assay. In a dye leakage assay, LUVs encapsulating a fluorescent
dye are exposed to increasing concentrations of peptide. Destabilization of the membranes
of the LUVSs by the peptides releases the encapsulated dye, and the reduced self-quenching
and increased fluorescence is detected spectrophotometrically.2? Lysis buffer is used as a
positive control and is normalized to 100% dye leakage; water is used as a negative control
and is normalized to 0% dye leakage. A nonlinear regression curve is fit to the normalized
data points for each peptide. The effective concentrations at which the non-acetylated
peptides cause 50% dye leakage (ECsg) are 1.63 uM for peptide 1a, 0.52 uM for peptide
2a, and 0.21 uM for peptide 3a (Figure 5). The membrane destabilization by these peptides
follows the same trend as their cytotoxicities and correlates with their increasing net charge
(+2, peptide 1a; +3, peptide 2a; +4 peptide 3a).

The acetylated variants of peptides 1a, 2a, and 3a cause membrane destabilization at higher
concentrations than their non-acetylated counterparts. The ECsq values for peptides 1b, 1c,

and 1d are 5.35 UM, 4.95 uM, and 36.87 UM, respectively. The ECsgq values for peptides for
peptides 2b, 2c, and 2d are 2.14 uM, 1.87 uM, and 5.12 uM, respectively. The ECsg values

for peptides 3b, 3c, and 3d are 0.83 uM, 0.62 uM, and 2.15 UM, respectively.

The concentrations at which peptides 1-3 destabilize negatively charged membranes
correlate strongly with their net positive charges, suggesting a direct relationship with the
degree of electrostatic interaction between the peptide and the membranes. The peptides
with a net charge of +3 (peptides 2a, 3b, and 3c) have ECsq values below that of the peptide
with a net charge of +4 (peptide 3a) and above those of the peptides with a net charge of

+2 (peptides 1a, 2b, 2¢, and 3d). The peptides with a net charge of +2 have ECsg values
below those of the peptides with a net charge of +3 and above those of the peptides with a
net charge of +1 (peptides 1b, 1c, and 2d). The peptides with a net charge of +1 have ECsg
values below those of the peptides with a net charge of +2 and above that of the peptide with
a net charge of 0 (peptide 1d).

SUMMARY AND CONCLUSION

Acetylation permits the modulation of charge within a series of peptides derived from
AP familial mutants and allows the investigation of the role of charge in their oligomeric
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assembly, cytotoxicity, and membrane disruption. By SDS-PAGE all of the peptides ran

on the gel with molecular weights consistent with a hexamer except peptides 1c and 1d
which were consistent with a trimer. Differences in the oligomeric assemblies between the
non-acetylated and diacetylated peptides correlate with the differences in the net charges

of the peptides. However, the position of acetylation also appears to affect the oligomeric
assemblies, because each pair of monoacetylated peptides (1b and 1c, 2b and 2c, 3b and 3c),
despite having the same net charge, migrated differently. In cytotoxicity studies, the peptides
exhibited increasing cytotoxicity with increasing net charge. Dye leakage experiments
revealed that a greater propensity to cause membrane destabilization correlates strongly
with net charge.

From these studies, a model emerges in which the net charge of peptides 1-3, rather than
the residue at position 22, is the primary determinant of oligomer stability in SDS-PAGE,
membrane interaction, and cytotoxicity. The greater interaction of the more positively
charged peptides with the membranes of liposomes may explain the greater cytotoxicity

of the peptides through greater interaction with cell membranes. The similar behavior of the
peptides with the same net charge, indicates that the differences in size and hydrophobicity
of the different amino acids at position 22 are relatively unimportant in peptides 1-3. These
results further suggest that differences in charge imparted by E22 mutation are the primary
driving force in differences in the oligomeric assembly and toxicity of the E22 familial
mutants of AB.

METHODS

Procedures for the synthesis of peptides 1-3, SDS-PAGE, cytotoxicity, and dye leakage are
included in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

We thank the National Institutes of Health (NIH) National Institute of General Medical Sciences (NIGMS) for
funding (Grant GM097562) and the National Institute on Aging (Grant RFIAG072587).

REFERENCES AND NOTES

1. Ullrich A; Schlessinger J Signal Transduction by Receptors with Tyrosine Kinase Activity. Cell
1990, 61, 203-212. [PubMed: 2158859]

2. Goldstein BJ; Ahmad F; Ding W; Li P; Zhang W Regulation of the Insulin Signalling Pathway by
Cellular Protein-Tyrosine Phosphatases. Mol. Cell. Biochem 1998, 182, 91-99. [PubMed: 9609118]

3. Eipper BA; Staffers DA; Mains RE The Biosynthesis of Neuropeptides: Peptide a-Amidation.
Annu. Rev. Neurosci 1992, 15, 57-85. [PubMed: 1575450]

4. Wade PA; Pruss D; Wolffe AP Histone Acetylation: Chromatin in Action. Trends Biochem. Sci
1997, 22, 128-132. [PubMed: 9149532]

5. Benilova I; Karran E; De Strooper B The Toxic AR Oligomer and Alzheimer’s Disease: An Emperor
in Need of Clothes. Nat. Neurosci 2012, 15, 349-357. [PubMed: 22286176]

ACS Chem Neurosci. Author manuscript; available in PMC 2023 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Howitz et al.

Page 7

6. Nguyen PH; Ramamoorthy A; Sahoo BR; Zheng J; Faller P; Straub JE; Dominguez L; Shea J;

Dokholyan NV; De Simone A; Ma B; Nussinov R; Najafi S; Ngo ST; Loquet A; Chiricotto M;
Ganguly P; McCarty J; Li MS; Hall C; Wang Y; Miller Y; Melchionna S; Habenstein B; Timr

S; Chen J; Hnath B; Strodel B; Kayed R; Lesné S; Wei G; Sterpone F Doig AJ; Derreumaux

P Amyloid Oligomers: A Joint Experimental/Computational Perspective on Alzheimer’s Disease,
Parkinson’s Disease, Type Il Diabetes, and Amyotrophic Lateral Sclerosis. Chem Rev 2021, 121,
2545-2647. [PubMed: 33543942]

. Morgan GJ Transient Disorder along Pathways to Amyloid. Biophys. Chem 2022, 281, 106711.

[PubMed: 34839162]

8. For a representative discussion on the topic of Ap oligomers, please see (a)Cawood EE;

9.

10

11.

12.

13.

14.

15.

16.

17.

18.

Karamanos TK; Wilson AJ; Radford SE Visualizing and Trapping Transient Oligomers in Amyloid
Assembly Pathways. Biophys. Chem 2021, 268, 106505. [PubMed: 33220582] (b)Sahoo BR;

Cox SJ; Ramamoorthy A High-resolution Probing of Early Events in Amyloid-p Aggregation
Related to Alzheimer’s Disease. Chem. Commun 2020, 56, 4627-4639.(c)Kotler SA; Brender JR;
Vivekanandan S; Suzuki Y; Yamamoto K; Monette M; Krishnamoorthy J; Walsh P; Cauble M;
Banaszak Holl MM, Marsh NG; Ramamoorthy A High-resolution NMR Characterization of Low
Abundance Oligomers of Amyloid- without Purification. Sci. Rep 2015, 5, 11811. [PubMed:
26138908] (d)Katzmarski N; Ziegler-Waldkirch S; Scheffler N; Witt C; Abou-Ajram C; Nuscher B;
Prinz M; Haass C; Meyer-Luehmann M AP Oligomers Trigger and Accelerate AP Seeding. Brain
Pathol 2020, 30, 36-45. [PubMed: 31099449] (e)Fantini J; Chahinian H; Yahi N Progress toward
Alzheimer’s Disease Treatment: Leveraging the Achilles’ Heel of Ap Oligomers? Protein Sci 2020,
29, 1748-1759. [PubMed: 32567070] (f)Fatafita FL; Kav B; Bundschuh BF; Loschwitz J; Strodel B
Disorder-to-Order Transition of the Amyloid-p Peptide upon Lipid Binding. Biophys. Chem 2022,
280, 106700. [PubMed: 34784548] (g)Camino JD; Gracia P; Cremades N The Role of Water in the
Primary Nucleation of Protein Amyloid Aggregation. Biophys. Chem 2021, 269, 106520. [PubMed:
33341693]

Kreutzer AG; Spencer RK; McKnelly KJ; Yoo S; Hamza IL; Salveson PS; Nowick JS A Hexamer of
a Peptide Derived from AB16-36. Biochemistry 2017, 56, 6061-6071. [PubMed: 29028351]

. Vadukul DM; Vrancx C; Burguet P; Contino S; Suelves N; Serpell LC; Quinton L; Kienlen-
Campard P An Evaluation of the Self-Assembly Enhancing Properties of Cell-Derived Hexameric
Amyloid-. Sci. Rep 2021, 11, 11570. [PubMed: 34078941]

Roychaudhuri R; Yang M; Hishi MM; Teplow DB Amyloid B-Protein Assembly and Alzheimer
Disease. J. Biol. Chem 2009, 284, 4749-4753. [PubMed: 18845536]

Bernstein SL; Dupuis NF; Lazo ND; Wyttenbach T; Condron MM; Bitan G; Teplow DB; Shea J;
Ruotolo BT; Robinson CV; Bowers MT Amyloid-p Protein Oligomerization and the Importance of
Tetramers and Dodecamers in the Aetiology of Alzheimer’s Disease. Nat. Chem 2009, 1, 326-331.
[PubMed: 20703363]

Bitan G; Kirkitadze MD; Lomakin A; Vollers SS; Benedek GB; Teplow DB Amyloid B-Protein
(AB) Assembly: AB40 and Ap42 Oligomerize through Distinct Pathways. Proc. Natl. Acad. Sci.
U.S.A 2003, 100, 330-335. [PubMed: 12506200]

Cemescu M; Stark T; Kalden E; Kurz C; Leuner K; Deller T; Gobel M; Eckert GP; Brutschy B
Laser-Induced Liquid Bead lon Desorption Mass Spectrometry: An Approach to Precisely Monitor
the Oligomerization of the -Amyloid Peptide. Anal. Chem 2012, 84, 5276-5284. [PubMed:
22594938]

Bitan G; Teplow DB Rapid Photochemical Cross-Linking — A New Tool for Studies of Metastable,
Amyloidogenic Protein Assemblies. Acc. Chem. Res 2004, 37, 357-364. [PubMed: 15196045]
Wolff M; Zhang-Haagen B; Decker C; Barz B; Schneider M; Biehl R; Radulescu A, Strodel B;
Willbold D; Nagel-Steger L Ap42 Pentamers/hexamers are the Smallest Detectable Oligomers in
Solution. Sci. Rep 2017, 7, 2493. [PubMed: 28559586]

McKnelly KJ; Kreutzer A; Howitz WJ; Haduong K; Yoo S; Hart C; Nowick JS Effects of Familial
Alzheimer’s Disease Mutations on the Assembly of a p-Hairpin Peptide Derived from Ap16_36-
Biochemistry 2022, 61, in press.

Nowick JS; Brower JO A New Turn Structure for the Formation of p-Hairpins in Peptides. J. Am.
Chem. Soc 2003, 125, 876-877. [PubMed: 12537479]

ACS Chem Neurosci. Author manuscript; available in PMC 2023 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Howitz et al.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 8

Spencer R; Chen KH; Manuel G; Nowick JS Recipe for B-Sheets: Foldamers Containing
Amyloidogenic Peptide Sequences. Eur. J. Org. Chem 2013, 2013, 3523-3528.

Hughes E; Burke RM; Doig AJ Inhibition of Toxicity in the B-Amyloid Peptide Fragment B-(25-
35) Using A-Methylated Derivatives. A General Strategy to Prevent Amyloid Formation. J. Biol.
Chem 2000, 275, 25109-25115. [PubMed: 10825171]

Kassler K; Horn AHC; Sticht H Effect of Pathogenic Mutations on the Structure and Dynamics of
Alzheimer’s AB42-Amyloid Oligomers. J. Mol. Model 2010, 12, 1011-1020.

Murakami K; Irie K; Morimoto A; Ohigashi H; Shindo M; Nagao M; Shimizu T; Shirasawa T
Synthesis, Aggregation, Neurotoxicity, and Secondary Strucutre of Various AB1_42 Mutants of
Familial Alzheimer’s Disease at Positions 21-23. Biochem. Biophys. Res. Commun 2002, 294,
5-10. [PubMed: 12054732]

Murakami K; Masuda Y; Shirasawa T; Shimizu T; Irie K The Turn Formation at Positions 22

and 23 in the 42-mer Amyloid B Peptide: The Emerging Role in the Pathogenesis of Alzheimer’s
Disease. Geriatr. Gerontol. Int 2010, 10, S169-S179. [PubMed: 20590832]

Murakami K; Irie K; Morimoto A; Ohigashi H; Shindo M; Nagao M; Shimizu T; Shirasawa T
Neurotoxicity and Physicochemical Properties of Ap Mutant Peptides from Cerebral Amyloid
Angiopathy. J. Biol. Chem 2003, 278, 46179-46187. [PubMed: 12944403]

Bitan G; Vollers SS; Teplow DB Elucidation of Primary Structure Elements Controlling

Early Amyloid p-Protein Oligomerization. J. Biol. Chem 2003, 278, 34882-34889. [PubMed:
12840029]

Whalen BM; Selkoe DJ; Hartley DM Small Non-Fibrillar Assemblies of Amyloid p-Protein
Bearing the Arctic Mutation Induce Rapid Neuritic Degeneration. Neurobiol. Dis 2005, 20, 254—
266. [PubMed: 16242634]

Eisenhauer PB; Johnson RJ; Wells JM; Davies TA; Fine RE Toxicity of Various Amyloid
Peptide Species in Cultured Human Blood-Brain Barrier Endothelial Cells: Increased Toxicity of
Dutch-Type Mutant. J. Neurosci. Res 2000, 60, 804-810. [PubMed: 10861793]

Yang X; Meisl G; Frohm B; Thulin E; Knowles TPJ; Linse S On the Role of Sidechain Size and
Charge in the Aggregation of Ap42 with Familial Mutations. Proc. Natl. Acad. Sci. U.S.A 2018,
115, E5849-E5858. [PubMed: 29895690]

Hatami A; Monjazeb S; Milton S; Glabe CG Familial Alzheimer’s Disease Mutations within the
Amyloid Precursor Protein Alter the Aggregation and Conformation of the Amyloid-p Peptide. J.
Biol. Chem 2017, 292, 3172-3185. [PubMed: 28049728]

Nilsberth C; Westlind-Danielsson A; Eckman C; Condron MM; Axelman K; Forsell C; Stenh C;
Luthman J; Teplow DB; Younkin SG; Naslund J; Lannfelt L The ‘Arctic’ APP Mutation (E693G)
Causes Alzheimer’s Disease by Enhanced Ap Protofibril Formation. Nat. Neurosci 2001, 4, 887—
893. [PubMed: 11528419]

Betts V; Leissring MA; Dolios G; Wang R; Selkoe DJ; Walsh DM Aggregation and Catabolism
of Disease-Associated Intra-AB Mutations: Reduced Proteolysis of ABA21G by Neprilysin.
Neurobiol. Dis 2008, 31, 442-450. [PubMed: 18602473]

Johansson A; Berglind-Dehlin F; Karlsson G; Edwards K; Gellerfors P; Lannfelt L Physipchemical
Characterization of the Alzheimer’s Disease-Related Peptides AB1-42Arctic and AB1-42wt.
FEBS J 2006, 273, 2618-2630. [PubMed: 16817891]

Melchor JP; McVoy L; Van Nostrand WE Charge Alterations of E22 Enhance the Pathogenic
Properties of the Amyloid p-Protein. J. Neurochem 2000, 74, 2209-2212. [PubMed: 10800967]
Pifer PM; Yates EA,; Legleiter J Point Mutations in Ap Result in the Formation of Distinct
Polymorphic Aggregates in the Presence of Lipid Bilayers. PLoS ONE 2011, 6, el6248.

Wang Z Natté R; Berliner JA; van Duinen SG; Vinters HV Toxicity of Dutch (E22Q) and Flemish
(A21G) Mutant Amyloid B Proteins to Human Cerebral Microvessel and Aortic Smooth Muscle
Cells. Stroke 2000, 31, 534-538. [PubMed: 10657433]

Sanchez de Groot N; Aviles FX; Vendrell J; Ventura S Mutagenesis of the Central Hydrophobic
Cluster in Ap42 Alzheimer’s Peptide. Side-chain Properties Correlate with Aggregation
Propensities. FEBSJ 2006, 273, 658-668.

ACS Chem Neurosci. Author manuscript; available in PMC 2023 March 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Howitz et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9

de la Paz ML; Goldie K; Zurdo J; Lacroix E; Dobson CM; Hoenger A; Serrano L DeNovo
Designed Peptide-Based Amyloid Fibrils. Proc. Natl. Acad. Sci. USA 2002, 99, 16052-16057.
[PubMed: 12456886]

Peptide 3c is more cytotoxic than peptide 3b, resulting in a greater fraction of LDH release at 25
UM, although both peptides have the same net charge, suggesting that the position of acetylation
may have a small effect upon the cytotoxicity of the peptides.3c3b

Penke B; Zarandi M; Verdier Y Amyloid B-Peptide Interactions with Neuronal and Glial Cell
Plasma Membrane: Binding Sites and Implications for Alzheimer’s Disease. J. Peptide Sci 2004,
10, 229-248. [PubMed: 15160835]

Wong PT; Schauerte JA; Wisser KC; Ding H; Lee EL; Steel DG; Gafni A Amyloid-B Membrane
Binding and Permeabilization are Distinct Processes Influenced Separately by Membrane Charge
and Fluidity. J. Mol. Biol 2009, 386, 81-96. [PubMed: 19111557]

McLaurin J; Chakrabartty A Membrane Disruption by Alzheimer p-Amyloid Peptides Mediated
through Specific Binding to Either Phospholipids or Gangliosides. J. Biol. Chem 1996, 271,
26482-26489. [PubMed: 8900116]

Alarcén JM; Brito JA; Hermosilla T; Atwater I; Mears D; Rojas E lon Channel Formation by
Alzheimer’s Disease Amyloid B-Peptide (AB40) in Unilamellar Liposomes is Determined by
Anionic Phospholipids. Peptides 2006, 27, 95-104. [PubMed: 16139931]

Terzi E; Hélzemann G; Seelig J Self-association of p-Amyloid Peptide (1-40) in Solution and
Binding to Lipid Membranes. J. Mol. Biol 1995, 252, 633-642. [PubMed: 7563079]

Sabaté R; Espargar6 A; Barbosa-Barros L; Ventura S; Estelrich J Effect of the Surface Charge

of Artificial Model Membranes on the Aggregation of Amyloid p-Peptide. Biochimie 2012, 94,
1730-1738. [PubMed: 22542639]

Hertel C; Terzi E; Hauser N; Jakob-Rgtne R; Seelig J; Kemp JA Inhibition of the Electrostatic
Interaction between B-Amyloid Peptide and Membranes Prevents p-Amyloid-Induced Toxicity.
Proc. Natl. Acad. Sci. USA 1997, 94, 9412-9416. [PubMed: 9256496]

Kandel N; Zheng T; Huo Q; Tatulian SA Membrane Binding and Pore Formation by a Cytotoxic
Fragment of Amyloid p Peptide. J. Phys. Chem. B 2017, 121, 10293-10305. [PubMed: 29039658]
Terzi E; Holzemann G; Seelig J Alzheimer B Peptide 25-35: Electrostatic Interactions with
Phospholipid Membranes. Biochemistry 1994, 33, 7434-7441. [PubMed: 8003508]

McLaurin J; Chakrabartty A Characterization of the Interactions of Alzheimer p-Amyloid Peptides
with Phospholipid Membranes. Eur. J. Biochem 1997, 245, 355-363. [PubMed: 9151964]
Chauhan A; Ray I; Chauhan VPS Interaction of Amyloid Beta-Protein with Anionic
Phospholipids: Possible Involvement of Lys28 and C-Terminus Aliphatic Amino Acids.
Neurochem. Res 2000, 25, 423-429. [PubMed: 10761989]

Allen TM; Cleland LG Serum-Induced Leakage of Liposome Contents. Biochim. Biophys. Acta
1980, 597, 418-426. [PubMed: 7370258]

ACS Chem Neurosci. Author manuscript; available in PMC 2023 March 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Howitz et al. Page 10

C § 5 5 § ; § § (.;
e JY wm”w wm*r meYA _

peptide 1a (Ry, = E); 2a (Ryy = Q); 3a (Ry, = K)

Figure 1.
Top: Chemical structure of peptides 1a, 2a, and 3a. Bottom: X-ray crystallographic structure

of peptide 1a reveals a hexameric assembly (PDB 5W4H).
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3b K top strand +3
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3d K top and bottom strands +2

Figure 2.
Structures, location of acetylation, and net charges of peptides 1-3.
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A B C

12 1b 1c 1d 2a 2b 2¢c 2 3a 3b 3¢ 3d
kDa ladder +2) (+1) (+1) (0) kDa ladder (+3) (+2) (+2) (+1) kDa ladder (+4) (+3) (+3) (+2)
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Figure 3.
Oligomeric assembly of peptides 1-3 observed in SDS-PAGE. All peptides were run at a

concentration of 0.2 mg/mL and visualized by silver staining. (A) Peptides 1a (+2), 1b (+1),
1c (+1), and 1d (0). (B) Peptides 2a (+3), 2b (+2), 2¢ (+2), and 2d (+1). (C) Peptides 3a
(+4), 3b (+3), 3¢ (+3), and 3d (+2).
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= 3a (+4)
u3b (+3)
u3c (+3)

3d (+2)

50 25 125 6.25

Concentration (uM)

Cytotoxicity of peptides 1-3 determined by an LDH-release assay. Concentrations of
peptides ranging from 6.25 to 50 UM were tested with water (vehicle) as the negative control
and lysis buffer as the positive control. (A) Peptides 1a (+2), 1b (+1), 1c (+1), and 1d (0).
(B) Peptides 2a (+3), 2b (+2), 2¢ (+2), and 2d (+1). (C) Peptides 3a (+4), 3b (+3), 3¢ (+3),

and 3d (+2).
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Figure 5.
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@0

100
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Net Charge

Propensity of peptides 1-3 to cause membrane destabilization of negatively charged LUVs
determined using a dye leakage assay. (A) Peptides 1a (+2), 1b (+1), 1c (+1), and 1d (0). (B)
Peptides 2a (+3), 2b (+2), 2¢ (+2), and 2d (+1). (C) Peptides 3a (+4), 3b (+3), 3¢ (+3), and
3d (+2). (D) ECsq values of peptides 1-3 grouped by net charge.
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