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REVIEW
On the subject of rigor in the study of amyloid
β-protein assembly
David B Teplow
Abstract

According to Thomas Kuhn, the success of ‘normal science,’ the science we all practice on a daily basis, depends on
the adherence to, and practice of, a paradigm accepted by the scientific community. When great scientific
upheavals occur, they involve the rejection of the current paradigm in favor of a new paradigm that better
integrates the facts available and better predicts the behavior of a particular scientific system. In the field of
Alzheimer’s disease, a recent example of such a paradigm shift has been the apparent rejection of the ‘amyloid
cascade hypothesis,’ promulgated by Hardy and Higgins in 1992 to explain the etiology of Alzheimer’s disease, in
favor of what has been referred to as the ‘oligomer cascade hypothesis’. This paradigm shift has been breathtaking
in its rapidity, its pervasiveness in the Alzheimer’s disease field, and its adoption in an increasing number of other
fields, including those of Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis, and the prionoses.
However, these facts do not mean, a priori, that the experiments extant, and any re-interpretation of them, should
be accepted by rote as support for the new paradigm. In the discussion that follows, I consider the foundational
studies leading to the oligomer cascade hypothesis and evaluate the current state of the paradigm. I argue here
that, more often than not, insufficient rigor has been applied in studies upon which this new paradigm has been
based. Confusion, rather than clarity, has resulted. If the field is to make progress forward using as its paradigmatic
basis amyloid β-protein oligomerization, then an epistemological re-evaluation of the amyloid β-protein oligomer
system is required.
Review
The failure of the amyloid cascade hypothesis and the
emergence of the oligomer cascade hypothesis
The history of amyloid has been suggested to have
begun as early as the 17th century [1]. However, the rec-
ognition of Alzheimer’s disease (AD) may be said to have
begun with Alois Alzheimer’s presentation of the case of
Auguste Deter to the South-West German Society of
Alienists. Alzheimer reported histologic evidence for the
presence of what we now know are amyloid plaques and
neurofibrillary tangles [2]. Approximately 80 years later,
protein sequencing [3,4] and gene cloning [5-8] led to
the identification of the amyloid β-protein precursor
(APP), an achievement that enabled modern molecular
biological studies of the APP/amyloid β-protein (Aβ)
system. The most important of these first studies re-
vealed that APP gene expression and Aβ production
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were normal physiologic processes [9], meaning that it
was not the existence of Aβ per se that caused AD but
rather that an epigenetic etiology was involved in the
majority of cases of sporadic (that is, non-familial) AD.
An obvious hypothesis was that amyloid plaques, the

pathognomonic histological feature of AD, caused the
disease. In the mid-20th century, the pioneering electron
microscopic work of Cohen and Kidd revealed that
amyloid was composed of fibrils [10,11]. Aβ fibrils thus
became the raison d’être of the AD field. Intense efforts
to understand fibril formation and the biological activ-
ities of fibrils thus ensued. Early work showed that Aβ
was not toxic unless it formed fibrils [12,13]. The linkage
between fibrils and disease thus was established, both
clinically and in vitro, a linkage that came to be known
as the ‘amyloid cascade hypothesis’ [14].
If amyloid fibrils were the proximate neurotoxins in AD,

then a reasonable therapeutic approach would be to target
fibril formation. Knowledge-based approaches for fibril-
centric therapies require the elucidation of fibril struc-
ture and the mechanism of fibril formation. Tremendous
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progress has been made by structural biologists in these
areas. Electron microscopy, fiber X-ray diffraction, X-ray
crystallography, NMR spectroscopy, and other spectro-
scopic techniques have provided detailed information on
the morphology and structure (secondary, tertiary, and
quaternary) of fibrils (see [15] and references therein).
These experiments have been complemented by in vitro
studies of the kinetics and thermodynamics of the fibril
formation process [16-18]. Most techniques in common
use by researchers are ‘population average’ in nature. This
means that data derived from the technique (for example,
by circular dichroism spectroscopy, NMR, thioflavin T, and
infrared spectroscopy) are the average of the contributions
of each of the structures probed by the technique. To re-
veal structural features, dynamics, and cellular interactions
of individual structures, single-molecule spectroscopic
methods have been used, including atomic force spec-
troscopy [19], fluorescence [20,21], and fluorescence
resonance energy transfer [22]. However, by definition,
single-molecule methods cannot show how oligomerization
and higher-order assembly occur. For this reason, in silico
(computational) studies of Aβ conformational dynamics,
oligomerization, and fibril formation have been particularly
valuable because they show the step-dependent structures
of each Aβ monomer and all of its individual atoms as a
simulation proceeds (for reviews, see [23-25]).
The most important conceptual breakthrough in studies

of Aβ assembly was the recognition that Aβ fibril formation
was not a simple nucleated polymerization reaction,
akin to actin polymerization [26], in which monomers self-
associate to form a small oligomeric nucleus from which
subsequent monomer addition results in polymer growth.
Instead, Aβ assembly has been found to be a remarkably
complex process comprising aggregation events that are
‘on-pathway’ and ‘off-pathway’ for fibril formation (Figure 1)
Figure 1 Amyloid β-protein assembly. Amyloid β-protein appears to be
state as an equilibrium mixture of many conformers. ‘On-pathway’ fibril ass
self-associates to form a nucleus for fibril elongation, a paranucleus, which
a process distinct from fibril nucleation. Fibril nucleation is unfavorable kine
experiments, a period during which no fibril formation is apparent. Paranuc
relatively narrow (approximately 5 nm), short (<150 nm), flexible structures.
paranuclei. Maturation of protofibrils, through a process that is poorly unde
(approximately 10 nm diameter, indeterminate (but often >1 μm) length).
annular, pore-like structures; globular dodecameric (and higher-order) struc
(for a recent review, see [27]). The implication of these
discoveries was that assemblies other than amyloid fibrils
might also play a role in AD pathogenesis. This postulation
was strengthened by the relatively poor correlation between
the amounts and regional distribution of amyloid deposits,
and the clinical status of AD patients [28]. In fact, some
have suggested that amyloid deposition is protective [29].
If fibrils are not the key neurotoxins in AD, what is?

Seminal studies by the Mucke group showed that trans-
genic animals displayed neurologic deficits prior to plaque
formation [30,31]. Subsequent studies confirmed and ex-
tended these results by demonstrating that Aβ oligomer
(Aβ*56 [32]) concentration, not fibril load, correlated better
with functional deficits in a mouse model of AD [33]. In
humans, an ‘Arctic’ form of AD, caused by an APP mu-
tation producing a Glu22→Gly amino acid substitution
in Aβ, appears to be a disease caused by protofibrils, the
immediate precursors of fibrils [34-36].
Clinical trials of potential AD drugs have been disap-

pointing. An early active immunization trial involving
aggregated Aβ42 plus an adjuvant was terminated prior
to completion due to the occurrence of life-threatening
aseptic meningoencephalitis and leukoencephalopathy
[37,38]. Some patients in the trial did show significant
decreases in amyloid load, but no significant cognitive
improvement. Two subsequent phase III immunotherapy
trials with humanized Aβ-specific antibodies both failed to
achieve their primary endpoints – a change in cognitive
and functional performance compared to a placebo [39,40].
In fact, to date, all Aβ-directed clinical trials have shown
either no efficacy or subtle effects only in sub-groups of the
clinical trial populations.
It is important to distinguish explicitly the failure of

hypothesis testing from the failure of a hypothesis. Clinical
trial results thus far do not support the amyloid cascade
an intrinsically disordered protein and thus exists in the monomer
embly requires the formation of a partially folded monomer that
in this case contains six monomers. Nucleation of monomer folding is
tically (kþ2 << k−2 ), which explains the lag phase of fibrillogenesis
lei self-associate readily (kþ3 << k−3 ) to form protofibrils, which are
These protofibrils comprise a significant but finite number X of
rstood but is favorable (kþ4 << k−4 ), yields classical amyloid-type fibrils
Other assembly pathways produce a variety of oligomers, including
tures; and amylospheroids. Adapted from [27].
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hypothesis, but the results also are not a refutation of the
hypothesis. Trial design, including the selection of study
populations and the therapeutic agents themselves, may
be flawed, thus providing some hope that improved
therapeutic approaches may have merit [41]. Our discus-
sion here focuses on oligomers, but the reader should note
that the role fibrils play in AD remains unclear. Are they
protective [29]? Are they pathologic [42]? These answers
remain moot.

The oligomer question
In considering oligomersa and their role in AD, it is useful
to establish the position of our current research efforts
within the larger context of biomedical and clinical
research. The goals of this research are to prevent, treat,
or cure disease. To do so, one must first understand dis-
ease etiology. In the case of microbial diseases, Robert
Koch suggested four criteria for identifying a causative
agent [43,44]. Koch’s postulates, or more modern variants
thereof, are foundational elements of pathobiology. The
application of these postulates in microbiology and virology
is relatively straightforward. This is not the case for AD, for
which the agent has not been: (1) isolated from an AD pa-
tient; (2) produced in pure form in vitro; (3) used to infect a
susceptible host (in this case, for ethical reasons, non-
human primates);b and (4) re-isolated from that new host.
Nevertheless, if the etiology of AD is to be understood, then
it is obligatory that AD researchers establish an appropriate
set of criteria for determining what causes AD.
Let us begin with the strategic goal of identifying a

causative agent. The first question is whether there is a
causative agent. The data extant support the conclusion
that there is not, if we define ‘causative agent’ as a single
biological entity, for example, a single protein of de-
fined structure. AD is a multi-factorial disorder [45,46]
involving a complex pathway(s) comprising both genetic
(for example, APP, presenilin gene, apolipoprotein E gene,
and γ-secretase activating protein gene) and epigenetic
(inflammatory insults, and oxidation reactions) components.
However, we can stipulate that a majority of researchers be-
lieve that Aβ is involved, particularly Aβ oligomers [27,47].
Whether this majority opinion, in the future, will be sup-
ported by sufficient evidence remains at issue.

The amyloid β-protein oligomer
I now arrive at the kernel of the oligomer cascade hypoth-
esis, namely the Aβ oligomer. What is it? Answer – no
formal definition exists (although a nebulous generic def-
inition certainly does (see below)). How is the field to
apply the scientific method to studies of AD causation
and cure if a key variable in the field, the Aβ oligomer, re-
mains undefined? The answer is to define it, which brings
us to our second conundrum – is there an ‘it,’ that is, a
single Aβ oligomer structure? Again, the answer is ‘no’.
Aβ oligomerization is a protein-folding process that
involves two interrelated sub-processes: monomer folding
and monomer self-association. Each sub-process, and thus
the entire oligomerization process itself, has no single
pathway, just as protein folding, in general, has no single
pathway [48-50]. The de facto working hypothesis that Aβ
folding produces a single structural entity is wrong. The
related hypothesis, that there exists a single Aβ assembly
that causes AD, also is likely wrong. I now examine why,
and the implications emerging from the answer.
Scientists are taught, to a significant degree, to think

linearly; for example, when they are taught about gly-
colysis, chemical synthesis, or atomic decay. However,
protein folding is non-linear. It is a stochastic process
that has as its thermodynamic foundation the free en-
ergy of formation of each specific protein conformer
(structure). The overall difference in the free energies of
the initially disordered nascent protein and its natively
folded form can be highly favorable; that is, the native fold
is a very stable, low-energy state. However, kinetic consid-
erations (for example, the ability of the folding process to
overcome high-energy barriers in the folding pathway)
often become the key determinants in the outcome of the
folding process. For this reason, kinetic ‘traps’ have the
potential to block the formation of native protein folds, re-
gardless of the overall thermodynamic favorability of the
folding process. In these cases, non-native folds may be
the end state of the folding process.
The energetics of protein folding can be represented

by a three-dimensional reaction coordinate system [49].
Typically, these surfaces comprise dimensions of energy,
entropy, and number concentration. For example, a simple
energy surface is illustrated in Figure 2. Nascent proteins
(that is, those being extruded from the ribosome) enter this
surface in a high-energy state characterized by substantial
entropy and by a large number of conformers. If these
proteins have native folds (for example if they are enzymes
or structural proteins) then they descend this energy
surface through different routes, the choice of route
being determined probabilistically. Pathways exist for
these proteins in which the energy barriers between two
positions are relatively small (intrinsically or through the
action of chaperones) so that the proteins are able to move
rapidly (favorable kinetics) from their initial high-energy
unfolded states to their final low-energy natively folded
states. In other cases, folding is more complex (Figure 3),
and kinetic traps (low-energy wells or high-energy barriers)
must be overcome before folding is complete. In each
case, the outcome of successful folding is the native
state, characterized by low energy, low entropy, and
low conformational complexity.
Aβ is different from proteins with stable native folds.

Its folding landscape is complex and contains deep energy
wells and tortuous routes to low-energy states [52-55].



Figure 2 Simple folding surface. Free-energy (F) surface of a 27-residue model protein. The axes are the number of native contacts (Q0)
and the total number of (native and non-native) contacts (C). The yellow trajectory shows the average path traced by the unfolded protein. The
green and red trajectories lie two standard deviations from the average; thus 95% of all trajectories would be expected to exist within this range.
The green structures outside the axes illustrate the various stages of the reaction. A folding peptide collapses rapidly from one of its 1,016
possible random starting conformations to a disordered globule. It then makes a slow, non-directed search among the 1,010 semi-compact
conformations for one of the approximately 103 transition states that lead rapidly to the unique native state. Adapted from [51].
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Large parts of the surface are relatively flat, which means
that in these areas the peptide can exist in many different
conformations with essentially equal probability. These
areas may also correspond to the normal intrinsically disor-
dered states of Aβ. However, many positions also exist from
which Aβ can reach the limited number of low-energy states
occupied by fibrils. Classical amyloid fibrils share a diameter
of approximately 10 nm and a cross-β core secondary struc-
ture (for a review of Aβ fibril structure, see [56]). However,
the existence of multiple low-energy states explains why
fibril morphology is still plastic and can vary depending,
for example, on primary structure and on conditions of
formation (agitated or quiescent) [57-61].
The intermediate positions between high-energy disor-

dered monomer and low-energy highly ordered fibrils are
populated by oligomers. The oligomer states are diverse.
The conformations of the oligomers vary substantially, so
much so that no obvious precursor-product relationship is
obvious between many of these assemblies. The free
energies of formation of oligomers are similar enough
(a thermodynamic consideration) and the energy barriers
between states are low enough (a kinetic consideration)
that rapid inter-conversions can occur among the dif-
ferent oligomers (they are metastable). Oligomer order
(the number of monomers per oligomer) can vary signifi-
cantly (from dimer to tens or hundreds of monomers). In
addition, the conformation of an oligomer state of specific
order (for example, dimers) also is populated by many dif-
ferent conformers. These facts mean that the most accurate
definition of ‘oligomer’ is a statistical distribution of



Figure 3 Complex folding surface. Schematic free-energy (F) surface representing features of the folding of hen lysozyme (a protein of 129
residues whose structure consists of two domains denoted α and β). Qα and Qβ are the numbers of native contacts in the α and β domains. The
yellow trajectory is a ‘fast track’ in which the α and β domains form concurrently and populate the intermediate (labeled α/β) only transiently.
The red trajectory is a ‘slow track’ in which the chain becomes trapped in a long-lived intermediate with persistent structure in only the α domain.
Further folding requires either a transition over a higher energy barrier or partial unfolding to enable the remainder of the folding process to occur
along the fast track. Residues whose amide hydrogens are protected from solvent exchange in the native structure (as assessed by NMR) are colored
red (α domain) or yellow (β domain). All others are blue. Adapted from [51].
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structures. Importantly, this distribution depends on the
establishment of an equilibrium under specific conditions.
Any change in conditions can produce a different distribu-
tion of oligomer states.
The frequency distribution of specific oligomer states is af-

fected by the Aβ primary structure and by the environment
of the peptide, the latter factor encompassing solvent com-
position (in vitro and in vivo), pH, temperature, and macro-
molecular components (proteins, lipids, and carbohydrates).
The sensitivity of the distribution to environmental
perturbations presents to the AD researcher the same prob-
lem faced by the physicist trying simultaneously to deter-
mine the position and momentum of an electron; namely,
that in trying to determine one or another of these parame-
ters, the investigator perturbs the system, making such de-
termination impossible [62]. In the AD field, the most
common example of this is the use of SDS in experiments
designed to determine oligomer order in populations of
non-covalent complexes [63]. Non-covalent complexes of
Aβ dissociate in SDS, and in addition SDS can cause adven-
titious self-association of natively monomeric Aβ42 [64].

An obligatory lexicographical diversion

You like potato and I like potahto
You like tomato and I like tomahto
Potato, potahto, Tomato, tomahto
Let’s call the whole thing off
– George & Ira Gershwin (From ‘Let’s Call The
Whole Thing Off ’)

A major factor inhibiting progress in the oligomer field
is the lack of adherence to an accepted lexicon. When
Fred Astaire sang the verse above to Ginger Rogers in the
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1936 film Shall We Dance? he was not simply commenting
on their pronunciation differences. He was commenting on
the incommensurability of their two perspectives on life,
which is why the suggestion of ‘calling the whole thing off ’
followed. A single lexicon must exist among scientists in
the AD field if the field is to advance understanding of AD,
its causative agent(s), and effective therapeutic approaches.
It is obligatory that when anyone says ‘oligomer’ that all
others know precisely to what the speaker is referring.
We all must mean the same thing if we use the same
term (or we should ‘call the whole thing off ’).
Let us first consider some terms that often are

misused. This misusage leads to misunderstanding and to
the promulgation of concepts that are erroneous. These
terms have definitions, which should be used as they were
specified when they first were published or as they are
presented in textbooks. Even if common usage differs from
formal usage, only one definition of each term should exist.
I discuss one set of usage standards below.

Protein ‘misfolding’
No such phenomenon exists in nature. As discussed
above, protein folding involves the stochastic exploration
of conformational space, either by a protein alone or with
the assistance of chaperones. Misfolding is a relative
term that is meant to contrast the folding, or assembly,
of a protein into a non-native state(s) as opposed to a
physiologically normal native fold/assembly. Two problems
with the term are: (1) it suggests implicitly that two folding
systems exist, a folding system and a misfolding system
(as discussed immediately above, this cannot be true);
and (2) it directs research towards the irrelevant questions
of misfolding versus folding, instead of toward the relevant
goal of elucidating the folding landscape. The same type
of ‘normal–abnormal’ philosophical perspective substan-
tially delayed the discovery that the amyloid β-protein was
a ‘normal’ protein and not an ‘abnormal’ protein [9].

Conformation
‘Conformation,’ in the context of protein structure and
immunology, means a three-dimensional shape. All pro-
teins, peptides, amino acids, and other macromolecules
are three dimensional. No one-dimensional worlds exist,
and only a single two-dimensional world has ever been
reported [65]. All epitopes are three dimensional. All anti-
body combining sites are three dimensional. All antibodies
recognize three-dimensional epitopes. To prepend the
word ‘conformation’ and its derivatives to epitope, specific,
dependent, or antibody is redundant and incorrect.

Order
In the context of the discussion of Aβ assemblies, ‘order’
specifies the number of Aβ monomers comprising a par-
ticular assembly. The term does not refer to conformation.
Polymer
The word ‘polymer’ is from the Greek polus (πoλυσ, mean-
ing heavy, much, many, large) and meros (μερoσ, meaning
parts). Polymers (fibrils) are assemblies composed of large
numbers of a basic structural unit. It is this repetitive struc-
ture that distinguishes polymers from lower-order assem-
blies. For Aβ, monomer [66], dimer [67], trimer [68], and
pentamer [66] ‘unit cells’ have been reported. Amyloid
fibrils possess cores organized in a cross-β conformation
[69], but can display a variety of morphologies [58] and
organizations of their cross-β cores [70].

Protofibril
The word ‘protofibril’ is from the Greek proto (πρoτo,
meaning first) and the Latin fibrila (meaning fiber).
When the discovery of Aβ protofibrils was published
[34,35,71], protofibrils were described as ‘predominantly
curved fibrils, 6 to 8 nm in diameter and <200 nm in
length’. Protofibrils are unbranched, flexible, and distinct
from fibrils, oligomers, or monomers. Their secondary
structure comprises a substantial β-sheet [34]. Protofibrils
have been shown to be in equilibrium with Aβ monomers
and fibrils [34]. Protofibrils are the penultimate fibril pre-
cursor. Thus far, structure determination of protofibrils
has not reached the level of resolution of fibrils.

Oligomer
The word ‘oligomer’ is from the Greek oligos (oλιγoσ,
meaning little, few). The class of oligomers begins with
dimers and includes higher-order structures that do not
have the characteristics of protofibrils or fibrils. ‘Fibrillar
oligomers’ cannot exist because if they display the
characteristics of fibrils (repeating basic structural
units, tinctorial properties, spectroscopic properties,
cross-β secondary structure, 10 nm diameter, and high
aspect ratio) they simply are ‘short fibrils.’ If they do
not display these characteristics, they simply are ‘oligomers.’
Short oligomers can be distinguished from short fibrils by
exclusion; namely, by the fact that they are not straight,
unbranched assemblies with substantial aspect ratios.
Oligomers comprise a broad range of assemblies, varying
in primary, secondary, tertiary, and quaternary structure.
The structures of various oligomers, like protofibrils, have
not been determined at high resolution.

Intrinsically disordered
Intrinsically disordered proteins, or protein regions, are
not random in structure because they do not populate all
regions of their potential conformational space with equal
probability. However, they also do not appreciably popu-
late α-helix, β-sheet, or β-turn regions of conformational
space. Intrinsically disordered protein regions are thought
to exist in approximately 15% to 45% of eukaryotic proteins
(for recent reviews, see [72-74]). These regions are involved
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in a myriad of regulatory and signaling functions involving
protein binding, kinase activity, DNA replication, and regu-
lation of enzyme activity and substrate binding [75].

Pathways (on/off)
Like ‘misfolding,’ this is a relative term. Researchers
commonly consider whether particular assemblies of Aβ
are ‘on-pathway’ or ‘off-pathway,’ but to what pathway
do they refer? Typically, the pathway is fibril formation.
From a strictly academic perspective, these considerations
are meritorious. However, they contribute little to the
quest of understanding and treating AD, and for the same
reason that folding/misfolding is an irrelevant concept. Aβ
assembly comprises a conformational ‘space,’ not a path-
way per se. This space comprises many pathways that
result in equilibria among Aβ monomers and higher-order
structures. Fibril formation simply is one of many different
‘random walks’ [76] (stochastic events, although with dif-
ferent occurrence frequencies) that nascent Aβ monomers
may take. The therapeutically relevant question is: ‘what
positions in Aβ conformational space are occupied by
neurotoxic structures?’

Generic structure
When myoglobin was shown to form amyloid fibrils in
50 mM sodium borate, pH 9.0, at 65°C [77], conditions
known to destabilize the protein’s native fold, the concept
emerged that amyloid formation could be a default process
through which many, if not all, proteins might proceed
[78]. The result of this process, both structurally and
immunologically, was the formation of a ‘generic’ amyloid
structure [79]. Many, or even most, proteins may form
amyloid, but the process is not generic per se [80]. The
process is simply one pathway through assembly space that
leads to a particularly low-energy state.c The actual amyloid
conformers formed by different proteins are not ‘generic.’
They are structurally distinct, one from the other, because
their primary structures are not identical. If we stipulate this
fact, then we can discuss amyloid structural motifs, which
are non-identical in structure but do share some structural
characteristics. The most compelling example of this is the
steric zipper [81]. X-ray crystallographic studies have shown
how this steric zipper can constitute the cross-β structure
of amyloid fibrils and how side-chain and peptide backbone
interactions stabilize the structure. The steric zipper is a
structural motif, but it is not generic per se. At least eight
different structural forms of the steric zipper exist [69].

Generic oligomer epitope
None exist. The antigen binding site of an antibody has
a defined three-dimensional structure. This means that
its binding affinity for various antigens (epitopes) varies
depending on the specific inter-atomic interactions occur-
ring between its idiotope and the antigen epitope.
Polyclonal antibody reagents cannot reveal different epi-
topes existing in oligomers formed by different proteins.
The different immunoglobulins comprising the antibody
mixture will bind to different epitopes and the result will
be a positive dot blot or Western blot for each of many
different proteins. The deduction that a common epitope
exists is illogical and fallacious. The explanation lies in
antibody cross-reactivity. However, even if a monoclonal
antibody, which by definition expresses a single idiotope,
binds to oligomers formed by distinct proteins, this does
not support the conjecture that a common ‘oligomer-spe-
cific’ epitope exists. The correct conclusion is that the
antibody binds to the protein under study, nothing more.
Competition assays and X-ray crystallographic analyses
are necessary to determine the structure of the epitope.
Such studies will elucidate the binding modes of different
oligomers and, for oligomers of different primary struc-
ture, will show the atomic basis for antibody affinity and
cross-reactivity. These studies also can determine dissoci-
ation constants for each antigen:antibody complex. It is
important to note, as I discussed immediately above, that
structural motifs may exist, as in the examples of cross-β
or steric zipper structures. The point to remember is that
‘similar’ is not equivalent to ‘identical,’ and especially that
‘generic’ is not equivalent to ‘identical.’

Antibody ‘X’-reactive (positive)
We should be particularly aware of the uncertainties of
immunological approaches to defining structure, especially
oligomer structure. This is particularly true if our nomen-
clature incorporates such terms as ‘antibody X-reactive.’
The watchwords of immunology are specificity and sensi-
tivity. Co-crystallization of a number of Aβ-specific mono-
clonal antibodies with Aβ has revealed that different
secondary structure elements may exist within the same
N-terminal peptide segment [82,83]. If one uses one such
monoclonal as an ‘N-terminal antibody,’ it is obvious that
the antibody may or may not bind to Aβ, depending on
the distribution of N-terminal conformations within each
Aβ preparation. Specificity then becomes a nebulous and
useless term as binding or non-binding may not represent
the actual distribution of Aβ structures within a particular
isolate or preparation. Similarly, if antibody titers are low
(that is, if affinity or avidity is poor) cross-reactivity be-
comes a significant problem. A ‘positive’ result should not
be interpreted as an antibody:antigen interaction involving
a single epitope. Instead, as discussed above, we are merely
observing a distribution of species that are immunoreactive,
preventing accurate structure–activity determinations. Fi-
nally, a very important caveat, and one that has been largely
ignored by the community, is the issue of heterophilic
antibody interference (for a useful editorial, see [84]). Here,
the presence of endogenous antibodies recognizing species-
specific epitopes on primary or secondary antigen-specific
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(for example, Aβ-specific) antibodies produces false posi-
tive reactions. For example, heterophile antibodies that
recognize immunoglobulins from other species, and are
present in human plasma and cerebrospinal fluid (CSF),
may cause interference in sandwich immunoassays like
ELISAs by cross-binding the capture and detection
antibodies of the assay (in the absence of an antigen
recognized by the capture antibody) [85].

The conundrum of ‘biological relevance’
Pure scientific enquiry requires no consideration of rele-
vance. However, the practical issue of funding biomedical
research and producing new insights into biological systems
does require consideration of the relevance question. Is this
possible for the Aβ system?

The disconnect between the in vivo and in vitro worlds
We often say that we study Aβ ‘under physiologic condi-
tions’. This typically means studies in phosphate-buffered
saline, pH 7.4. We then argue that the data derived from
our studies are biologically relevant because the system is
‘physiologic.’ However, the milieu of the human body is un-
defined. It is too complex to understand with the scientific
tools currently available. This is the reason we turn to
in vitro systems, which reduce questions to forms an-
swerable using the scientific method. The problem then
becomes one of establishing the true value of inferences
obtained in our simple, yet profoundly incomplete (vis-à-vis
the brain in the case of AD), experimental systems.
I argue that the milieu of Aβ in situ in vivo cannot be

defined precisely, and if we cannot do so, then what con-
stant of proportionality can be employed to relate our
in vitro findings to the structure and behavior of Aβ in
the human brain? How does the milieu change between
different sub-cellular, cellular, or anatomical locations?
How do purification procedures designed to yield Aβ
assemblies alter the native states of such assemblies? It
has been argued, for example, that when fibrillar Aβ is
isolated, a native proteoglycan component is lost [86].
‘Native state’ assemblies could comprise such complexes,
or complexes involving other biomolecules. Importantly,
these states could display unique primary, secondary,
tertiary, or quaternary structures of the Aβ component.
These arguments apply both to studies of Aβ pre-existent
in biological milieus and to studies in which Aβ is intro-
duced exogenously.
We also are faced with the dilemma of time. How do

Aβ assemblies change over time in a particular milieu?
What are the equilibrium relationships involved? Work by
Bateman and colleagues [87] has shown that biological
half-lives for newly produced Aβ measured in CSF are of
the order of 6 hours. From where do the Aβ species we
seek to study come? Do subsets of these species traffic
to different cell types, organelles, or extra-cellular sites
(for example, plaques) within which their states and
catabolic characteristics differ substantially? Are the
post-translational modifications of Aβ identified in vivo
disease-related or irrelevant (representing an epiphenom-
enon of long-term tissue deposition)?

Iatrogenesis in studies of amyloid β-protein structure and
activity
What may be the most intractable issue is that of ‘iatrogen-
esis’; that is, how do we, in the process of isolating and
studying Aβ derived from cellular or organismal sources,
alter the native state of the peptide? Such alteration(s)
has the capacity to invalidate the determination of
structure–activity relationships (SARs). We may know that
a particular assembly that we have isolated from the brain,
characterized structurally, and studied in vitro has certain
activities, but we do not know that this assembly actually
existed in the biological milieu prior to its isolation.
The most obvious examples of iatrogenesis are the use

of SDS in Aβ isolation procedures and in SDS-PAGE.
The theory of SDS-PAGE requires the presence of SDS
to denature proteins. Oligomers are predominately non-
covalent Aβ complexes. SDS dissociates such complexes
well. In addition, and less well understood, there is the
ability of SDS to induce Aβ self-association [88], especially
into the trimer and tetramer states [64,89]. The use of
SDS is but one caveat in our approaches to establishing
SARs. Other compounds that can affect oligomerization
state and that have been used in Aβ isolation procedures
from human brains include 1% Triton X-100, 5 M guan-
idine HCl, and 70% or 88% formic acid [90-94].

Conclusions
The prior discussion has emphasized the complexity of
the Aβ system, both in vitro and in vivo. It has focused
on principles governing our study of Aβ oligomers, on
weaknesses and caveats in our approaches to these stud-
ies, on the nebulous nature of our conception of oligomers
and our use of the term itself, and on the problems of
establishing the biological relevance of our work. It would
be easier if Aβ possessed a native fold and if changes to
this fold could be treated in the same way that some can-
cers can be cured by production of antibodies specific for
kinase structural elements [95]. Unfortunately, this is not
the case, which leaves us the question of how to handle
the non-ideal system in which we work.

Be precise in defining structures and in referring to structures
A first suggestion is to encourage researchers to be far more
diligent in defining the assemblies that they study. This is
the nomenclature question. How do we work together as a
scientific community if we all use the same terms but they
mean different things? We work on non-covalent com-
plexes (with the possible exception of covalently cross-
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linked Aβ oligomers [96,97]). This fact must be foremost in
our minds as we consider experimental design and interpret
our experimental results. We cannot know, at least not yet,
the structural state of the Aβ assemblies that exist in the
CSF, plasma, or brain tissues that are the sources of the Aβ
used in experiments. We should recall our study, as under-
graduate chemistry students, of Le Châtelier’s principle [98]
and understand that our manipulation of Aβ, whether from
tissue isolates or using chemically synthesized peptides, will
change the distribution of oligomeric states if non-
equilibrium methods are used (detergent extraction, SDS-
PAGE, size exclusion chromatography, dialysis, or filtra-
tion). We can speak about what we derive following these
procedures, but we cannot infer that what we observe exists
in our original isolates or preparations. We can, however,
accurately and precisely describe the process(es) through
which these assemblies are isolated and characterized. This
enables others to compare their results with ours or to
reproduce our findings in a different laboratory.

Do relevant experiments that advance the field towards
effective therapies
Relevance questions always require an object, namely:
‘to what is a question relevant?’ In the case of AD, the
majority of work in the field has had relevance to our
basic understanding of cell and molecular biology, but
not necessarily to AD. For example, the search for and
study of γ-secretase have contributed substantially to
our general understanding of regulated intra-membrane
proteolysis. This knowledge has been of great value in
understanding organismal development and homeostasis,
in addition to its potential (though not yet realized) for
drug development. Similarly, and especially importantly,
structure–neurotoxicity relationships among different Aβ
assemblies and various types of cells, especially primary
rodent neurons, are leading to an increased understanding
of mechanisms of Aβ-mediated toxicity. If the assemblies
that we study are poorly defined structurally, our under-
standing of their mechanisms of action will be poor. How-
ever, even if assembly structure is defined at atomic
resolution, we may not know formally whether biological
studies recapitulate what occurs in the human brain.
Nevertheless, I argue that: (1) in well-controlled experimen-
tal systems, the data derived from studies of Aβ biological
activity tell us something about pathways of Aβ-induced
cellular stress, injury, and death per se; and (2) the value
of the information with respect to understanding AD
pathobiology can be validated if in future work it can be
shown that interventions based upon such information
successfully modify or prevent the AD state. Again, for-
mally, we cannot know whether our interventions oper-
ate in situ in vivo according to the mechanisms we
promulgate. However, if our endpoints are preventing,
ameliorating, decelerating progression of, or curing AD,
and we reach one or more of these endpoints, then the
question of validated mechanism becomes a question of
an almost entirely academic nature. The fact that patients
are helped is what matters.

Coda

A journey of a thousand miles begins with a single
step.
– Lao-Tzu (604–531 BC)

Biomedical science is a difficult thing to do well, and
within the field, the Aβ system is particularly problematic
and vexing. It is a non-ideal system that demands an un-
usually rigorous approach if its secrets are to be uncov-
ered and effective AD therapeutics are to be developed.
Let us strive to follow the advice of Lao-Tzu by making
our first step in the right direction!

Endnotes
aThe reader is encouraged to examine an excellent recent

treatment of the oligomer field by Benilova et al. [99].
bTwo recent reports do suggest that AD pathology can

be propagated through prion-like cell-to-cell spread in
mice following injection of brain homogenates from AD
transgenic animals [100] or an AD patient [101].

cIt should be emphasized once more that the thermo-
dynamic arguments here refer to the final equilibrium
state of a system. However, this state may not be reached
(at least in our lifetimes) because of kinetic traps that, in
practical terms, take a particular assembly out of a pathway.
Protein precipitation, for example, is one process that can
lead to a system state in which an insurmountable acti-
vation energy (under physiologic conditions) would be re-
quired to place the precipitated proteins back ‘on-pathway.’
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