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Amyloid �-Protein Assembly
and Alzheimer Disease*□S
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Robin Roychaudhuri‡, Mingfeng Yang‡, Minako M. Hoshi§,
and David B. Teplow‡1

From the ‡Department of Neurology, David Geffen School of Medicine,
University of California, Los Angeles, California 90095 and the §Mitsubishi
Kagaku Institute of Life Sciences, Tokyo 194-8511, Japan

The biochemistry of amyloid proteins has been a fascinating
and important area of research because of its contribution to
our understanding of protein folding dynamics and assembly
and of the pathogenetic mechanisms of human disease. One
such disease is AD,2 the most common neurodegenerative dis-
order of aging. InAD,A� (Fig. 1A), which is expressed normally
and ubiquitously throughout life as a 40–42-residue peptide,
forms fibrils that deposit in the brain as “amyloid plaques.” This
pathologic deposition process led researchers to investigate
fibril formation as a target for therapeutic intervention. In
doing so, an increasing number of fibril precursors and non-
fibrillar A� assemblies have been identified, the majority of
which are neurotoxic. These findings have altered prevailing
fibril-centered views of the pathobiology of amyloid diseases (1)
and intensified efforts to understand the early folding and
assembly dynamics of A�. In the discussion that follows, we
seek to introduce the reader to the complexworld of A� assem-
bly and biological activity, a goal we hopewill provide a concep-
tual framework upon which further knowledge or experimen-
tation may be built.

A� Fibril Structure

The determination of the structure of fibrils has been an
unusually difficult problem because A� belongs to a class of
proteins that are “natively unfolded” (2) and preferentially form
amyloid fibrils rather than protein crystals. This has precluded
x-ray diffraction studies of full-length A� and made solution
NMR studies problematic (3). Nevertheless, site-directed spin
labeling and solid-state NMR studies have been informative.
The former studies have revealed that A� fibrils comprise
�-strands organized in a parallel, in-register fashion. The latter
studies showed that in A�40 fibrils, residues 12–24 and 30–40
formparallel�-sheets and that these two�-strand segments are
connected by a turn involving residues 25–29 (4). Hydrogen/

deuterium exchange coupled with solution-state NMR
revealed a similar, but distinct, segmental arrangement of
�-strands within A�42 fibrils. Here, residues 18–26 and 31–42
form the �-strands. In bothmodels, salt bridges between Asp23
and Lys28 stabilize the turn region connecting the two
�-strands (2, 5). Similar findings have been obtained using
other methods (5, 6).
Differences among the studies likely result from the exami-

nation of different peptides (A�40 versusA�42), the absence or
presence of Met35(O), or the conditions under which fibrils
were formed. All these factors have been shown to affect signif-
icantly peptide assembly and biological activity (6, 7). Although
no crystal structures have been determinedwith full-lengthA�,
exciting work has been done onmicrocrystals formed by C-ter-
minal peptides. These microcrystals yield diffraction patterns
consistent with an in-register cross-�-organization of two
interdigitated �-sheets. This “steric zipper” structure has been
found in at least 13 other amyloid protein microcrystals (8).
Whether steric zippers exists in A� fibrils is unclear.

Pathways of Peptide Assembly

How do monomers form fibrils? This question is fundamen-
tal to understanding fibrillogenesis and for identifying assembly
steps that could be therapeutic targets. Influential early inves-
tigations promulgated the idea that A� assembly was a specific
example of the general class of nucleation-dependent polymer-
ization reactions (Fig. 1B). These reactions comprise a slow
nucleation step, producing a “lag phase” during assembly mon-
itoring, followed by a rapid fibril elongation step. Operating
within this paradigm, nucleation (kn) and elongation (ke) rate
constants for A� fibril formation were determined (9). How-
ever, continuing elucidation of this ostensibly classical polym-
erization process revealed unexpected complexity in the num-
bers and types (“on-pathway” or “off-pathway” for fibril
formation) of assembly paths and the structures resulting
therefrom (Fig. 1C and supplemental Table S1).

Protofibrils, Paranuclei, and Monomer Folds

Fig. 1C illustrates one pathway of fibril assembly. The penul-
timate fibril intermediate, the protofibril, was first identified
more than a decade ago (10). Protofibrils were described as
beaded chains, each bead of which was�5 nm in diameter. The
length of these structures generally was �150 nm. Kinetics and
solution-phase AFM experiments showed that protofibrils
matured into fibrils (10). To understand how protofibrils
formed, methods were developed to determine quantitatively
the oligomer size distribution in nascent A� preparations (11).
In A�42 assembly, these experiments suggested that a penta-
mer or hexamer, the “paranucleus,” was the basic unit of the
protofibril and that the beaded chains comprising protofibrils
formed by the self-association of paranuclei.
To understand the oligomerization process in atomic detail,

computer simulations have been done (12). These studies
yielded oligomer frequency distributions similar to those deter-
mined experimentally, but in addition provided high resolution
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conformational information. A�40 oligomers were more com-
pact than A�42 oligomers due to increased conformational
freedom of the A�42 N termini. This suggested that intermo-
lecular interactions among A�42 N termini might facilitate the
C-terminal interactions obligatory for fibril formation. The
work also revealed the formation of a turn in A�42 at Gly37-
Gly38 that was not observed in A�40 and that thus could be
critical in paranucleus formation.
The importance of the C terminus of A� in controlling A�

assembly has also been revealed in experiments involving
amino acid substitutions (11). Systematic alterations in residue
41 side chain hydrophobicity showed that Gly or Ala largely
eliminated paranucleus formation, whereas amino acids with
hydropathic characteristics similar to Ile had no effect. Elimi-
nation of the Ala42 side chain blocked paranucleus self-associ-
ation, whereas insertion of larger apolar side chains facilitated
the process. Similar studies examinedMet35 polarity, an impor-
tant question with respect to redox chemistry in AD (5, 11). In
these experiments, oxidation of Met35 to Met35(O) or Met35
sulfone had no effect on A�40 oligomerization, whereas A�42
paranucleus formation was abolished. Interestingly, the modi-
fied A�42 peptides oligomerized identically to A�40.

The relative importance of the C terminus in controlling A�
assembly was also apparent in studies of A�40 and A�42 pep-
tides containing substitutions linked to familial forms of AD or
CAA. These substitutions (Glu223Gln, Glu223Gly, Glu223
Lys, and Asp23 3 Asn) produced oligomers of higher order

when substituted in A�40 but had little effect on A�42 oli-
gomerization. Removal of N-terminal residues Asp1–Gly9 in
A�42 had no effect on its oligomer size distribution, whereas
truncation of either the N-terminal two or four residues of
A�40 produced higher-order oligomers. This observation
was consistent with the aforementioned simulation data that
suggested that collapse of the N terminus of A�40 on the
oligomer surface might shield underlying hydrophobic
regions of the oligomers that otherwise might interact to
form higher-order assemblies (12). In fact, this process was
observed in studies of the folding and assembly of urea-de-
natured A� (13). A�40 formed an unstable but largely col-
lapsed monomeric species, whereas A�42 existed in a tri-
meric or tetrameric state (13).
The solvent inaccessibility of the Ala21–Ala30 region of A�

likely results from the formation of a turn-like structure that
nucleates monomer folding (14). This decapeptide region ini-
tially was identified due to its resistance to proteolysis, a resist-
ance that remained in the isolated decapeptide itself and that
allowed NMR and computational determinations of its struc-
ture and dynamics (14). Most recently, thermodynamics stud-
ies showed that the turn is destabilized by amino acid substitu-
tions that cause AD and CAA (15). Destabilization correlates
with accelerated A� oligomerization and higher-order assem-
bly and thus provides amechanistic explanation for these famil-
ial forms of AD and CAA.

FIGURE 1. A� assembly. A, the sequence of A�42 is shown in one-letter amino acid code. The side chain charge at neutral pH is color-coded (red, negative; blue,
positive). B, nucleation-dependent polymerization, reflecting the unfavorable self-association (rate constant kn

� �� kn
�) of X natively folded monomers (in this

case, six total) to form a fibril nucleus and the favorable addition (ke
� �� ke

�) of a large indeterminate number of monomers to the nucleus (nascent fibril) during
fibril elongation. C, A� self-assembly. A� belongs to the class of “natively disordered” proteins, existing in the monomer state as an equilibrium mixture of many
conformers. On-pathway assembly requires the formation of a partially folded monomer that self-associates to form a nucleus for fibril elongation, a paranu-
cleus (in this case, containing six monomers). Nucleation of monomer folding is a process distinct from fibril nucleation (50). Fibril nucleation is unfavorable
kinetically (k2

� �� k2
�), which explains the lag phase of fibrillogenesis experiments, a period during which no fibril formation is apparent. Paranuclei self-

associate readily (k3
� �� k3

�) to form protofibrils, which are relatively narrow (�5 nm), short (�150 nm), flexible structures. These protofibrils comprise a
significant but finite number (X) of paranuclei. Maturation of protofibrils through a process that is kinetically favorable (k4

� � k4
�) yields classical amyloid-type

fibrils (�10-nm diameter, indeterminate (but often �1 �m) length). Other assembly pathways produce annular pore-like structures, globular dodecameric
(and higher order) structures, and amylospheroids. Annuli and amylospheroids appear to be off-pathway assemblies.
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Other Assembly Pathways

The idea that an A� hexamer building block exists is intrigu-
ing because at least four other structures, ADDLs, A�*56,
“globulomers,” and “A� oligomers,” comprise multiples of this
basic unit (Fig. 1C and supplemental Table S1). ADDLs are
dodecamers produced in vitro from A�42 using special solvent
conditions and appear in AFM studies as globular structures
with heights of 5–6 nm (16). A�*56 was identified in SDS
extracts from brains of Tg2576 transgenic mice (17). The “56”
refers to themolecular weight of the oligomer, which is consist-
ent with that of a dodecamer. The morphology of A�*56 is a
prolate ellipsoid. A third type of dodecamer is the globulomer
(so-called because it is a globular oligomer), which is formed by
A�42 in the presence of SDS (18). Protease digestion, antibody
binding, andmass spectrometry studies of globulomers suggest
a structural model in which the hydrophobic C terminus (resi-
dues 24–42) forms a stable core and the more hydrophilic N
terminus is on the surface. Although globulomers have sub-
stantial �-sheet content, presumably at the C terminus, they do
not form fibrils and thus may be considered an off-pathway
assembly (18). A larger species, the A� oligomer, also has been
produced in vitro (19). Its molecular weight (�90,000) suggests
that its assembly order is �15–20, consistent with that of an
octadecamer. In addition to assemblies with globular morphol-
ogy, annular pore-like structures with diameters of 8–12 nm
and pore sizes of 2–2.5 nm also have been described (10, 20).
The largest globular assemblies are amylospheroids and

�-amyloid balls. Amylospheroids are off-pathway spheroidal
structures with diameters of 10–15 nm that are formed by
A�40 or A�42 (21). �-Amyloid balls are very large (20–200
�m) spheroidal structures formed only by A�40 at high con-
centration (300–600 �M) (22). Although such concentrations
are non-physiological with respect to the average concentra-
tion of soluble A� in vivo,�-amyloid ballsmay be an interesting
model of amyloid plaques or of the inclusion bodies formed in
Parkinson and Huntington diseases and in the transmissible
spongiform encephalopathies.

Assembly Complexity and Provenance

The complexity of A� assembly complicates the determina-
tion of precursor-product relationships. For example, are the
different dodecameric assemblies discussed above really differ-
ent, or are they all the same entity described in different ways by
different investigators? Do the different larger spheroidal
assemblies form from the same hexamer building blocks that
produce dodecamers and thus belong on the same pathway?
We do not know, but the answers to these questions are impor-
tant because they have implications for the development of
therapeutic agents targeting critical steps in the assembly path-
ways. For example, recent work has shown that compounds
exist that can efficiently inhibit fibril formation or oligomeriza-
tion, but not both (23). The distinction is critical if one assembly
is benign and the other toxic.

A� Assembly and Disease

Thus far, we have discussed basic aspects of the physical bio-
chemistry of A� assembly. However, the most fundamental
biological question is, “what is the relationship between A�

assemblies and AD?” Strong linkage exists between amyloid
formation per se and disease (for a comprehensive review, see
Ref. 24), and this linkage formed, in part, the foundation for the
“amyloid cascade hypothesis,” which posited that amyloid fibril
formation was the key pathogenetic process in AD (25). As
discussed above, elucidation of themechanisms of fibril forma-
tion unexpectedly revealed a broad range of fibrillar and non-
fibrillar structures (supplemental Table S1). A� oligomers
appear to be particularly important because they are potent
neurotoxins and are isolable from AD patients, and their con-
centrations correlate positively with neuropathology in vivo.
These facts have produced a fundamental paradigm shift
resulting in a revised amyloid cascade hypothesis (1, 20, 26), one
that posits the primacy of oligomeric forms of A� in AD
causation.
A substantial experimental corpus exists demonstrating that

“A�” is neurotoxic (27). However, it was not until approxi-
mately a decade ago, with the discovery and characterization
of protofibrils and ADDLs, that a more structurally precise
definition of A� could be made, one that in turn enabled
more precise structure-neurotoxicity correlations to be
established (16, 28). Each new assembly subsequently dis-
covered also was toxic. An important goal of current
research is to better define the mechanisms of this toxicity, a
variety of which we now discuss.

Membrane Effects

A� is an amphipathic peptide (Fig. 1A). The side chains of 16
of the first 28 residues are polar; 12 are charged at neutral pH.
The remaining 12 (A�40) or 14 (A�42) side chains are apolar.
Structures such as these can formmicelles (29) or interact with
membranes directly. Recent work has shown that A�40 inserts
into membranes of hippocampal neurons from AD brains (30).
Membrane insertion can perturb plasma membrane structure
and function. For example, conformational analysis of the
C-terminal domain of A� (residues 29–40/2) has shown it to
have properties similar to those of fusion peptides of viral pro-
teins. Insertion of these fragments in a tilted manner in the
membrane is thought to disrupt the parallel symmetry of the
fatty acyl chains, altering the curvature of the membrane sur-
face and destabilizing the membrane. Consistent with this pre-
diction, A�(22–42) induces membrane fusion and permeabi-
lizes lipid vesicles that mimic neuronal membranes (31).
A� oligomers have also been shown to increase the conduct-

ance of lipid bilayers and living cell membranes by lowering the
“dielectric barrier,” possibly by increasing the membrane
dielectric constant, introducing localized structural defects, or
thinning the membrane (thereby facilitating charge transloca-
tion across the bilayer) (32). These effects may be related to
oligomer-induced release ofmembrane components, including
cholesterol, phospholipids, and monosialogangliosides, which
in turnmay lead to tau hyperphosphorylation and neurodegen-
eration (30, 33).
Structured membrane reorganization may also occur. A�40

oligomers form cation-sensitive ion channels in neuronal
plasma membranes and liposomes (30, 34). These channels
may comprise four to six subunits, each of which is an A� oli-
gomer of order four to six, and thus the channels comprise a
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total of 16–36 A� monomers. The channels are quasi-stable,
suggesting that channel formation is a dynamic process (31).
For example, Arispe et al. (31) have shown that A�40 channel
activity in planar lipid bilayers results in spontaneous transi-
tions to higher conductances. AFM images of A�-treated
reconstituted bilayers have revealed disk-like structures with
pore-like concavities of 8–12-nm outside diameter and
1–2-nm inside diameter. However, pore formation remains a
contentious issue. Some believe that A� oligomer-mediated
interference with the surface packing of lipid headgroups effec-
tively thins the membrane, reduces effective membrane con-
ductance, and may produce the appearance of pores. Time-
lapseAFMexperiments have revealed that A� aggregates�500
nm in size form along the edges of bilayer defects, a result that
could be misinterpreted as pore formation (35). Consistent
with this interpretation are recent results suggesting that oli-
gomers alter membrane conductivity without forming discrete
pores (32).
We note that two general classes of A�/membrane interac-

tion may occur: 1) nonreceptor-mediated structural interac-
tions of the type discussed above; and 2) specific receptor-me-
diated interactions. These latter interactions may involve
fibrillar and oligomeric forms of A� that act either as agonists
or antagonists. Many membrane A� receptors have been iden-
tified (30), but the important question that remains unan-
swered is whether these interactions are physiologically rele-
vant or serendipitous.

Metals, Aggregation, and Radicals

Evidence exists that metals are involved in the pathogenesis
of AD. However, this is a contentious issue that remains unre-
solved. We present here a number of prominent mechanistic
hypotheses.
In vitro results indicate that physiological concentrations of

Zn2� and Cu2� can accelerate A� aggregation and increase A�
toxicity (36, 37). A� has a strong positive reduction potential
and displays high-affinity binding for Cu2�, Zn2�, and Fe3�

ions (34). Solution-state NMR and EPR have suggested that the
three His residues in A�, His6, His13, and His14, coordinate
Cu2�. This metalloenzyme-like complex has been proposed to
catalyze Fenton chemistry (Equation 1),

Men� � H2O23Me�n � 1�� � OH� � OH� (Eq. 1)

which yields toxic hydroxyl (OH�) and peroxide (OOH�) radi-
cals. Fe2� is also thought to participate in this chemistry. In
addition to its postulated catalytic role in Fenton chemistry, it
has been suggested that A�-linked inhibition of catalase
increases H2O2 production (Equation 2) (38).

Me�n � 1�� � H2O23Men� � OOH� � H� (Eq. 2)

A second center for redox chemistry is Met35 (39). The gen-
eration of reactive oxygen species by A� requires reduction of
Cu2� or Fe3�, a reaction that may proceed through the oxida-
tion ofMet35 to its corresponding sulfide radical cation. Cu� or
Fe2� produced in this way may react with molecular oxygen
and biological reducing agents (e.g.; cholesterol, vitamin C, or
catecholamine) to yield H2O2 and the starting Cu� cation (40).

The H2O2 thus produced can further oxidize Met35 to its sulf-
oxide form and also react with superoxide anion (O2

. ) in a
Haber-Weiss reaction to produce OH� (Equation 3).

O2
. � H2O23 OH� � OH� � O2 (Eq. 3)

Interestingly, the Met35(O) and Met35 sulfone forms of A�
do not assemble as does the wild-type peptide (11, 41). Hou
et al. (41) have reported that oxidation of Met35 to Met35(O)
significantly reduces the rate of amyloid formation and alters
fibril morphology. Bitan and Teplow (11) reported similar
findings and found that Met35(O) A�42 does not form
paranuclei, but rather oligomerizes similarly to A�40. These
in vitro observations are consistent with the strong negative
correlation that exists between oxidative damage and A�
deposition in AD (11, 39).
Murakami et al. (42) have proposed that Tyr10 is also

involved in redox chemistry. They suggested that H2O2 pro-
duced by A�-metal complexes oxidizes Tyr10 to produce the
tyrosyl radical, which then attacks the thioether of Met35 and
yields an S-oxidized radical cation. A turn atGly38–Val39 brings
the C-terminal carboxylate anion proximate to the radical, sta-
bilizing it and simultaneously creating a hydrophobic subdo-
main facilitating peptide oligomerization, fibril formation, and
longer lasting oxidative stress.

Mitochondrial Effects

Mitochondrial dysfunction has been linked directly to the
aging process (43), a process that is the largest single risk factor
for AD. Exacerbation of age-related dysfunction by toxic A�
assemblies may explain the linkage of both age and A� to AD.
Increasing evidence suggests that A�-induced mitochondrial
dysfunction does in fact occur. The interaction of full-length
A� or truncated forms with mitochondria causes potent inhi-
bition of electron transport chain enzyme complexes and
reductions in the activities of tricarboxylic acid cycle enzymes,
leading to inhibition of ATP production, mitochondrial swell-
ing, cytochrome c release, caspase activation, transition pore
opening, increased mitochondrial reactive oxygen species pro-
duction, and decreasedmitochondrialmembrane potential and
respiration rates (43, 44). Complexation of A�withA�-binding
alcohol dehydrogenase, a mitochondrial matrix enzyme, or
with endoplasmic reticulum-associated A�-binding protein
also produces this type of damage (45).

Apoptosis

A common final pathway of A�-induced neuronal dysfunc-
tion is apoptosis. This pathway is particularly likely to occur
following mitochondrial compromise. A�40 and A�42 olig-
omers also have been shown recently to activate sphingomy-
elinases, which results in apoptotic cell death through a
redox-sensitive cytosolic phospholipase A2/arachidonic acid-
dependent pathway (46). In rat hippocampal neuron cultures,
activation of ERK1/2 (extracellular signal-regulated kinase-1/2)
by A� oligomers results in caspase-3 activation, tau cleavage,
dysregulation of cell structure, and finally apoptosis (47).
Transforming growth factor-�1 has been found to exacerbate
A�-induced toxicity through Smad7 and �-catenin interac-
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tions and nuclear localization. A�40 also can activate the
NF-�B apoptosis pathway by selectively inducing the nuclear
translocation of the NF-�B p65 and p50 subunits. For this rea-
son, p65 and p50 have been suggested as AD therapeutic tar-
gets. The connection of apoptosis with A� assemblies is sup-
ported by the observation that up-regulation in neurons of
peroxisome proliferator-activated receptor-�, which increases
expression of the anti-apoptotic protein Bcl-2, protects these
cells against A�-induced toxicity (48).

An Explication

The impetus for studies of A� structure, dynamics, and bio-
activity has been the causal link of A� to AD. The result of these
studies has been an extraordinary expansion of knowledge. The
rapidly increasing number of clinical trials of mechanistically
novel AD therapies suggests that this knowledge has been of
value (49).However, a consensus does not exist regarding either
the biophysical or biological behavior of A�. For academics,
rigorous experiments done in well controlled systems provide
reliable, although not necessarily clinically relevant, informa-
tion. However, for AD patients, their families, and the treating
clinicians, relevance is paramount. For their sake, it is hoped
that the information presented here will stimulate current and
especially new researchers to conceive of novel experimental
approaches seeking to answer three fundamental questions. 1)
Is A�, in fact, the proximate etiologic agent of AD; 2) if so, what
is the structure of the proximate neurotoxic A� assembly; and
3) if not, what is?
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