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Abstract
The current paradigm in the amyloid hypothesis brands small β-amyloid (Aβ) oligomers as the
toxic species in Alzheimer’s disease (AD). These oligomers are fibril-like; contain β-sheet
structure, and present exposed hydrophobic surface. Oligomers with this motif are capable of
penetrating the cell membrane, gathering to form toxic ion channels. Current agents suppressing
precursor Aβ cleavage have only met partial success; and to date, those targeting the peptides and
their assemblies in the aqueous environment of the extracellular space largely fail in clinical trials.
One possible reason is failure to reach membrane-embedded targets of disease-‘infected’ cells.
Here we provide an overview, point to the need to account for the lipid environment when aiming
to prevent the formation of toxic channels, and propose a combination therapy to target the species
spectrum.

1. Introduction
Alzheimer’s disease (AD) is the most common type of dementia that causes memory loss.
Currently there is no cure for the disease; the symptoms persist over time and eventually
lead to death. In the early 90’s, it was suggested that depositions of β-amyloid (Aβ) peptides
in the brain were the fundamental cause of AD.1,2 The Aβ peptide, 39 – 43 amino acids in
length, is a fragment of the amyloid precursor protein (APP). APP cleavage is driven by two
enzymes;3,4 β-secretase (BACE) outside the cell and γ-secretase within the cell membrane.
Early studies indicated that the extracellular plaques were fibrillar deposits of Aβ peptides
and associated with the disease. However, removal of the amyloid plaques in AD did not
prevent progressive neurodegeneration,5 suggesting that fibrils were not toxic to cells or
tissues in general.

Over the past few decades, there have been many therapeutic efforts to intervene in AD.6,7

Research attention has focused on the reduction of Aβ production by blocking the proteases
in the process of APP cleavages. To inhibit the first cleavage process, Ghosh et al.8
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introduced β-secretase inhibitors. They demonstrated that these drugs were selective and
able to rescue age-related cognitive decline in transgenic AD mice. Alternatively, at the final
stage of cleavage, γ-secretase inhibitors, e.g. semagacestat,9,10 were shown to block the
subsequent formation of Aβ. However, semagacestat has failed to slow disease progression
and has led patients to a high risk of skin cancer. Additionally, several therapeutic agents
that reduce Aβ production have failed to suppress the disease in Phase III clinical trials.11

Another strategy to remedy AD has been immunotherapy. For patients with mild-to-
moderate AD, a clinical study showed that immunotherapy with CAD106 exhibited a
favorable safety profile and did not elicit Aβ-specific T-cell response.12 The Aβ vaccine
CAD106 has been designed to stimulate the host immune system to attack a small Aβ
peptide fragment (Aβ1–6) acting as a B-cell epitope. CAD106 has been found to be more
effective than AN1792 which targets T-cell epitopes-carrying full-length Aβ1–42. Although
CAD106 is currently in clinical trials, previous immunotherapy with AN1792 has been
suspended due to meningoencephalitis.13 Lastly, several anti-aggregation agents have been
introduced to prevent Aβ aggregation. However, these drugs mainly aim to inhibit the
formation of Aβ fibrils.14,15

Aβ toxicity is linked to the disruption of the cell’s calcium ion homeostasis which triggers
Aβ-induced neuronal apoptosis.16–18 The amyloid hypothesis in AD forcefully points to the
oligomeric species as the cytotoxic intermediate in Aβ aggregation in brain cells.19,20

Oligomer toxicity is supported by several observations: (i) Amyloid monomers and fibrils
show little cytotoxicity in contrast to intermediate aggregates,21 (ii) transgenic mouse
models show disease-like phenotypes far earlier than the appearance of fibrils in such
protein deposition diseases including Alzheimer’s, Huntington’s, and Parkinson’s
disease,22,23 and (iii) non-fibrillar soluble oligomers promote neuronal dysfunction and
neuron death.20,24,25 However, it still remains unclear how these oligomers are kinetically
assembled, which types of secondary oligomer conformations are involved in the disease,
and through which mechanism of cytotoxicity these oligomers work on/in the cell
membranes. These questions may be helpful to consider with the reality that so far
traditional drugs that remove or disassemble amyloids seem to fail in clinical trials.

The amyloid cascade hypothesis has gradually shifted the focus of amyloid toxicity toward
smaller oligomers.11 This prompts us to reexamine amyloid toxicity and drug discovery in
AD. Here we provide a brief overview of Aβ oligomer toxicity focusing on details of
molecular-level conformations of toxic Aβ oligomers and channels in the lipid bilayers and
the implications for therapeutics. The ion channel hypothesis26 and its further validation27

have long argued that toxicity is mediated by channel formations. Due to the unfavorable
chemistry and high energetic cost of complete preformed channels sliding into the
membrane, we have previously suggested28 that Aβ oligomers can irreversibly insert into a
membrane and spontaneously form an ion channel, leading to cell death (Fig. 1). While the
channels can be blocked by drugs,29 their broad conformational heterogeneity leads us to
suggest that Aβ-directed therapeutics should consider a combination therapy that targets the
toxic Aβ oligomers on the membrane before they are inserted, and, in parallel, targets the
oligomers that have already penetrated into the membrane, where these agents could prevent
toxic channel formations. While this suggestion currently presents a daunting challenge, the
development of therapeutic agents to target already formed toxic channels is further
hampered by the channels’ highly polymorphic nature, encompassing different sizes, shapes,
and chemistries, suggesting that a “one size fits all” blocker may, or may not work. A
combination therapy has important implications for the development and the clinical trials of
new therapeutic drugs in the pathogenesis of AD. The free energy landscapes of Aβ
monomers, oligomers, and membrane-embedded oligomers and channels are all highly
polymorphic,30,31 emphasizing the hurdles facing drug development, and pointing to the
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need to rethink drug strategies. Such Aβ-direct ‘attacks’ are in addition to a focus on the
complex cellular network controlling and mediating Aβ expression and processing. We
believe that it is unlikely that a single, universal, approach will suppress all Aβ-related
pathologies.

2. Aβ oligomer toxicity
2.1 Ion channel hypothesis

Arispe et al.26,32–35 first reported the ground-breaking discovery, where Aβ induced
unregulated ionic flux across model membranes in planar lipid bilayer (PLB) experiments.
They concluded that the ionic flux conducted through non-gated ion channels. This initiated
the Aβ ion channel hypothesis, subsequently extended for other amyloids. The Aβ channels
exhibited cation selectivity, Tris (tromethamine) and zinc inhibitions, and multiple and large
single channel conductances. The heterogeneity of single channel conductances suggested
that the channels are formed by multiple molecular species in the membrane. Subsequently,
single channel conductances for islet amyloid polypeptide (IAPP),36 prion protein
fragment,37 polyglutamine,38 β2-microglobulin,39 transthyretin (TTR),40 and serum amyloid
A (SAA),41 were reported by several electrophysiology groups. These amyloid channels
were normally cation selective and blocked by zinc.35,39,42 Zinc can block early
permeabilization by Aβ channel formations, but not the leakage by Aβ fiber-induced
membrane fragmentation.43 It was noted that metal-induced Aβ aggregation and
cytotoxicity can be modulated through a metal chelation.44–49

Atomic force microscopy (AFM) has successfully demonstrated a remarkable ability to
capture the images of channels formed by Aβ peptides. In 2001, Lin et al.42 presented AFM
images that showed channel-like structures of Aβ1–42 peptides when reconstituted in a
planar lipid bilayer. They further showed that the channels exhibited multiple single channel
conductances, calcium uptake, neuritic degeneration, and blocked by zinc. Besides AFM,
using electron microscopy (EM), Lashuel et al.50 reported pore-like structures of Aβ Arctic
mutant (E22G) and A53T and A30P mutants of α-synuclein associated with Parkinson’s
disease. Based on these observations, it became increasingly clear that channel formation is
a general feature for amyloids. Quist et al.51 presented a series of AFM images of ion
channels for a series of disease-related amyloid species, including Aβ1–40, α-synuclein,
ABri, ADan, SAA, and amylin. AFM resolution could determine that the amyloid channels
have outer diameter of 8 – 12 nm and inner diameter ~2 nm. More interestingly, the AFM
images revealed that the amyloid channels were assembled by several subunits, yielding
various channel shapes from rectangular with four subunits to octahedral with eight
subunits.

An increasing body of evidence has implicated amyloid channel formations. Recently, a
series of molecular dynamics (MD) simulations presented Aβ channels structures at atomic-
level resolution for two truncated Aβ peptides, Aβ17–42 (p3) and Aβ9–42 (N9),52–57 and a
full-length Aβ1–42 peptide58–61 in the lipid bilayers composed of various types of lipids. The
conceptual designs of Aβ channels showed a perfect annular shape with either the
conventional or β-barrel-like β-strands arrangement (Fig. 2). The former has the β-stands
parallel to the membrane normal, while the latter has an inclination angle between the β-
strands and the membrane normal. The annular channels gradually evolved in the lipid
bilayer during the simulations and the relaxed channel structures exhibited heterogeneous
shapes. The simulations revealed that Aβ channels consisted of β-sheet-rich subunits with
the morphologies and dimensions in good agreement with the imaged AFM channels.42,51

The computational studies reported that the misfolded amyloid channels consist of loosely
and dynamically associated subunits in the fluidic lipid bilayer in contrast to the stable,
function-optimized and evolution-preserved conventional gated ion channels, which fold
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into their native state. In the amyloid channel hypothesis, Aβ peptides directly form toxic
ion channels in cell membranes leading to death of neurons in AD.

2.2 Receptor binding hypothesis
The toxic Aβ oligomers referred to as amyloid-derived diffusible ligands (ADDLs) attached
to synapses and interfered with the mechanism of synaptic plasticity, leading to disruption of
neuronal communication.62 These large oligomers were capable of inducing neuronal
oxidative stress63 and neuronal tau hyperphosphorylation.64 Such indirect Aβ binding to cell
membrane receptors, which subsequently open existing ion channels or transporters, is
stereospecific. Ciccotosto et al.65 reported that Aβ toxicity through receptor interaction with
the phosphatidylserine lipid flipped to the extracellular side of the lipid bilayer, suggesting
stereospecific interactions of L-Aβ peptide. However, cellular stereospecificity can be only
expected from receptor-ligand interactions with the peptides made of L-amino acids, since
D-enantiomers do not bind to cell receptors. Recent comprehensive studies demonstrated
that in the absence of stereospecific interactions, the Aβ D-enantiomers could directly form
ion channels in the lipid bilayers.58,60 This suggested that Aβ oligomer toxicity could take
place through a receptor independent, nonstereoselective mechanism.

2.3 Membrane thinning hypothesis
The membrane thinning hypothesis was supported by several electrophysiology studies
which observed that membrane destabilization by intermediate-to-large amyloid oligomers
induced nonselective ion leakage through the low dielectric barrier with consequent thinning
of bilayer.66,67 The measured ionic currents gradually increased across the membranes. In
contrast, stepwise or spike-like fluctuations of membrane currents represented the typical
ion channels characteristics. The two different behaviors of membrane ionic flux have been
a debated issue.68 However, the controversy seems to have been resolved, since the gradual
increase in conductance, which was later also observed in the absence of Aβ, was attributed
to the solvent hexafluoroisopropanol (HFIP),69 which is commonly used for the Aβ sample
preparation. It was noted that Aβ behavior strongly depended on experimental conditions,
with the different preparations of the peptide exhibiting altered aggregation kinetics.70

2.4 Fiber-dependent membrane disruption
Besides the Aβ oligomer hypothesis, a mechanism of Aβ toxicity involving cell membrane
damage has recently proposed fiber-dependent membrane disruption.43,71 Non-specific
leakages across the membrane were observed due to the membrane fragmentations from the
amyloid fiber growth on the membrane surface. Similar observations of membrane damage
by amyloid fibrils were also reported for other amyloids such as β2-microglobulin72 and
human islet amyloid polypeptide (hIAPP).73–75

3. Aβ architectures
3.1 Monomer conformations

In an aqueous environment, Aβ monomer generally folded into an α-helical structure.
Crescenzi et al.76 reported three-dimensional nuclear magnetic resonance (NMR) structure
of Aβ1–42 monomer in non-polar microenvironment (pdb id: 1IYT). The peptide showed
two α-helices (composing of residues 8–25 and 28–38) connected by a β-turn (Fig. 3A).
They noted that the kinked α-helical structure, as well as the sequence of the C-terminal
moiety, was similar to the fusion domain of influenza hemagglutinin, which led them to
suggest a direct mechanism of neurotoxicity. The reversible conformational transitions of
Aβ1–42 between α-helix and β-sheet structures were observed by using circular dichroism
(CD) and NMR spectroscopy in media of varying polarities (pdb id: 1Z0Q).77 The peptide
retained its α-helices in solution with the appropriate amount of HFIP (Fig. 3B), while β-
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sheet developed in solutions with very high water content compared to HFIP. By monitoring
the transitions, they found out that while the long N-terminal helix was retained, the C-
terminal helix was lost. In a recent NMR study, Vivekanandan et al.78 showed that Aβ1–40
adopted a collapsed and partially folded helical structure in an aqueous environment (pdb id:
2LFM). The peptide contained 310 helix in the central hydrophobic region (residues 13–23)
and collapsed in the N- and C-termini (Fig. 3C). They noted that helical intermediates in
early fibrillogenesis events could convert into β structures upon binding to the membrane. It
has been further demonstrated that the presence of lipid membranes can catalyze β-sheet
formation.79

3.2 U-shaped peptides with the β-strand-turn-β-strand motif
Ma and Nussinov80 first introduced a computational model of U-shaped Aβ peptide using
MD simulations. The solvated oligomers of Aβ16–35 peptides with the β-strand-turn-β-
strand motif presented a protofibril in the parallel β-sheet organization. The Aβ16–35 peptide
contained an intramolecular salt bridge between residues Asp23 and Lys28 near a turn at
Val24-Asn27 (Fig. 4A). Subsequently, an updated solid state NMR (ssNMR) model for
small Aβ1–40 protofibrils (pdb ids: 2LMN and 2LMO) verified the side chain orientations in
the C-terminal strand as predicted by the computational model.81 The U-shaped Aβ1–40
peptide in the protofibrils had a turn at Asp23-Gly29 and the same salt bridge as the Aβ16–35
peptide (Fig. 4B). The N-terminal coordinates (residues 1–8) were missing due to disorder.
Lührs et al.82 reported a similar U-shaped peptide but with a slightly different turn motif,
located at Ser26-Ile31 including the salt bridge of Asp23/Lys28. They obtained the Aβ1−42
fibril structure from a combination of hydrogen/deuterium-exchange NMR data, side-chain
packing constraints from pairwise mutagenesis, ssNMR and EM (pdb id: 2BEG). The
Aβ1−42 peptide provided the coordinates for residues 17–42, while the N-terminal
coordinates (residues 1–16) were missing due to disorder (Fig. 4C). Recently, Bertini et al.83

reported a structural model of Aβ1−40 fibrils using comprehensive ssNMR techniques. The
Aβ1−40 peptide with the the β-strand-turn-β-strand motif exhibited a turn at Val24-Ala30,
which is similar to the previous Aβ1–40 model,81 but has a shifted inter β-strand contacts
within the U-shaped motif (Fig. 4D). Unlike the previous NMR models, the peptide did not
contain the salt bridge of Asp23/Lys28, and the N-terminal coordinates (residues 1–10) were
missing due to disorder (coordinates, I. Bertini, pers. Comm.). It has been noted that the U-
shaped motif is a general feature of amyloid organization, since other amyloids, such as β2-
microglobulin fragment (K3 peptide)84,85 and CA150 WW domain,86 also exhibit the U-
shaped with the β-strand-turn-β-strand motif.

3.3 Truncated Aβ channels
It was known that the APP cleavages involving γ- and α-secretases generate a
nonamyloidogenic Aβ17–42 (p3) peptide. Cleavage by γ and BACE between residues 10 and
11 creates another nonamyloidogenic Aβ11–42 peptide.87 Adding two more residues to the
N-terminal of Aβ11–42 peptide, one can obtain Aβ9–42 (N9) peptide. These truncated Aβ
peptides were found in amyloid plaques of AD, and significantly, the p3 peptide was known
to be the main constituent of cerebellar preamyloid lesions in Down syndrome.88,89 Since
these short Aβ peptides were thought to be nontoxic to neurons, drugs to inhibit β-secretase
were used to enhance the production of the N-terminal truncated Aβ peptides. However,
recent studies using complementary techniques of MD, AFM, PLB, cell calcium imaging,
neuritic degeneration, and cell death assays demonstrated that p3 and N9 peptides formed
toxic ion channels in the lipid bilayers.52–57 Unlike the classical ion channel, these channels
consisted of loosely attached mobile β-sheet subunits (Fig. 5). A dose- and time-dependent
degeneration of neurites in human cortical neurons upon incubation with p3 further
suggested that the p3 peptide is a toxic species.55
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3.4 Full-length Aβ channels
As we noted above, AFM images of full-length Aβ peptides (Aβ1–40/42) showed
heterogeneous ion channel structures with the outer diameter between 8 and 10 nm and inner
pore diameter about 2.0 nm for the Aβ channels.42,51 In the images, the channel shapes
varied from rectangular to hexagonal, corresponding to 4–6 subunits. Subsequently, recent
AFM and MD studies also provided the detailed 3D structures of Aβ1–42 ion channels
consisting of all L- or all D-amino acid residues.60 In parallel, the PLB electrophysiological
recordings showed that both L- and D-Aβ isomers could conduct cations.58 Taken together,
D-Aβ1–42 formed ion channels with a behavior indistinguishable from the naturally
occurring L-Aβ1−42, suggested Aβ neurotoxicity by a direct pathway through an ion
channel.

To model the Aβ1–42 channels, two U-shaped monomer conformations based on ssNMR
models81,82 were used to construct the channel in a β-barrel topology. However both NMR
models did not provide the N-terminal coordinates due to conformational disorder; they only
presented the coordinates for the residues 17–42 or 9–40. The missing N-terminal
coordinates were complemented by the solution NMR structure of Aβ1−16, following
removal of Zn2+ (pdb id: 1ZE7).90 For each combination of the N-terminal structure with
the U-shaped motifs two Aβ1–42 conformers were generated: Conformer 1 has a turn at
Ser26-Ile31 and conformer 2 at Asp23-Gly29. In the MD simulations, the model Aβ1–42
barrels exhibited 3–5 subunits in agreement with AFM images (Fig. 6). The outer and inner
pore sizes measured for the 18-mer Aβ barrels were also found to be in the AFM ranges.
However, the MD study noted that while presumably AFM provided channel images
covering all ranges of channel sizes, the simulated Aβ barrels were limited to sizes defined
by peptide count.

4. Tentative therapeutic targets/agents
4.1 Fibril-like Aβ oligomers

Wu et al.91 reported that small soluble Aβ oligomers, known as fibrillar oligomers (FOs),
contained 3–10 Aβ monomers and exhibited fibril-like morphology rich in β-sheet structure.
They noted that FOs could increase toxicity, since the oligomers were able to replicate and
expose the hydrophobic sheet surfaces. It has been suggested that a more toxic Aβ oligomer
has a solvent exposed hydrophobic face, while a less toxic Aβ oligomer is deficient in β-
sheet conformation.92 Using ssNMR and EM, it was observed that the small fibril-like Aβ
oligomer intermediates have predominantly parallel β-sheet structures.93 A recent MD study
demonstrated that parallel β-sheet Aβ oligomers with the U-shaped peptide motif were
capable of penetrating the membrane.28 Taken together, it is not surprising that fibril-like
oligomers with exposed hydrophobic surface are cytotoxic, since they spontaneously insert
into the membranes and several of these gather to form toxic ion channels. Thus, drugs
aimed at inhibiting the production of these oligomers, or inhibitors preventing the oligomers
attachment to the membranes would attenuate the Aβ toxicity, indicating that the fibril-like
β-sheet oligomers would be tentative therapeutic targets in AD.

4.2 Ion channel blockers
The amyloid hypothesis of AD implicated the toxic ion channel formation in membranes on
the basis of large body of experimental and computational observations.26,32–35,42,50–61 Ion
channel blockers were thought to be intuitive therapeutic agents that lead to blockage of
conducting pores. Diaz et al.29 introduced two small molecular blockers of Aβ channel;
MRS2481 and an enatiomeric species, MRS2485. While both blockers could potentially
protect neurons from Aβ toxicity, MRS2485 was found to be virtually irreversible in the
channel inhibition. Developing pharmacologic inhibitors with high specificity aimed to
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block the pore would be a major challenge,94 since structural modeling of Aβ channels has
suggested that channels are mobile and flexible in the lipid bilayers, with varying sizes and
shapes.54,56,57 Amyloid channels are highly polymorphic, suggesting that “one size fits all”
blockers may not be effective in comprehensive treatment of amyloid channels.

Indirect strategies to inhibit Aβ channel activity prompted development of drugs that can
control existing channels. Liu et al.95 introduced a drug, known as diazoxide, a potassium
ATP channel activator. They demonstrated that diazoxide improved memory and reduced
Aβ and tau pathology in a transgenic AD mouse model. Since Aβ channels tend to the lower
membrane potential due to their relative lack of selectivity, membrane hyperpolarization by
the potassium opener can suppress the depolarizing effect of the Aβ channel. A similar
approach also demonstrated that voltage-gated calcium channel blockers, such as verapamil,
diltiazem, isradipine and nimodipine, exerted protective effects on cultured neurons from Aβ
toxicity.96 Thus, drugs that hyperpolarize membranes would be possible therapeutic agents
in AD.

4.3 Point mutations
Naturally occurring point mutations of Aβ clustered at residues 22 and 23 were related to
familial forms of AD.97 These Aβ mutations were found in fibrillar aggregates on a
membrane98 and related to cerebral amyloid angiopathy (CAA) and presenile
dementia.99,100 Unlike the disease-related Aβ mutants, proline mutation in the central region
of Aβ recently demonstrated that substitution of Phe19 with Pro (F19P) in both truncated
Aβ17−42 (p3) and full-length Aβ1−42 channels could prevent bilayer channel activity and
cellular toxicity.55,59,61 Proline, known as β-sheet breaker, destabilized pore-lining β-strands
based on the computational models, producing kinks at the locations of Pro19. As a result,
Aβ channels formed with collapsed pores consequently inhibited ions crossing through the
pore (Fig. 7). It was reported that the F19P mutant does not aggregate.101,102 This indicates
that the mutant exhibits no toxic oligomer, and hence no ion channel in the membrane.

5. Conclusions
Current therapeutic drugs targeting Aβ peptides were designed to inhibit proteases in the
process of APP cleavages. Such β- and γ-secretase inhibitors were aimed at reducing Aβ
production.6,7 Yet the development of safe secretase inhibitor drugs is not promoted due to
side effects; the enzymes have additional physiological substrates in the cell, most
prominent among these is Notch which is cleaved by γ-secretase.103 In the amyloid
hypothesis, small oligomers gained interest as a toxic species.104 Fibril-like oligomers rich
in β structure were identified as active cytotoxic molecules, spontaneously inserting into the
membrane and assembling to form toxic ion channels.28,91–93 The mechanisms of their
membrane insertion/disruption are similar to those observed for antimicrobial peptides
(AMPs).28,94 Therapeutic development efforts for amyloid-removing or disassembling
agents have not been rewarded, to date largely failing in clinical trials. This failure of the
current agents appears to at least partly stem from poor permeability of cell membranes.
Toxic Aβ oligomers are irreversibly inserted into the cells and form channels in the cell
membrane or (possibly) in the mitochondrial membrane in the cytoplasm.79 Under such
circumstances, therapeutic agents might be unable to penetrate the cell membrane to block
or disassemble the channels inside the membrane and the cell. To compound the challenge,
amyloid channels are as highly polymorphic as amyloid fibrils. To date, an effective blocker
is yet to be discovered. Here, we argue for a combination of drugs, targeting oligomers on,
and in, the membrane. The properties of the drugs will need to differ, given the varied
chemical environment, a solvated extracellular milieu and a lipidic bilayer. Combined, these
drugs would prevent Aβ insertion into the membrane and act to retain a healthy membrane,
preventing channel formation by already ‘infected’ membranes. The heterogeneity may call
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for drugs which recognize the prevailing conformational species. While here we focused on
Aβ, similar strategies may be used in other amyloid species.
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Fig. 1.
Schematic diagram of cell toxicity by Aβ oligomers. Small fibril-like oligomers with the
parallel β-sheet structures and an exposed hydrophobic surface are believed to be toxic
through a channel formation in the cell membranes.
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Fig. 2.
Computational models of Aβ channels using truncated (A–D) and full-length Aβ peptides
(E,F). In the truncated Aβ channels, the β-strands are arranged in a conventional β-sheet
without tilt for the (A) Aβ17–42 (p3) and (B) Aβ9–42 (N9) channels, and in a β-barrel
topology with tilt for the (C) p3 and (D) N9 barrels. Full-length Aβ1–42 peptides are
arranged in a β-barrel topology with tilt for the (E) conformer 1 and (F) conformer 2 Aβ1–42
barrels. The Aβ channels consist of the U-shaped peptides with the β-strand-turn-β-strand
motif. The Aβ17–42 and conformer 1 Aβ1–42 peptides contain the turn at Ser26-Ile31, and
the Aβ9–42 and conformer 2 Aβ1–42 peptides contain the turn at Asp23-Gly29.
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Fig. 3.
NMR-based monomer conformations of Aβ1–42 peptides (A) in an apolar microenvironment
(pdb id: 1IYT) and (B) in solution with the appropriate amount of HFIP (pdb id: 1Z0Q), and
(C) Aβ1–40 peptide in an aqueous environment (pdb id: 2LFM).
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Fig. 4.
The U-shaped Aβ peptides with the β-strand-turn-β-strand motif for (A) the computational
Aβ16–35 peptide, (B) the ssNMR Aβ9–40 peptide from the Aβ1–40 protofibrils (pdb ids:
2LMN and 2LMO, coordinates for the residues 1–8 were missing due to disorder), (C) the
NMR-derived Aβ17–42 peptide from the Aβ1–42 pentamer (pdb id: 2BEG, coordinates for
the residues 1–16 were missing due to disorder), and (D) the ssNMR Aβ11–40 peptide from
the Aβ1–40 fibrils (coordinates, I. Bertini, pers. Comm., coordinates for the residues 1–10
were missing due to disorder).
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Fig. 5.
Truncated Aβ channel conformations in the lipid bilayer. (A) Simulated barrel structure with
an embedded pore structure, (B) barrel structure with highlighted subunits (Jang et al.57;
reprinted with permission), and (C,D) AFM images (Jang et al.55; reprinted with permission)
for the Aβ17–42 (p3) channels. (E–H) The same for the Aβ9–42 (N9) channels.
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Fig. 6.
Full-length Aβ1–42 channel conformations in the lipid bilayer. Simulated barrel structure
with an embedded pore structure and highlighted subunits for (A) the conformer 1 and (B)
the conformer 2 Aβ1–42 barrels (Connelly et al.60; reprinted with permission), (C) AFM
images of Aβ1–42 reconstituted in the lipid bilayer. Individual Aβ1–42 channels are enclosed
by circles. (D,E) High-resolution images of individual channels as indicated by the circles.
The number of subunits is resolved and indicated for each channel. Image sizes are 18.6 nm
(D) and 17.1 nm (E).
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Fig. 7.
Collapsed pores induced by F19P point mutation. (A) Simulated channel structure with an
embedded pore structure and highlighted subunits for the p3-F19P (from the truncated
Aβ17–42) mutant channel (Jang et al.55; reprinted with permission). Simulated barrel
structure with an embedded pore structure for (B) the conformer 1 and (C) the conformer 2
F19P (from the full-length Aβ1–42) mutant barrels (Connelly et al.61; reprinted with
permission). (D) AFM image of F19P Aβ1–42 reconstituted in the lipid bilayer for Individual
Aβ1–42 channels, here enclosed by circles. (E) High-resolution images of heterogeneous
F19P channels characteristic of the wild type. Image sizes are 17.46 nm, 13.15nm, and 14.54
nm (from top to bottom) respectively.
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