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The residue lysine 28 (K28) is known to form an important salt bridge that stabilizes the Ag
amyloid structure, and acetylation of lysine 28 (K28Ac) slows the ApB42 fibrillization rate but does
not affect fibril morphology. On the other hand, acetylation of lysine 16 (K16Ac) residue greatly
diminishes the fibrillization property of Ap42 peptide and also affects its toxicity. This is due to
the fact that lysine 16 acetylated amyloid beta peptide forms amorphous aggregates instead of
amyloid fibrils. This is likely a result of increased hydrophobicity of the K16-A21 region due to
K16 acetylation, as confirmed by molecular dynamic simulation studies. The calculated results
show that the hydrophobic patches of aggregates from acetylated peptides were different when
compared to wild-type (WT) peptide. K16Ac and double acetylated (KKAC) peptide aggregates
show significantly higher cytotoxicity compared to the WT or K28Ac peptide aggregates alone.
However, the heterogeneous mixture of WT and acetylated ApB42 peptide aggregates exhibited
higher free radical formation as well as cytotoxicity, suggesting dynamic interactions between
different species could be a critical contributor to A pathology.
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INTRODUCTION

The extracellular amyloid plaques formed from amyloid S (Ap) peptides are the major
hallmarks of Alzheimer’s disease (AD), and variability in toxicity has been reported for
different structures of AB aggregates.1~® However, the relationship between different
aggregated structures of AS peptides and their associated toxicity is not well understood.”
This is further underscored by the failure of AD treatment based on Ag aggregates, as these
treatments targeted mature amyloid fibril forms but failed to target highly transient and
dynamic Ag species that are naturally formed in the brain.38:9

The Jin vivo “pool” of A contains not only the Ag peptides of different lengths, but also the
post-translationally modified forms,8 which have been determined to play an important role
in protein folding and aggregation. Post-translational modifications (PTMs) such as
phosphorylation,10-12 truncation, 13-1° isomerization,16:17 and pyroglutamate formation1®18
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were found to impact Ag peptide structure and aggregation propensity. In a recent study,
protein PTM levels were found to increase roughly twofold in AD samples compared to
normal controls, especially in ABand tau enriched areas.1® As one of the most common
PTMs in proteins, acetylation is generating renewed interest as it plays a vital role in health
issues such as DNA repair, protein structure, signaling, and protein self-assembly and in
diseases such as cancer and neurodegenerative diseases.20-33 Interestingly, among all the
identified PTM types in AD brains, acetylation affects only ~10% of the total modified
peptides but showed the highest increase in level of Ag- and tau-containing aggregates.® In
the case of AD, acetylation of tau protein was already identified and proposed as a new
therapeutic target.33-35 The A peptide has two potential acetylation sites, lysine 16 (K16)
and lysine 28 (K28) (Figure 1A); the effect of K28 acetylation has been investigated, though
K16 residue as an acetylation site was often ignored. Lysine 28 was recognized as a key
player during Agfibril formation as it forms a salt bridge with residue A42 in Ap42 fibrils3®
or with residue D23 in AB40 fibrils®7 to stabilize the S-sheet structure.

Acetylation of lysine residues in tau has been linked to pathological accumulation of tau and
Ap peptides in Alzheimer’s disease and synaptic dysfunction.2%-33 Several studies show that
tau protein can be preferentially acetylated at specific residues, thereby affecting tau’s
intrinsic property to aggregate and hence its role in the disease process.31:33:38 Although, the
role of tau acetylation has been extensively studied in Alzheimer’s disease, the role of AS
acetylation has not been explored. Therefore, we carried out a systematic study investigating
the impact of acetylation of ABon protein aggregation and its associated toxicity. This is
important because many common drugs and metabolites were recently found to be able to
facilitate protein acetylation.2%:39 In this study, synthesized AS42 peptides were modified
with single acetylation on K16 (K16Ac) or K28 (K28Ac) or were double acetylated on both
lysine residues (KKAc) (Figure 1B-E). The fibril formation was simulated via assembly of
nine strands of AB42 peptides. Surprisingly, we found that side chain acetylation of K16 can
increase hydrophobicity of ApB42 peptide, profoundly impair the fibrillization property, and
as a consequence, modulate AB42 pathogenicity.

Physicochemical Characterization of Ag Peptide Aggregation.

Fibrillization/aggregation of the four ApB42 peptides (wild-type (WT), K16Ac, K28Ac, and
KKACc) were monitored by ThT fluorescence (Figure 2A-D). K28Ac showed sigmoidal
fluorescence trend similar to WT Ap42 (Figure 2 A, E) and was able to form fibril-like
structures in both the homogeneous K28Ac sample (Figure 2A, G) and in the equimolar
mixture with WT (Figure 2C, K). In sharp contrast, the two peptides that have acetylation on
K16 (K16Ac and KKACc) both showed nonsigmoidal ThT fluorescence trend (Figure 2A)
and formed amorphous aggregates after 7 days (Figure 2F, H) that stayed amorphous even
after 14 days (Supplementary Figure 1) of incubation. The initial rates of aggregation for
K16Ac and KKAc peptides were rapid compared to those of K28Ac and WT peptides,
resulting in a sharp early increase in slope that slowed considerably around day 2 of
incubation (Figure 2A). In contrast, WT and K28Ac peptides showed a sigmoidal curve for
aggregation with slow initial change in the first 2 days (lag phase) (Figure 2A) and then
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rapid increase in fluorescence from day 2 to 4 (log phase) before slowing again (stationary
phase). In the presence of WT Ap42, K16Ac and KKAC still maintained their aggregation
kinetics and properties, and only amorphous aggregates were observed (Figure 2B, D, J, L).
These results show that acetylation at K16 can significantly impact aggregation of Ap42
peptide, resulting in amorphous structure instead of a fibrillar structure. Interestingly, Ag42
peptide that was single acetylated (K16Ac) or double acetylated (KKAc) formed amorphous
aggregates that stayed amorphous even when mixed with WT AB42 peptides (1:1 ratio) with
distinct morphology (Figure 2F, H, J, L) even upon longer incubation time. By using the
structure sensitive probe bis-ANS, we determined that the aggregates of K16Ac peptide have
the most flexible structure with a clear bead-like structure among the four amorphous
aggregates (Figure 21, F) studied. Aggregates formed from KKACc peptide are slightly less
flexible and are denser compared to K16Ac peptides and have a ThT fluorescence signal
comparable to that of WT Ap42 peptides (Figure 21, H, A). Furthermore, the mixtures of
single and double acetylated peptides with WT AB42 peptide (1:1 ratio) formed amorphous
aggregates with a fluorescence signal comparable to that of WT ApB42 aggregates which are
more rigid than those formed by pure K16Ac peptides (Figure 21).

Molecular Aggregation Dynamics and Surface Properties of Ag Peptides.

To gain atomistic insights into the conformation changes, aggregation dynamics, and map
the folding pathways of Ap42 peptides,*1~47 we performed molecular dynamics (MD)
simulations of WT and acetylated Ap42 monomers along with nine strand aggregates of all
four peptides (WT, K16Ac, K28Ac, and KKAC) in aqueous solution using NAMD
program*8 and CHARMM27 force field.® Note that aggregation of nine strands of WT and
acetylated peptides were considered as replica models for simulating the formation of fibril-
like structures. Supplementary Figure 3A-D displays the structural changes in WT and
acetylated AB42 monomer in aqueous solution at time = 0 and 100 ns. WT AB42 is mostly
a-helical at residues 11-23 and 29-37, which agrees well with previously reported results
based on the discrete MD simulation method.59 In our case of atomistic MD study, the
flexible regions are the first 10 amino acids of N-terminus, residues 38-42 of C-terminus
that adopt a random coil structure, and the B-turn region between residues 24-28
(Supplementary Figure 4A). Snapshots of WT and acetylated peptide aggregates at time = 0
and 100 ns elucidate that the nature of fibrillization is distinctive of the modifications:
K16Ac and KKAc assemble into an amorphous structure, while K28Ac retains a fibril-like
structure similar to that of WT peptides (Figure 3A-D). MD simulation snapshots
(Supplementary Figure 7) of K16Ac at 100 ns affirm the formation of amorphous
aggregates, as seen in SEM micrographs (Figure 2F). A comparison of the orientation of
K16 and K28 residues in acetylated aggregates suggests that in the former structure, K16Ac
residues are somewhat embedded within the aggregate, stabilized by interchain hydrophobic
interactions, while in the latter, K28Ac residues project outward with reduced interchain
interactions (Supplementary Figure 5). Both MD simulation and experimental results thus
find that K16Ac presents a flexible structure with loss of a-helicity, and acetylation
significantly impacts aggregation dynamics and impedes fibril formation. Root-mean-square
deviation (RMSD) analysis was performed for the simulations of each system
(Supplementary Figure 10). RMSD of WT and acetylated peptides increases in the first 20
ns and then reaches a plateau, suggesting an overall stability of the system. A slightly higher

ACS Chem Neurosci. Author manuscript; available in PMC 2020 November 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adhikari et al.

Page 5

RMSD of K16Ac correlates to the molecular flexibility and observed conformational
transition to an amorphous structure.

Hydrophobic patches on a protein surface identify accessible regions of neighboring apolar
atoms that may play a crucial role in protein folding, structural dynamics, and protein-ligand
interactions.5! Surface hydrophobicity of WT and acetylated peptide aggregates were
analyzed for 100 ns structures (Figure 3). Note that acetylation of the positively charged K16
and K28 lysine residues into a hydrophobic moiety destabilizes fibril formation with an
overall increase in the surface area (Supplementary Table 1). Interestingly, the surface area
of KKACc is intermediate to K16Ac and K28Ac with relatively scattered hydrophobic
patches on the molecular surface. K16Ac has the highest surface area and consequently
exhibits a greater flexibility to adopt an amorphous structure. WT AB42 peptides have 1
patch above 300 A2 and 9 patches between 100-300 A2 (Supplementary Table 1).
Acetylation leads to loss of the dominant patch above 300 A2 followed by decreases in size
of the hydrophobic patches but increases the number of patches on the molecular surface.
For acetylated peptides, the hydrophobic patches range between 100-300 A2. These findings
are consistent with bis-ANS fluorescence data (Figure 21) that show increased fluorescence
for 7 d aggregates of K16Ac peptides compared to 7 d WT ApB42 peptides.

Surface Hydrophobicity of AB Peptides.

Surface hydrophobicity of the peptides and aggregates was also measured by ANS
fluorescence as well as hydrophobic bead binding assay (Figure 4). All three fresh
acetylated peptides showed ANS fluorescence similar to that of WT AB42 peptides.
Interestingly, after 3 d of incubation, ANS fluorescence of WT AB42 peptides increased
significantly compared to acetylated peptides and then decreased upon longer incubation of
7 d to levels comparable to fresh WT ApB42 peptides (Figure 4A). Differences in
hydrophobicity among the four peptides were amplified after 7 days of incubation and were
extremely significant for K16Ac peptides that almost doubled compared to 7 d WT Ap42
peptides (Figure 4A). Seven-day incubated K28Ac AB42 peptides showed increased
fluorescence signal, and KKAc aggregates showed signals that were much higher compared
to 7d WT ApA42 peptides (Figure 4A). In addition, for 7 d samples incubated as a mixture,
the aggregates showed slightly less hydrophobicity compared to pure K16Ac and KKAc
peptides, but signals were significantly higher compared to pure 7 d WT Ap42 aggregates
(Figure 4A). The surface hydrophobicity of 7 d AB42 peptides was further confirmed by
hydrophobic bead binding assay®? (Figure 4B and C). The 7 d Af42 peptides were
incubated with hydrophobic beads, washed, eluted in sample buffer, and then analyzed by
SDS-PAGE (Figure 4B, Supplementary Figure 11). Interestingly, the peptides bound to
hydrophobic beads run as monomers in SDS-PAGE and showed results that were consistent
with hydrophobicity measured by ANS fluorescence for 7 d incubated peptides (Figure 4A
and C). ApA2 K16Ac peptides and its mixture with WT AB42 showed the highest
percentage of peptides bound to hydrophobic beads (Figure 4C and Supplementary Figures
11 and 12). These results are also consistent with bis-ANS fluorescence data (Figure 21) and
molecular dynamics simulation data (Figure 3).
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Cellular Toxicity of AB Peptides.

Effect of 5 M ApB42 peptides on SH-SY5Y neuroblastoma cells health and 2 pM Ap42
peptides on primary neuronal cells from rat were measured by incubating cells with fresh
peptides and aggregates at 72 h and 7 d time points (Figures 5, 6). We chose these three time
points based on the fibrillization/aggregation kinetics data of the peptides as monitored by
ThT fluorescence (Figure 2A-D). We monitored the effect of ApB42 fibrils and aggregates on
cell viability of SH-SY5Y neuroblastoma cells by MTS assay (Figure 5A). The data show
that compared to pure WT ApB42 peptides, 7 d aggregates of KKAc peptides or 1:1 mixture
of WT:K16Ac and WT:K28Ac inhibit proliferation of SH-SY5Y cells significantly (Figure
5A). Among the group, the 1:1 mixture of WT:KKAc 7 d peptides shows the highest
inhibition of SH-SY5Y cells, resulting in significant decrease in cell viability (Figure 5A).

Oxidative stress has been implicated in several neurodegenerative diseases, including
Alzheimer’s disease.?3-59 Therefore, we wanted to measure the effect of 5 M Ap42
peptides (fresh as well as aggregates) on generation of reactive oxygen species (ROS) in
cells. We used 2”,7’-dichlorofluorescein diacetate (DCFH-DA) as a fluorescent probe to
measure levels of ROS in cells (Figure 5B).50 Compared to untreated SH-SY5Y cells, the
cells treated with 7 d WT AB42 peptides showed significant increase in ROS production.
The 7 d aggregated acetylated peptides K16Ac, K28Ac, and KKAc peptides showed much
higher production of ROS in SH-SY5Y cells compared to 7 d WT AB42 peptide aggregates
(Figure 5B). Interestingly, the 1:1 7 d mixture of WT and all acetylated AB42 peptides also
showed much higher production of ROS compared to the pure 7 d WT AB42 peptide
aggregates, with WT:KKAc 7 d peptide aggregates showing the highest ROS production
(Figure 5B). To better understand the implication of AB42 peptide aggregates on ROS
production and hence cell health, we also measured toxicity of these peptides by lactate
dehydrogenase (LDH) cytotoxicity assay (Figure 5C).61 The aggregates from pure WT
ApA2, K16Ac, and K28Ac peptides and equimolar mixture with WT (1:1) all show highly
significant increase in toxicity for SH-SY5Y cells for 7 d aggregates, consistent with
increased ROS production (Figure 5B, C). Interestingly, among the group, double acetylated
peptide (KKACc) aggregates showed the highest toxicity (Figure 5C). Equimolar mixtures
(1:1) of WT and KKAc 7 d Ap42 peptide aggregates showed much higher increase in ROS
production compared to pure KKAc (Figure 5B). However, the cytotoxicity observed for the
mixtures was comparable to that of pure KKAc 7 d aggregates (Figure 5C). This may be
because both 7 d aggregates (pure KKAc and 1:1 mixture of WT:KKACc) are extremely
toxic, and values are close to the max LDH value, which is the positive control (Figure 5C).

To further validate results on SH-SY5Y neuroblastoma cells, we carried out toxicity and
ROS studies on primary neuronal cells from rat (Figure 6). Because 5 ¢M peptides were
extremely toxic to SH-SY5Y neuroblastoma cells, we used a lower concentration of peptides
(2 1) to evaluate cytotoxicity and ROS production for primary neuronal cells. We
incubated neuronal cells with 2 zM WT and acetylated AB42 peptides for 24 h before the
assay. Compared to the untreated neuronal cells, cells treated with 7 d aggregates of WT
ApA2 peptides and K28Ac peptides show a highly significant increase in ROS production
(Figure 6A). Cells treated with 7 d aggregates from K16Ac, KKAc, and equimolar mixtures
(1:1) of WT and acetylated Ap42 peptides showed much higher increase in ROS production
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compared to aggregates from pure 7 d WT ApB42 peptides (Figure 6A). Consistent with
increased ROS production, all neuronal cells treated with 2 /M WT and acetylated Ap42
peptides and their (1:1 ratio) mixtures showed an extremely significant increase in
cytotoxicity, as measured by LDH assay for 7 d aggregated peptides (Figure 6B). Among the
group, 7 d aggregates of double acetylated Ap42 peptides (KKAc) showed the highest
increase in cytotoxicity as well as ROS production (Figure 6).

Immunostaining of Primary Neuronal Cells Treated with WT and Acetylated AB42 Peptides.

To visualize the effect of WT and acetylated Ap42 peptides on primary neuronal cells, we
carried out immunostaining of cells after treating them with 2 ¢M 7 d AB42 peptide
aggregates for 24 h (Figure 7). We chose 2 xM peptide concentration of 7 d aggregates based
on our ROS and LDH cytotoxicity assay for neuronal cells (Figure 6). We compared the
morphology of neuronal cells treated with 7 d AB42 peptide aggregates for 24 h to control
cells (untreated cells) that were similarly incubated by immunofluorescence microscopy
(Figure 7). We used anti-tubulin antibody (green) to image tubulin protein and anti-tau
antibody (red) to image tau protein in cells. The control cells (untreated primary neuronal
cells) show a normal morphology with tau signal that is diffused and evenly distributed in
neurons (both soma and neurites) (Figure 7). The neuronal cells treated with 2 ¢/M WT,
K16Ac, and KKAc Ap42 peptides for 24 h showed a significantly higher
immunofluorescence signal for tau in soma of neurons compared to neurites (Figure 7,
Supplementary Figure 13). Cell bodies of primary neurons showed the highest tau signal for
cells treated with KKAc peptides, high tau signal for cells treated with WT and K16Ac
peptides, and a much lower tau signal for cells treated with K28Ac peptides (Figure 7).
These findings are consistent with the ROS production and cytotoxicity data reported for
these cells (Figure 6).

DISCUSSION

Scientific literature suggests that formation of highly ordered amyloid fibrils or less ordered
oligomer structures could be an outcome of the competition between hydrogen bonding and
hydrophobic interactions, as the higher ordered structures are usually stabilized by a high
density of direct interchain hydrogen bonds and steric zipper interactions.52-64 Furthermore,
amyloid fibril dynamics could be affected by the chemical nature of the A peptide through
side chain interactions and/or post-translation modifications.5 In theory, introducing an
acetyl moiety to a lysine residue removes a charge and hence can increase surface
hydrophobicity of the peptide. Interestingly, in this study, we showed that acetylation of
lysine 16 and 28 on AB42 does not affect protein aggregation in the same way; K16
acetylation affects the aggregation morphology as well as kinetics very severely.

We found that the K16Ac peptide is much more hydrophobic with a structure flexibility
higher than that of the WT and the other two acetylated peptides (Figuress 21, 3, and 4). The
structural changes on the AB42 monomer in aqueous solution (Supplementary Figure 3)
agree well with previously reported results based on the discrete MD simulation method.>0
Acetylation of Ap42 monomer at K16 leads to one extra S-turn between residues 14-17
(Supplementary Figure 4B), but acetylation at K28 retains a structure very similar to that of
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the WT (Supplementary Figure 4A and C). In addition, acetylation of Ap42 at K16 and K28
residues on KKAc introduces a pleated region between residues 31-37 with loss in the a-
helix (Supplementary Figure 4D). In agreement with our MD results, a rapid aggregation
kinetics with no lag time was reported in a simulation study of the AB16-22 fragment,
where the ABL16-22 oligomers were disordered molten globular structures due to strong
hydrophobic interactions®2 because K16 is located in the central hydrophobic core, L17-F20
region, and the 16-20 residues (KLVFF) act as a docking motif of Agfibrillation.*0 This fact
is also supported by our MD simulations of 9 strand K16Ac aggregates, where the K16Ac
residues are embedded inside the aggregate structure, stabilized by the interchain
hydrophobic intercalations (Figures 3B, Supplementary Figure 5). The Ag fibril grows in
two distinct steps: a rapid and reversible “dock” phase, followed by a slow but irreversible
“lock” phase.4:66 In the case of K16Ac peptide aggregation, as observed in the current
study, it is possible that the interchain hydrophobic interactions of the 16-20 region are
further enhanced after removal of the positive charge on K16.57 This may result in an initial
rapid docking process that becomes irreversible and as a consequence kinetically inhibits the
conformational reorganization in the locking phase. Even if the formation of amyloid fibrils
is thermodynamically favored, the transition from monomers to amyloid conformations is
kinetically limited.54.68 Although this study investigated the effect of acetylation of the AS
42 peptide, it is quite likely that acetylation of other AgB peptides (A5 40 and AS 39) at K16
may also impact aggregation kinetics and morphology in a similar manner. However, this
needs to be determined experimentally as an independent study.

The other lysine residue, K28, is known to form important salt bridges in A fibrils.36:37
Removing the positive charge on K28 by acetylation results in K28Ac peptide having a lag
time longer than that of WT AB42 during fibril formation. This is consistent with the
stabilizing role of the K28 salt bridge on the amyloid fibrils.5® However, the K28Ac peptides
were capable of forming amyloid structures upon longer incubation, either as a pure K28Ac
peptide sample or in a heterogeneous equimolar mixture with WT Ap42 (Figure 2A, C, G,
K), suggesting the K28 salt bridge may not play a role in the conformational transition from
ApA2 monomers to mature amyloids. This finding is also supported by a previous study of
N-e-amino acetylation on K28 of the AB25-35 fragment, where the gross structure of the
AB25-35 K28Ac fibril was very similar to that of the WT AB25-35 fibrils.”©

In this study, we identified two major forms of aggregated structures: amorphous and
fibrillar, from WT, acetylated AB42 peptides, and their mixtures by SEM imaging. The 7 d
aggregates from these 7 different AB42 peptides (WT, K16Ac, K28Ac, KKAC, and 1:1
mixtures of WT:K16Ac, WT:K28Ac, and WT:KKAC) can be further categorized based on
their unique physicochemical properties, as measured by fluorescent dyes, hydrophobic bead
binding assay, ROS production, and their associated cytotoxicity (Table 1). Among these 7
different peptides tested, WT AB42 peptide 7 d aggregates show well organized fibrillar
structure that has low flexibility, low hydrophobicity, moderate ROS production, and
moderate toxicity at 5 M concentrations (Figures 2E, I, 4, and 5B, C). K28Ac peptide 7 d
aggregates form fibrils that are similar to the WT peptides but show higher ROS production
with high toxicity (Figures 2G, |, 4, and 5B, C). K16Ac peptide 7 d aggregates are
amorphous, highly hydrophobic, and flexible (Figures 2F, I and 4). In addition, these
aggregates also show cytotoxicity that is much higher than that of the WT peptide with high
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ROS production (Figure 5B, C). In the case of neuronal cells, 7 d aggregates of 2 M WT
ApA2 peptides and K28Ac show moderate ROS production but high cytotoxicity (Figure 6).
In comparison, K16Ac peptides show much higher ROS production as well as cytotoxicity
(Figure 6). Interestingly, 7 d aggregates from KKAc peptides that are amorphous in nature
show significantly higher ROS production as well as cytotoxicity for SH-SY5Y as well as
primary neuronal cells (Figures 5B, C and 6). Furthermore, the 7 d aggregates of 1:1
mixtures of WT peptides with K16Ac, K28Ac, and KKAc, although they have variable
structural morphology, all show very high ROS production and cytotoxicity (Figures 2H, J-
L, 5B, C, and 6), with WT:KKAc mixture showing the highest ROS production as well as
cytotoxicity (Figures 5B, C and 6). The increased oxidative stress has been considered very
important for pathogenesis in Alzheimer’s disease as it can lead to oxidation of proteins,
lipid peroxidation, free radical generation, mitochondrial dysfunction, and synaptic
dysfunction.” And neurons are particular sensitive to ROS, which serves as source of
oxidative stresses and results in damages in the brain.59.72.73

We treated primary neuronal cells from rat with 2 ¢/M 7 d AB42 peptide aggregates for 24 h
to see resulting cellular changes (Figure 7). The neuronal cells treated with AB42 peptides
for 24 h all show a significantly higher immunofluorescence signal for tau in soma of
neurons compared to neurites (Figure 7, Supplementary Figure 13). This is consistent with
other literature reports where a direct relationship between amyloid S oligomers leading to
altered tau protein biochemistry is seen.”#~"8 This altered biochemistry may result in tau that
is fragmented, soluble, with/without requiring hyperphosphorylation that may be toxic.”4-79
Oligomeric Ag species have also been implicated as the toxic species in Alzheimer’s disease
that can cause synaptic dysfunction directly or mediate their toxicity through tau.
39,74,77,78,80 | addition, increased aberrant hydrophobicity of proteins has been implicated
in neuronal toxicity.2252:80-82 Therefore, we measured surface hydrophobicity of 7 d Ap42
peptide aggregates by hydrophobic bead binding assay to determine the percentage of
peptides showing increased surface hydrophobicity (Figure 4B, C). K16Ac peptides showed
the highest percentage of hydrophobic peptides bound to beads which is consistent with
other experimental findings that show high hydrophobicity for K16Ac AB42 peptides
(Figures 21, 4A). Interestingly, the hydrophobic bead bound peptides (7 d AB42 peptide
aggregates) run as monomer in SDS-PAGE (Figure 4B, Supplementary Figure 11). This
suggests that hydrophobic peptides bound to beads may either be oligomers, formed via off-
pathway that break down and run as monomer on SDS-PAGE, or monomers83
(Supplementary Figure 11). These oligomeric or monomeric forms of AB42 peptides that are
hydrophobic may mediate their cytotoxic effect by aberrant hydrophobic interactions
directly, as detailed in Figure 8, or through tau.”4:76-78,80,84-92

Consistent with ROS production and cytotoxicity data of primary neuronal cells (Figure 6),
immunostaining data showed significantly higher immunofluorescence signal for tau in
soma of neurons compared to neurites with the highest tau signal for cells treated with
KKAC peptides (Figure 7, Supplementary Figure 13). This is also consistent with other
animal/cell model studies where increased cross talk between Ag and tau has been reported
with Ag exerting its toxicity via tau that may be fragmented, become oligomeric with or
without hyperphosphorylation, and impact synaptotoxicity.””:78.93-96 Qur data show that the
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ApBA2 peptide aggregates lead to increased tau signal in soma of neuronal cells compared to
control cells (Figure 7).

Although both K16Ac and KKACc aggregates are amorphous, the K16Ac aggregates are
bead-like structures that are slightly more hydrophobic and flexible compared to KKAc
(Figures 2F, H, 1 and 4). Both of these peptide 7 d aggregates show high toxicity, but the
difference in ROS production of these two peptides may be related to their subtle structure
variations (Table 1).84 This is consistent with recently reported literature findings where the
toxicity of misfolded proteins was determined by both size and surface hydrophobicity of
the molecule.?2 As large assemblies have lower surface hydrophobicity/volume ratios, they
have lower diffusional mobility and lower potential to interact with cell membrane and
receptors.22 In addition, several studies with A peptide (AB40 and/or AB42) that form
spherical or oligomeric aggregates show that these peptides that are highly hydrophobic can
aberrantly interact with the cellular membrane, permeabilize it, and as a consequence, result
in cellular toxicity.8497-103 It is likely in this study that these amorphous A aggregates of
K16 and KKAc that are highly hydrophobic may similarly lead to an increase in cellular
toxicity by aberrantly interacting with the cellular membrane and disrupting it. An
alternative hypothesis suggests that the cytotoxicity may be related to the aggregation
process that is dynamic, rather than a single structural species.814 In another study, minor
shifts in the AB40:AB42 ratio were demonstrated to be enough to modulate neurotoxicity.10
The nontoxic K16N mutation of AB42 exhibits severe toxicity when mixed with WT
peptides.106

In summary, WT AB42 and acetylated peptides K16Ac, K28Ac, and KKAc, although having
different structural morphologies (Figure 2), all show increased ROS production and
cytotoxicity (Figures 5B, C and 6). However, the 7 d aggregates formed from pure K16Ac,
KKAC peptides, and heterogeneous 1:1 mixtures of WT and acetylated peptides all show a
much higher hydrophobicity, increased ROS production, and toxicity compared to pure WT
ApBA2 peptides (Figures 4, 5B, C, and 6). Furthermore, the increased tau signal in soma of
neurons compared to control cells when treated with AB42 peptide aggregates suggests a
dynamic interaction between tau and AB42 peptides (Figure 7). Overall, the data suggest
that in addition to the structural characteristics, the dynamic interactions of different Ag
species may contribute significantly to toxicity directly or through cross-talk with other
proteins such as tau.

METHODS
Preparation of Amyloid B Peptide Samples.

Synthetic wild-type (WT), K16Ac, K28Ac, and KKAc AB42 peptides were purchased from
Biomatik (Canada). The identity and purity (>95%) of all four peptides were confirmed by
mass spectrometry and RP-HPLC. Preparation of aggregate-free monomers followed the
method from Roychaudhuri et al.197 In brief, the lyophilized peptide was first dissolved in
10% (v/v) of 60 mM NaOH, followed by 45% (v/v) Milli-Q water. The pH was adjusted by
adding 45% (v/v) of 10 mM sodium phosphate buffer (pH 7.4). After 10 min centrifuge at
16 000g at 4 °C, the supernatant fluid was filtered through a 0.22 gm membrane.
Concentration of peptide stock was determined using £214 = 75 887 M~ cm~1. Samples (50
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LM peptide in 50 mM phosphate buffer, 300 mM NaCl, pH 7.4) were incubated at 37 °C
with agitation for the indicated time. All of the solutions and Milli-Q water were filtered
through a 0.22 ym membrane before use. Peptide stocks were stored at =80 °C until use.

Fluorescence Measurements.

Samples were diluted by phosphate buffer (10 mM, pH 7.4) to a final concentration of 10
UM. Fluorescent probes Thioflavin T (ThT), 8-anilino-1-naphthalene sulfonic acid (ANS),
and 4,4’ -dianilino-1,1"-binaphthyl-5,5"-disulfonic acid (bis-ANS) were prepared in ethanol
and then added to samples to final concentrations of 10 xM (ThT), 10 ¢M (ANS), and 1 /M
(bis-ANS). Emission spectra were collected using a Horiba Jobin Yvon spectrofluorometer
(Fluoromax-4) at room temperature. Samples containing ThT were excited at 450 nm, and
emission spectra were collected from 460-700 nm. For samples with ANS and bis-ANS,
spectra were acquired from 400-700 nm with excitation at 380 and 360 nm, respectively.

Field Emission Scanning Electron Microscopy (FESEM).

Fibrils and aggregates of peptides were analyzed using a cold field emission high-resolution
scanning electron microscope, Hitachi S-4700 FESEM. After incubation, fibrils or
aggregates were pelleted by centrifuging at 9000g for 45 min at 25 °C. To wash off salts, the
pellets were suspended in Milli-Q water (0.22 ym membrane filtered) and centrifuged at
9000¢ for 45 min at 25 °C. Washed fibrils or aggregates were applied on SEM stubs and air-
dried at room temperature. The SEM samples were then coated with 10 nm platinum. For
FESEM imaging, 10 kV of acceleration voltage and 5 A of emission current were used.

Cell Viability (MTS) Assay.

SH-SY5Y human neuroblastoma cells (from ATCC) were cultured in Medium 199 and
DMEM/F-12 medium, respectively, with 10% FBS and 100 U/ml penicillin—streptomycin at
37 °C in 5% CO, humidified environment and used within the first 10 passages. Cells were
plated at 2 x 10% cells/well (SH-SY5Y) on 96-well plates and allowed to grow overnight.
The next day, cells were washed with 1x PBS buffer (pH 7.4) twice. Then, 100 zL of fresh
media containing peptide samples were added. Six replicates were prepared per sample.
Media without any peptide were used as controls. After 48 h of incubation, 20 /L of
CellTiter 96 AQueous One Solution Cell Proliferation (MTS) Assay kit (Promega) was
added and incubated for 4 h. Absorption at 490 nm was collected using an ELISA plate
reader (BioTek Instruments, Inc.). Blanks containing media and peptide samples but no cells
were similarly prepared and used for background subtraction.

Cytotoxicity (LDH) Assay.

SH-SY5Y human neuroblastoma cells (from ATCC) were cultured as described above and
plated at 2 x 10 cells/well on 96-well plates and allowed to grow overnight. The next day,
cells were washed with 1x PBS buffer (pH 7.4) twice. Then, 100 L of fresh media
containing peptide samples were added. Six replicates were prepared per sample. After 48 h
incubation, 10 4L of lysis solution (CytoTox 96 Non-Radioactive Cytotoxicity Assay (LDH)
Assay kit, Promega) was added to max LDH release control wells and incubated for 45 min
at 37 °C in 5% CO,. Fifty microliters of supernatant from each well was transferred into a
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new plate, and to each of those wells was added 50 gL of LDH reagent. The plate was
further incubated in the dark for 30 min. After incubation, 50 L of stop solution was added
to each well. Absorption at 490 nm was collected using a plate reader (BioTek Instruments,
Inc.). Appropriate blanks containing media and peptide samples (without cells) were
similarly prepared and used for background subtraction. Max LDH control was represented
as 100% cytotoxic, and all samples were normalized to max LDH control.51 Primary
neuronal cells were prepared as described in the immunostaining protocol (below). The

LDH assay was carried out for neuronal cells as described for SH-SY5Y cells above with
the following variations. Neuronal cells were plated at 1x 10% cells/well in 96-well plate, and
the cells were incubated with 2 ¢M peptides in 100 gL of media for 24 h.

2’,7’-Dichlorofluorescin Diacetate (DCFH-DA) Fluorescence Assay.

SH-SY5Y human neuroblastoma cells (from ATCC) were cultured and plated at 2 x 10*
cells/well on 96-well plates and allowed to grow overnight. The next day, cells were washed
with 1x PBS buffer (pH 7.4) twice. Then, cells were incubated with 20 M DCFH-DA for
45 min at 37 °C in the dark. After incubation, the cells were washed twice with 1x PBS (pH
7.4), and then 100 g4 of fresh media containing peptide samples was added to DCFH-DA
(Sigma) treated cells in 5 replicates and incubated for 24 h at 37 °C in 5% CO, humidified
environment. Cells without any treatment and blanks were also incubated under identical
conditions. For positive control, cells after DCFH-DA treatment were incubated with 50 (/M
£BHP for 4 h at 37 °C. Finally, the fluorescence intensity was measured using a
fluorescence plater reader (Fluoroskan Ascent, Thermo Scientific) at excitation wavelength
of 485 nm and emission wavelength of 538 nm. All data were normalized to #BHP, wherein
+-BHP treated cells were represented as 100% free radical generating.5° DCFH-DA assay for
primary neuronal cells was the same as that detailed for SH-SY5Y cells above with the
following variations. Neuronal cells were plated at 1x 104 cells/well in a 96-well plate, and
the cells were incubated with 2 ¢M peptides in 100 gL of media for 24 h.

Immunostaining of Primary Neuronal Cells.

Sprague—-Dawley rats were purchased from Charles River Laboratories (Wilmington, MA,
United States) and used in our breeding colony to generate 1-day-old pups which were
euthanized via overdose of pentobarbital. Hippocampus and cortex from 1-day old rats were
dissected, combined, and neuron cells dissociated, as detailed previously.1%8 All animal
work and experiments were carried out under the guidelines of the National Institutes of
Health guide for the care and use of laboratory animals with approval of IACUC, Michigan
Technological University, Houghton, MI. Cells were plated in poly-L-lysine coated 24-well
plates at the seeding density of 5 x 10* cells/well and incubated at 37 °C incubator in
neurobasal medium containing B27 supplement (Thermo Fisher Scientific). Culture medium
was changed every 3 days, and the cells were allowed to grow for 10-14 days prior to their
use in experiment. During the experiment, 500 zL of fresh media containing 2 /M 7 d AB42
peptide aggregates (WT and acetylated) was added to neuronal cells and incubated for 24 h
at 37 °C. Control cells did not have any peptides added to them but were incubated similarly.
After 24 h, the cells were washed twice with PBS. Then, cells were fixed with 4%
paraformaldehyde for 10 min at room temperature. Cells were then washed with PBS three
times for 5 min each. Blocking solution (5% horse serum and 0.3% Triton X-100 in PBS)
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was added to each well and incubated for 1 h. After 1 h, cells were further incubated
overnight in a cocktail consisting of mouse anti-tau antibody (Invitrogen, catalog #
AHBO0042; 1:200 dilution) and rabbit anti-S-tubulin antibody (Cell-Signaling, catalog #
151158S; 1:100 dilution) in PBS buffer (containing 1% BSA and 0.3% Triton X-100) on a
shaker at 4 °C. The cells were washed thrice for 5 min each with PBS and then further
incubated overnight at 4 °C in a mixture of secondary antibodies (Alexa Fluor 594 donkey
antimouse 1gG and Alexa Fluor 488 donkey antirabbit 1gG, both in 1:300 dilution). The
sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA), and images
were acquired on a Leica fluorescence microscope (LEICA DM IL LED) at 20x and were
analyzed using ImageJ software,109.110

Hydrophobic Bead Binding Assay and SDS-PAGE.

Seven-day samples of ApB42 peptides were incubated with phenyl-sepharose 6 Fast Flow
high substitution beads for measuring the extent of binding of peptides to hydrophobic
beads.>2 Three micrograms of each AB42 peptide sample in 50 2L of binding buffer (50 mM
phosphate buffer, 300 mM NaCl, pH 7.4) was added to 20 zL of beads and then incubated
overnight with gentle agitation at 25 °C. The next day, the beads were washed thrice with the
binding buffer, and then proteins bound to hydrophobic beads were eluted by boiling with
denaturing sample buffer (62 mM Tris at pH 6.8, 2% SDS, 10% glycerol, 5% g-
mercaptoethanol, and 0.05% bromophenol blue) for 3 min. The protein samples eluted in
sample buffer were run for 3 h at 80 V on a 15% polyacrylamide gel for SDS-PAGE and
then stained with Coomassie Blue (0.1% Coomassie Blue R-250 in 50% methanol and 10%
glacial acetic acid). Fresh WT AB42 peptides were run as controls at varying concentrations
(WTC1=05WTC2=1 WTC3=2and WTC 4 =4 1g/lane). The gel images were
acquired using a scanner and then analyzed by ImageJ software. The percentage of Ap42
peptides bound to hydrophobic beads were then calculated with respect to WT Ap42
peptides controls (WTC 1-4) loaded on gel.

Statistical Analysis.

Statistical analysis was performed using one-way ANOVA and posthoc t test. The pvalues <
0.05 or greater were considered as significant and are represented as *, **, and *** (* = p<
0.05), (** = p<0.005), and (*** = p< 0.0005). In this study, only 7 d data for Ap42
peptides were analyzed for statistical significance. Details of statistical analysis of 7 d data
are provided in the Supporting Information.

Computational Methods.

To construct the acetylated (K16Ac, K28Ac, and KKAC) peptides, we started with the WT
AB42 monomer, as shown in Figure 1B (PDB entry: 1Z0Q). The NH3* group of lysine 16
and lysine 28 residues of the AB42 monomer was modified by substituting with an acetyl
group in the side chain. Likewise, initial configurations of 9-strand aggregates of AB42
fibrils (WT and acetylated) were constructed by aligning the individual AB42 monomers
parallel to one other, avoiding any close contacts or atomic clashes during the assembly. The
ApA2 monomers and fibril structures were initially placed in an periodic orthorhombic box
and solvated with water molecules defined using the TIP3P model.11! The H atoms of water
molecules were constrained using the SETTLE algorithm,112 and counterions were added to
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maintain overall charge neutrality of the system. The details of system size are provided in
Supporting Information, Table 2.

Atomistic MD simulations of WT and acetylated ApB42 peptides were performed in the
isothermal—isobaric (NPT) ensemble using the NAMD program and CHARMMZ27 force
field. The simulation temperature (310 K) and pressure (101.3 kPa) were maintained using
the Langevin dynamics and Langevin piston Nose—Hoover method.113 The long-range
electrostatic interactions were calculated using the particle mesh Ewald method with a cutoff
of 12.0 A.114 For each system, we performed energy minimization for 2000 steps at a time
step of 1.0 fs using the conjugate gradient method, followed by 100 ns of production run at a
time-step of 1 fs. We performed a total of 800 ns runs for all systems and each simulation
run was repeated for reproducibility of the results. Simulation snapshots corresponding to
structural changes, and convergence of MD simulation trajectory was analyzed using the
backbone RMSD for the peptides using the VMD 1.9.2. program.115 The surface
hydrophobic patches for 9 strands of WT and acetylated (K16Ac, K28Ac, and KKAc) Ap42
peptides in aqueous solution were analyzed using the SPDB software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Sequence of ApB42 peptide (PDB entry: 1Z0Q%0). Atomic structures of (B) WT, (C)

K16Ac, (D) K28Ac, and (E) KKAc monomer. The two acetylated positions, K16 and K28,
are highlighted in ball and stick presentation.
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Figure 2.

Fibrillization/aggregation of WT, acetylated, and mixtured AB42 peptides were monitored
using ThT fluorescence, bis-ANS fluorescence, and SEM. The mixture represents the 1:1
ratio of the acetylated peptides with WT AB42 peptides. For ThT fluorescence analysis (A-
D), 10 4M peptide samples were incubated with 10 M ThT. Peak intensities at 487 nm were
plotted as a function of time. After 7 day of incubation, the structures of fibrils or aggregates
were visualized using SEM (E-H and J-L). Scale bars are 1 xm for all SEM images.
Structure flexibility of the fibrils or aggregates was measured by bis-ANS fluorescence (1)

by incubating 10 M peptide samples with 1 £M bis-ANS and measuring peak intensities at
484 nm. Error bars = £SD (For A-D n=3; for | n=3). * represents significant differences (v
< 0.05) among 7 d ApB42 aggregated peptides.
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Figure 3.
Simulation snapshots depicting the structural changes in aggregation of nine strands of WT

and acetylated (K16Ac, K28Ac, and KKAc) Ap42 peptides in aqueous solution. For each
structure, the predicted hydrophobic patches (yellow) were mapped on the molecular surface
(violet) using SPDB software. (A) WT, (B) K16Ac, (C) K28Ac, and (D) KKACc aggregates.
The water molecules are not shown for clarity.
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Figure 4.
Hydrophobicity of Ap42 peptides measured by ANS fluorescence and hydrophobic bead

binding assay. (A) Hydrophobicity of fresh AB42 peptides and their aggregates measured by
ANS fluorescence by incubating 10 ¢M peptide samples with 10 /M ANS and measuring
peak intensities at 485 nm. Mixture represents the 1:1 ratio of the acetylated peptides with
WT ApBA42 peptides. Error bars = £SD (7= 3). *, **, and *** represent significant
differences (* = p< 0.05), (** = p< 0.005), and (*** = p< 0.0005) among 7 d AB42
aggregated peptides. (B) Seven-day incubated AB42 peptide samples (3 1g) were further
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incubated with phenyl-sepharose beads overnight with gentle agitation at 25 °C. The beads
were washed thrice with binding buffer, and then AB42 peptides bound to beads were eluted
by boiling with denaturing buffer for 3 min. Eluted AB42 peptide samples and loading
controls (WTC 1-4) were run on SDS-PAGE and visualized by staining with Coomassie
blue. (C) The plot shows percentages of AB42 peptides bound to hydrophobic beads which
were calculated with respect to WT AB42 peptides controls (WTC 1-4) loaded on gel.
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Figureb.
The effect of fresh AB42 peptides and their aggregates on SH-SY5Y neuroblastoma cell

health was measured by (A) MTS assay, (B) DCFH-DA assay, and (C) LDH assay. The fresh
peptides, 72 h, or 7 d aggregates were added to the cells to a final concentration of 5 zM.
Cells were incubated for 48 h in the presence of peptides for MTS and LDH assay and for
24 h for DCFH-DA assay. For the #BHP control for the DCFH-DA assay, cells were
incubated with 50 xM £BHP for 4 h at 37 °C. The mixtures represent samples containing
equimolar (1:1) WT and acetylated peptides. Error bars = +SD (for A n=6; for B n=5; and
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for C n=5). *, ** and *** represent significant differences (* = p< 0.05), (** = p< 0.005),
and (*** = p< 0.0005) among 7 d ApB42 aggregated peptides.
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The effect of fresh AB42 peptides and their aggregates on primary neuronal cell health was
measured by (A) DCFH-DA assay and (B) LDH assay. The fresh peptides, 72 h, or 7 d
aggregates were added to the cells to a final concentration of 2 M. Cells were incubated for
24 h in the presence of peptides for both assays. For the #-BHP control for the DCFH-DA
assay, cells were incubated with 50 /M £BHP for 4 h at 37 °C. The mixtures represent
samples containing equimolar (1:1) WT and acetylated peptides. Error bars = £SD (for A n
=5; and for B n=4). *, ** and *** represent significant differences (* = p<0.05), (**=p
< 0.005), and (*** = p< 0.0005) among 7 d AB42 aggregated peptides.
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Tubulin

Control

Figure7.
Immunostaining of primary neuronal cells from rat brain. Primary neuronal cells were

incubated with 2 M 7 d WT and acetylated AB42 peptides for 24 h at 37 °C. Control
indicates cells that are untreated and incubated under conditions identical to cells treated
with Ap42 peptides for comparison. The cells were fixed and then stained for
immunofluorescence with antibodies for tubulin (green) and tau (red). The images were
acquired using Leica DMIL LED at 20x magnification. Scale bar = 50 ym.
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Figure8.
Suggested schematic model for WT and acetylation modified AB42 peptide aggregation and

cytotoxicity. WT ApB42 and K28Ac peptides show a lag and log phase of aggregation
kinetics and form ordered aggregates with large surface hydrophobic patches (yellow) that
can assemble as amyloid fibrils and have moderate toxicity. Peptides acetylated at K16
(K16Ac or double acetylated KKAc) show rapid aggregation kinetics and form disordered,
amorphous, and flexible aggregates that have higher surface hydrophobicity and high
toxicity.
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