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ABSTRACT: Amyloid cascades leading to peptide β-sheet fibrils
and plaques are central to many important diseases. Recently,
intermediate assemblies of these cascades were identified as the
toxic agents that interact with the cellular machinery. The
relationship between the transformation from natively unstructured
assembly to the β-sheet oligomers to disease is important in
understanding disease onset and the development of therapeutic
agents. Research on this early oligomeric region has largely been
unsuccessful since traditional techniques measure only ensemble
average oligomer properties. Here, ion mobility methods are utilized
to deduce the modulation of peptide self-assembly pathways in the
amyloid-β protein fragment Aβ(25−35) by two amyloid inhibitors (epigallocatechin gallate and scyllo-inositol) that are currently
in clinical trials for Alzheimer’s Disease. We provide evidence that suppression of β-extended oligomers from the onset of the
conversion into β-oligomer conformations is essential for effective attenuation of β-structured amyloid oligomeric species often
associated with oligomer toxicity. Furthermore, we demonstrate the ease with which ion mobility spectrometry−mass
spectrometry can guide the development of therapeutic agents and drug evaluation by providing molecular level insight into the
amyloid formation process and its modulation by small molecule assembly modulators.

■ INTRODUCTION

The aberrant deposition of protein plaques is the common
histopathological hallmark of amyloid diseases,1−3 such as
Huntington’s, Parkinson’s, Alzheimer’s or type 2 diabetes.
Amyloid plaques of distinct diseases differ from each other
mainly by the protein deposited and the specific tissues
subjected to plaque deposition and degeneration.1 Experimen-
tal evidence4 indicates that amyloid diseases share a common
pathogenic mechanism which attributes a generic toxicity5,6 to
soluble protein oligomers that are transiently populated during
amyloid formation.7−11 A conversion of soluble oligomers from
globular conformations into amyloid β-strand structures is
postulated to be of central relevance to disease pathogenesis.1

Thus, protein self-assembly processes that sustain a conforma-
tional conversion into amyloid assemblies are considered
pathogenic (generalized amyloid cascade hypothesis).1,5,6,12,13

One currently highly investigated approach to amyloid
disease therapeutics is to directly manipulate the pathogenic
protein aggregation process such that the toxic agents are no
longer formed.14−21 Significant progress has been made
recently in using ligands to transform pathogenic into benign
protein aggregation pathways.16,18,19,22 Small organic com-
pounds,23,24 in particular the polyphenol epigallocatechin
gallate (EGCG)16,25−31 or the carbohydrate scyllo-inositol,16,32

were reported to exhibit cytoprotective effects by redirecting

fibril formation into unstructured macroscopic aggregates for a
number of amyloid forming proteins, and are currently in
clinical trials for Alzheimer’s disease (AD).31 Other com-
pounds, especially negatively charged glycosaminoglycans, were
found to reduce cytotoxicity by promoting protein assembly
into amyloid fibrils.17,33−39 The particular cytoprotective effects
of these compounds appear to be generic in nature and rather
independent of the particular protein investigated and specific
experimental conditions applied.16,30,31,36,40

Attempts to relate cytoprotective effects to changes in
aggregate morphology induced by the ligands have been
conflicting.41 For one, cytoprotection is achieved by redirecting
protein self-assembly into macroscopically unstructured
aggregates,22,24,28,29,31 but also by accelerating the postulated
pathogenic fibrillogenesis pathway.16,17,35 Significantly, mature
aggregates of amyloid-β (Aβ) variants with distinct macroscopic
morphologies were found to exhibit an equivalent degree of
toxicity,9 which was attributed to differences in transiently
populated oligomers. Furthermore, two aggregation pathways
of the amyloid forming protein HypF-N were described that
result in similar morphologies of their mature macroscopic
aggregates. However, one oligomer type is benign when added
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to cell cultures whereas the other is toxic,42 an observation
ascribed to structural differences observed for the correspond-
ing soluble oligomers. These results underline the importance
of directly elucidating the morphologies of early, transient
soluble oligomers during amyloid formation and thus highlight
a strong disconnect between key disease processes and the
structural information amenable from bulk measurements of
macroscopic aggregates.
Recently43 we reported on the first direct observation of

structural transition processes that occur during the self-
assembly of peptides en route to mature aggregates as soluble
oligomers grow one monomer at a time using ion mobility
spectrometry−mass spectrometry (IMS−MS). In the current
work, we apply IMS−MS10,44−50 to characterize the self-
assembly process of Aβ(25−35), an important fragment of the
neurologically important Aβ40 and Aβ42 peptides responsible
for Alzheimer’s Disease.51 Our intent is to determine the
structural implications induced by the ligands epigallocatechin
gallate (EGCG) and scyllo-inositol on transient, soluble
Aβ(25−35) oligomers (see Scheme 1).
EGCG and scyllo-inositol are protein assembly modulators

currently in phase 2 clinical trials for AD,31 but their
mechanisms of action are unknown. In analogy to full-length
Aβ, the high cytotoxicity observed for Aβ(25−35) is mediated
through oligomers associated with self-assembly into amyloid
fibrils.52,53 Significantly, Aβ(25−35) induces a similar pattern of
neural injury in organotypical hippocampal slices to that of
Aβ4254 and single chain variable domain antibody fragments
against Aβ(25−35) prevent fibril formation and attenuate
toxicity of Aβ42 in vitro.55 Because of its limited size, Aβ(25−
35) has been extensively studied by computational56−59 and
experimental53 techniques. Furthermore, the effect of EGCG60

on morphology and toxicity of Aβ(25−35) oligomers was
characterized. This vast amount of data makes Aβ(25−35) an
ideal model system to rigorously assess the capability of IMS−
MS to directly reveal the morphologies of early, soluble peptide

oligomers, to determine the structural implications of ligands
on amyloid self-assembly and finally to correlate this structural
information to published cytoprotective effects induced by
these ligands.

■ RESULTS

β-Sheet Aβ(25−35) Oligomers Emerge at the Dimer,
and the Transition from Isotropic to β-Sheet Oligomers
Is Completed at the Aβ(25−35) Pentamer. The ESI-Q
mass spectrum of Aβ(25−35) shows abundant formation of
soluble, transient oligomers (Figure 1A). Peaks are annotated
with their n/z ratio, where n is the oligomer number and z is
the charge, indicating abundant formation of n/z = 1/2 (m/z =
530), n/z = 2/3 (m/z = 707) and n/z = 3/4 (m/z = 795) and
n/z = 1/1 (m/z = 1060), whereas less abundant peaks are
found at n/z = 3/5 (m/z = 638), n/z = 5/7 (m/z = 757), n/z =
7/9 (m/z = 824) and n/z = 4/5 (m/z = 848). The
corresponding ESI-qTOF61 spectrum (Supporting Information,
Figure S1A) reveals formation of oligomers up to the
dodecamer (n/z = 12/7; m/z = 1818) and the general level
of background counts above m/z = 1500 suggests existence of
larger peptide oligomers in the sample that the ESI-qTOF
instrument is not able to resolve.
Mass-selected arrival time distributions (ATDs) allow

determination of accurate collision cross sections (CCS) for
these Aβ(25−35) oligomers and thus provide detailed
structural information on the individual aggregation states
(Figure 2A,B, Supporting Information, Figure S3 and Table
S3). The ATDs typically display multiple features (Supporting
Information, Figure S3), indicating the presence of several
conformations of the same oligomers or distinct oligomers with
different n/z but the same m/z. Figure 2B displays the
development of measured CCSs for pure Aβ(25−35) oligomers
as a function of oligomer size n up to the octamer, which was
the largest unambiguously assigned Aβ(25−35) oligomer based

Scheme 1. Structural Formulas of Aβ(25-35), Epigallocatechin Gallate (EGCG) and Scyllo-inositol
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on the m/z value. The experimental data are compared to three
different structural models. First, the ideal isotropic growth
model is included where oligomers grow equally in all spatial
dimensions.43 Here, the cross section σ grows as n2/3 with
increasing oligomer number n. The second limiting case is
growth as an ideal in-register β-sheet (extracted from
crystallographic data,62 see Supporting Information section
S3.1.1), where the cross section increases linearly with
increasing oligomer number n.43 Finally, oligomer growth as
an ideal out-of-register β-sheet is included, where each
monomer chain is shifted by one amino acid residue with
respect to the neighboring one (labeled “triclinic” in Figure 2).
These idealized oligomer growth modes offer limiting cases for
the development of cross sections with increasing oligomer size
n and thus guide the structural interpretation of the IMS−MS
data. The data for the pure Aβ(25−35) system (Figure 2A, 2B,
and Supporting Information, Figure S3 and Table S3) reveal
oligomers consistent with isotropic topologies for the monomer
through the tetramer. However, oligomers larger than the
tetramer are inconsistent with isotropic structures, and instead
correlate with extended, β-sheet geometries. These extended
oligomer conformations emerge at the dimer, and increase in
significance for the trimer and tetramer species until they
predominate for the pentamer and larger oligomers (Figure
2B). Specifically, two distinct n/z = 2/3 dimer species are
observed in the m/z = 707 ATD of pure Aβ(25−35) (Figure
2A), where the isotropic dimer conformation (395 Å2) strongly
prevails in abundance over the extended dimer (413 Å2). A
variety of intermediate oligomer species with CCSs larger than
expected for isotropic, but smaller than expected for β-sheet
topologies coexist for the trimer and tetramer (Figure 2B).
These intermediate trimer and tetramer conformations suggest
that the conformational transition from a prevailing isotropic
dimer into a predominantly β-sheet tetramer topology occurs
via a complex steady-state of different trimers and tetramers.
This conformational transition from prevalent isotropic

dimer to β-sheet tetramer is the pivotal process for formation
of amyloid fibrils of Aβ(25−35) from a presumed monomeric
peptide chain. The IMS−MS data reveal that this structural
conversion of Aβ(25−35) oligomers proceeds via a complex
steady-state of intermediate trimer and tetramer conformations.
In order to gain insight into the possible molecular topologies
of these intermediate oligomeric species, the IMS−MS data
were compared to recently published temperature replica-
exchange molecular dynamics (T-REMD) simulations (see
Supporting Information, section S1.2.5 for details).59 The
simulations indicate that the monomer takes on a folded,
compact conformation dominated by a central turn motif
(Supporting Information, Table S2). Compact, β-turn/coil and
β-hairpin conformations (266 Å2 and 267 Å2) dominate the
simulations and are in reasonable agreement with the
experimental cross section (248 Å2). The simulations further
reveal a number of stable dimers, including coiled and β-sheet
conformations. Predicted CCSs range from 411 Å2 for the most
compact, folded dimer to 464 Å2 for the strongly extended β-
sheet dimer. Comparison with the experiment reveals that
compact Aβ(25−35) dimers prevail in the experiment (392
Å2). Slightly extended dimers (413 Å2) are experimentally
observed, but fully extended β-sheet dimers are not. This
discrepancy between experiment and theory can be rationalized
by assuming that either Aβ(25−35) dimers are able to
(partially) fold into gas-phase conformations during the time-
scale of the experiment or that the extended β-sheet dimer

Figure 1. Mass spectra of Aβ(25−35) (A) and Aβ(25−35) incubated
with EGCG at 1:1 (B) and Aβ(25−35) with scyllo-inositol at 1:1 (C)
ratio. In all cases the Aβ(25−35) concentration was 200 μM in pure
water solvent. Peaks are annotated by the oligomer size-to-charge (n/
z) ratio. hetero-oligomers of Aβ(25−35) with ligands are labeled by (n
+ m)/z where m is the number of ligands. (see section S7 in the
Supporting Information for a discussion of the peaks labeled by an
asterisk).
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population is too small to be detected (predicted at 2.3% by
theory). Extended-coil and extended−β conformations (580
and 610 Å2) take on increased significance for the Aβ(25−35)
trimer and coiled, highly compact trimer species are not
observed in the simulations. The predicted CCSs for these
conformations agree well with the experimental CCSs (557 to

650 Å2), except for the largest experimentally observed peak.
Since the T-REMD simulation samples the conformational
distribution of a specific oligomer at thermal equilibrium, the
relative populations of each conformation can be shifted with
respect to the experiment where the steady-state system among
various oligomer sizes is probed. The kinetic factor of the

Figure 2. Ion mobility data of Aβ(25−35) (A, B), Aβ(25−35) with EGCG (C),(D) and Aβ(25−35) with scyllo-inositol (E, F). The Aβ(25−
35):ligand ratios were 1:1 for both ligands. The lines in panels B, D, and F are defined in panel F (see text).

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja406197f | J. Am. Chem. Soc. 2013, 135, 16926−1693716929



aggregation cascade, which is not captured in T-REMD
simulations, can favor the sampling of aggregation-prone
conformations in the experiment that are predicted less stable
and less abundant according to the simulation. Extended
conformations continue to increase in abundance for the
Aβ(25−35) tetramer (CCSs range from 707 Å2 to 776 Å2), and
the simulations indicate the emergence of β-barrel tetramer
conformations (716 Å2). Again, the predicted CCSs agree well
with the experimental results except for the largest species
experimentally observed as noted for the trimer.
The strong correlation between the measured cross sections

and those computed for the model structures of Aβ(25−35)
oligomers thus support the view that the distinct Aβ(25−35)
dimers, trimers and tetramers observed in the experiment differ
from each other in the β-strand content of the individual
Aβ(25−35) chains and that the prevalence of β-sheet character
increases from dimers to tetramers.
Summarizing, the overall self-assembly of Aβ(25−35) as

revealed by IMS−MS involves isotropic conformations up to
the tetramer but as early as the dimer an intermediate
aggregation stage begins in which a structural conversion
between isotropic and β-sheet dominated conformations take
place. The conformational transition is completed at the
Aβ(25−35) pentamer and self-assembly continues as growth of
β-sheet assemblies. The prevalence of β-sheet conformation
suggested by the IMS−MS data is supported by the circular
dichroism (CD) spectra (see Supporting Information, Figures
S6, S7) and the observation of fibrillar aggregates by atomic
force microscopy (AFM), Figure 3A and Supporting
Information, Figures S9, S10) for aliquots taken from the
same Aβ(25−35) sample that was used for IMS−MS analysis.
Epigallocatechin Gallate (EGCG) Competitively Binds

to Aβ(25−35) Oligomers, Induces Isotropic Conforma-
tions and Prevents the Conversion from Isotropic to β-
Sheet Aβ(25−35) Oligomers. The steady-state oligomer
distribution of Aβ(25−35) is significantly altered by incubation
with EGCG. First, the only Aβ(25−35) homooligomers
identified in the presence of EGCG are Aβ(25−35) monomers
and dimers (m/z = 530 and m/z = 707, Figure 1B and
Supporting Information, Figure S2). The remaining peaks are
identified as Aβ(25−35):EGCG hetero-oligomers. Second,
only one oligomer with more than four Aβ(25−35) chains
was found in the presence of EGCG (n/z = (5 + 3)/5;
Supporting Information, Figure S4), which was of low
abundance. Finally, isotropic topologies are found to strongly
predominate the oligomer steady-state in the presence of
EGCG, and the only oligomer observed to take on an extended
conformation is the n/z = (4 + 4)/5 species (Supporting
Information, Figure S4).
The predominance of isotropic Aβ(25−35) oligomer

conformations in the presence of EGCG is further highlighted
when correlating the CCSs of Aβ(25−35):EGCG hetero-
oligomers with the number of EGCG molecules contained
within the supermolecule (Figure 4). The cross sections
extrapolated to free Aβ(25−35) monomers (σextr = 253 Å2),
dimers (σextr = 409 Å2), trimers (σextr = 560 Å2) and tetramers
(σextr = 653 Å2) agree strongly with those of the compact,
isotropic oligomers observed in the steady-state of pure
Aβ(25−35) (σisotropic = 249 Å2 (monomer), 395 Å2 (dimer),
518 Å2 (trimer) and 627 Å2 (tetramer), respectively).
Oligomers that are centrally implicated in the conformational
transition from isotropic to β-sheet conformations of pure
Aβ(25−35) are absent in the presence of EGCG. One example

is the absence of the two extended n/z = 4/6 Aβ(25−35)
homotetramers with substantial β-strand character in the m/z =
707 peak (c.f. Figure 2A,C). Additionally, the cross section data

Figure 3. AFM images of Aβ(25−35) (A), and Aβ(25−35) with
EGCG at 1:1 (B) and Aβ(25−35) with scyllo-inositol at 1:1 (C) ratios.
(A) Abundant Aβ(25−35) fibrils with an average diameter of 1 μm are
visible in the absence of EGCG and scyllo-inositol. (B) Fibril formation
is impeded by EGCG, and granular aggregates are observed. (C)
Scyllo-inositol redirects Aβ(25−35) assembly into smaller, fibrillar
macroscopic aggregates.
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indicate an isotropic conformation for the only observed
pentamer (n/z = (5 + 3)/5, m/z = 1336), demonstrating that
the conformational transition to β-sheet Aβ(25−35) oligomers
does not occur in the presence of EGCG. These observations
underscore that oligomers with β-strand character of Aβ(25−
35) chains are suppressed by the presence of EGCG. Thus, the
IMS−MS data reveals that EGCG competitively suppresses the
formation of Aβ(25−35) homooligomers and instead induces
isotropic conformations by formation of Aβ(25−35):EGCG
hetero-oligomers. CD data (Supporting Information, Figure S6,
S7) support the absence of β-sheet Aβ(25−35) oligomer
conformations in the presence of EGCG. Additionally, EGCG
is found to complex Aβ(25−35) oligomers and to suppress
formation of Aβ(25−35) fibrils in a concentration-dependent
manner (Supporting Information, Figure S1, S9). Furthermore,
AFM imaging reveals that EGCG partially remodels matured
Aβ(25−35) fibrils into granular aggregates (see Supporting
Information, Figure S10). These observations suggest that
EGCG is able to induce isotropic conformations by binding

strongly to soluble Aβ(25−35) oligomers. Previous stud-
ies25,28,29,31,63 showed a similar effect of EGCG on morphology
and toxicity of several amyloid forming peptides, including α-
synuclein and Aβ42.
Explicit solvent molecular dynamics (MD) simulations were

carried out in order to elucidate the molecular mode of how
EGCG induces isotropic Aβ(25−35) oligomer conformations.
To this end, the aggregation of four Aβ(25−35) peptides were
simulated in the absence and the presence of four EGCG
molecules (see Supporting Information, section S1.2.4 for
details). Interacting pairs of Aβ(25−35)/Aβ(25−35) and
EGCG/Aβ(25−35) were identified during the simulations at
regular time-intervals independent of the particular oligomeric
state. Subsequently, the secondary structure of the Aβ(25−35)
chain was characterized by means of the phi/psi angles of the
amide bonds as α-helix, β-sheet, or coil conformation. Figure
5A depicts the secondary structure propensities for Aβ(25−35)
chains observed in the absence and in the presence of EGCG.
Figure 5A reveals that ordered (i.e., β-strand and helical)

Figure 4. Extrapolation of cross sections of Aβ(25−35) oligomers (monomer, dimer, trimer, tetramer) complexed with EGCG to free Aβ(25−35).
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conformations of Aβ(25−35) chains predominate in the
absence of EGCG. The Figure further shows that binding to
EGCG increases prevalence of unordered Aβ(25−35) coil
conformations from approximately 27 to 62% and reduces the
ordered conformations (β-strand and helical) from approx-
imately 73 to 37%, respectively. These observations are
consistent with the experimental IMS−MS data in the sense
that the presence of EGCG favors isotropic Aβ(25−35)
oligomer conformations over ordered, β-strand conformation
of Aβ(25−35) oligomers. Why and how, at a molecular level,
does EGCG induce unstructured, coiled Aβ(25−35) con-
formations? To investigate this question, the geometries of
Aβ(25−35) chains that are bound to EGCG were extracted
from the simulation and the surface area by which Aβ(25−35)
and EGCG bind to each other was determined for each such
complex. The details of the corresponding analysis can be
found in the Supporting Information, Figure S11, but the key
finding is as follows. The geometry of EGCG can be viewed as

a collection of three distinct aromatic rings arranged in a rigid,
propeller-like geometry (Figure 5B). As a consequence of this
geometry, EGCG has three faces through which it can bind to
hydrophobic (aromatic rings) and hydrophilic (hydroxyl
groups) patches on Aβ(25−35). Each such face can be
individually bound to Aβ(25−35) but EGCG becomes
increasingly stronger bound by successively binding to the
peptide with two and three faces (see Supporting Information,
Figure S11). However, the tridentate binding mode of EGCG
can only be accomplished if the bound Aβ(25−35) chain takes
on a globular, unordered structure, but cannot be accomplished
with the peptide adopting an ordered, helical or β-strand
conformation. For this reason, EGCG effectively prevents the
formation of oligomeric species that have the correct geometry
to further self-assemble into amyloid fibrils.
Pair-wise radial distribution functions g(r) (RDFs) were

compiled from the simulation data in the absence and presence
of EGCG (Figure 5C,D). The RDFs were compiled from all

Figure 5. Results obtained by explicit solvent molecular dynamics simulations of Aβ(25−35) and EGCG. (A) Secondary structure propensities
observed for Aβ(25−35) chains in the absence and presence of EGCG. (B) Representative structures for the pairwise interactions present in pure
Aβ(25−35) (left) and EGCG:Aβ(25−35) (right). (C, D) Radial distribution functions (RDFs) g(r) of Aβ(25−35) chains in the absence and
presence of EGCG. The RDF g(r) is compiled using the center-of-mass distances r for each combination of pairs of Aβ(25−35) chains at each
snapshot from the MD simulation. The presence of EGCG increases the most likely distance of two Aβ(25−35) chains from approximately 5.0 Å to
9.8 Å.
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pairwise center-of mass-distances r for each snapshot sampled
during the simulations. RDFs allow the determination of
coordination shells and thus reveal differences in binding
modes of Aβ(25−35) peptides in the absence and presence of
EGCG. The analysis thus reveals how the binding of EGCG to
a Aβ(25−35) chain affects the self-assembly process of Aβ(25−
35). The first and second coordination shells in the absence of
EGCG are found at 5.0 and 7.5 Å center-of-mass distance,
respectively (Figure 5C), indicating a clear short-range order of
Aβ(25−35) chains in the absence of EGCG. In particular, the
first coordination sphere (5.0 Å) is in the order of the distance
of an intermolecular hydrogen-bond and thus suggests a strong
intermolecular alignment of Aβ(25−35) peptides in the
absence of EGCG. It is further of note that this 5.0 Å
intermolecular distance is similar to the 4.8 Å that is typically
found in amyloid fibers. However, in the presence of EGCG,
this 5.0 Å coordination shell between two Aβ(25−35) chains is
absent (Figure 5D). Instead, the first coordination shell of
Aβ(25−35) chains in the presence of EGCG is observed at 7.5
Å center-of-mass distance, which was the second coordination
shell of the pure Aβ(25−35) system. Further, the most likely
coordination between two Aβ(25−35) chains in the presence
of EGCG takes place at approximately 9.8 Å center-of-mass
distance between two individual Aβ(25−35) chains. In sum, the
simulation data show that EGCG increases the distance
between two Aβ(25−35) peptides and eliminates strongly
aligned, hydrogen-bonded Aβ(25−35) chains. Consequently,
we conclude that EGCG inserts between two Aβ(25−35)
peptides and disrupts their intermolecular binding, preventing
the alignment of Aβ(25−35) peptides that is necessary for
them to form stable β-sheet fibrillar oligomers.
In sum, the combined experimental and computational data

presented here indicate that EGCG prevents the conforma-
tional transition from isotropic to barrel-like and β-sheet
oligomers that was observed by IMS−MS to occur at the trimer
and tetramer of pure Aβ(25−35). Significantly, the IMS−MS
data indicate that EGCG competitively binds to small Aβ(25−
35) species that occur on the self-assembly process earlier than
the conformational transition observed for free Aβ(25−35),
and EGCG thus prevents the conformational transition to β-
sheet oligomers of Aβ(25−35) by preventing the formation of
Aβ(25−35) homotrimers and −tetramers. As a consequence,
formation of the barrel-like and β-sheet n/z = 4/6 tetramers is
completely suppressed in the presence of EGCG (Figure 2C)
and the formation of macroscopic fibrillar Aβ(25−35)
aggregates is prevented (Figure 3B). Furthermore, the
combined computational, AFM, CD and IMS−MS data
presented here suggest that amyloid fibril remodeling by
EGCG proceeds by extracting small oligomers from the
macroscopic fibrillar aggregates by disrupting binding between
two Aβ(25−35) entities and subsequently by invoking isotropic
conformations in these smaller amyloid oligomers via complex-
ation of the soluble Aβ(25−35) oligomers by EGCG. Another
possible mode of fibril remodeling by EGCG is that EGCG
shifts the steady-state oligomer distribution toward small,
soluble non-β-sheet oligomers, effectively dissolving the
macroscopic fibril by removing soluble, β-sheet Aβ(25−35)
oligomers from the steady-state with the macroscopic fibril via
inducing an unstructured conformation into Aβ(25−35)
peptides, i.e. by Le Chatelier’s principle.
Scyllo-inositol Binds Weakly to Aβ(25−35) Oligomers

and Does Not Adversely Affect the Conversion of
Aβ(25−35) Oligomers from Isotropic into Fibrillar

Conformations. Figure 1C displays the mass spectrum of
Aβ(25−35) incubated with scyllo-inositol at a 1:1 ratio. It is
noted that Aβ(25−35) homooligomers (such as n/z = 2/3 (m/
z = 707), 3/4 (m/z = 795) and 4/6 (m/z = 707)) are more
abundantly formed than Aβ(25−35):scyllo-inositol hetero-
oligomers (such as (n + m)/z = (1 + 1)/2; (m/z = 620) and
(n + m)/z = ((2 + 1)/2; (m/z = 710)). Furthermore, the cross
section data (Figure 2E,F and Supporting Information, Figure
S5) indicate that extended Aβ(25−35) homooligomers are
slightly increased in abundance when compared to the pure
Aβ(25−35) sample. One example of enhanced population of
extended species are the n/z = 4/6 tetramers in the m/z = 707
ATD (Figure 2E). These observations indicate that scyllo-
inositol binds relatively weakly to Aβ(25−35) and its oligomers
and thus may reduce the overall abundance of Aβ(25−35)
homooligomers. However, strongly extended dimers (491 Å2)
are observed at m/z 530 (Supporting Information, Figure S5).
These strongly extended dimers agree well with extended β-
strand dimers observed in the simulations at low abundance
(496 Å2, Supporting Information, Table S2), but not found in
pure Aβ(25−35) or when incubated with EGCG. Conse-
quently, scyllo-inositol is found unable to prevent the transition
of Aβ(25−35) homooligomers into β-sheet-like trimers and
tetramers conformations (Figure 2F). In fact, the IMS−MS
data indicate that the presence of the n/z = 4/6 tetramer
conformations with intermediate cross sections (765 and 780
Å2) are enhanced with respect to the pure Aβ(25−35) system
(c.f. Figure 2A,E). These conclusions drawn from the IMS−MS
data are supported by AFM imaging of aliquots taken from the
same sample (Figure 3C) showing highly abundant formation
of fibrillar Aβ(25−35) aggregates, which is consistent with
recently reported abundant formation of fibrillar aggregates and
Thioflavin-T fluorescence of Aβ1−42 when incubated with scyllo-
inositol.31

■ DISCUSSION
Protein aggregation into amyloid fibrils is considered a
pathogenic process.1 The amyloid cascade hypothesis11

suggests that this pathogenic effect arises from cytotoxic
protein oligomers that are transient components of an oligomer
steady-state between the monomer and the mature, fibrillar
aggregate. One fundamental problem of research related to
amyloid formation and disease is that the specific structures and
abundances of these oligomers are not amenable by bulk
measurement techniques64−69 which convolute the steady-state
into one single entity. In particular, conformational transitions
of transient, intermediate oligomers are not directly accessible
by bulk measurements of the macroscopic aggregates. There-
fore, structural properties of soluble oligomers during amyloid
formation could not9 or only vaguely15 be linked to their
toxicity, and, consequently, an Ansatz that guides the rational
development of therapeutic strategies to amyloid diseases does
not exist to date.70 Recent failures of a number of clinical
trials71 emphasize the challenge of traditional bulk techniques
to relate structural information with cytotoxic activity and
underline the urgency to develop a deeper understanding of the
molecular mechanisms that are directly responsible for amyloid
diseases.
In the current work, IMS−MS is used to unveil the structural

polymorphism of Aβ(25−35) oligomers and to reveal the effect
of two assembly modulators currently in clinical trials for AD16

on Aβ(25−35) self-assembly. The data show that the self-
assembly of Aβ(25−35) in the absence of assembly modulators
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Figure 6. Proposed assembly pathways of Aβ(25−35) in absence (A) and presence of EGCG (B) and scyllo-inositol (C). (A) The self-assembly
pathway of Aβ(25−35) is proposed to proceed from compact, coiled monomers and dimers into β-extended larger oligomers via a conversion from
coiled to β-extended conformations at the trimer and tetramer. A number of different oligomer conformations are identified in the IMS−MS data for
the trimer and tetramers including (distorted) β-sheet and β-barrel-like species. (B) EGCG strongly binds to the earliest Aβ(25−35) oligomers
before the onset of the conformational transition and induces isotropic geometries of Aβ(25−35):EGCG hetero-oligomers. Thus, fibrillar and β-
barrel-like oligomeric species are not present in the presence of EGCG. (C) Scyllo-inositol binds only weakly to Aβ(25−35) oligomers, and does not
induce isotropic oligomer structures. Thus, (distorted) β-sheet and β-barrel-like Aβ(25−35) homooligomers are observed in the presence of scyllo-
inositol.
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(Figure 6A) proceeds from compact, coiled monomers and
dimers into β-extended oligomers with a marked conversion
from coiled to β-extended conformations at the trimer and
tetramer. A plethora of different oligomer conformations can be
identified by the IMS−MS data for the trimer and tetramers
including distorted β-sheet and β-barrel-like species. Such β-
oligomers can potentially insert into cellular membranes and
thus impair membrane stability and may consequently
attenuate cell viability.72 Scyllo-inositol is found to bind to
Aβ(25−35) oligomers, in accord with recent computational
results.73 Therefore, scyllo-inositol can potentially influence the
assembly of Aβ(25−35) oligomers. However, the IMS−MS
data reveal that scyllo-inositol binds only weakly (Figure 1C)
and does not significantly affect the conformational transition
of Aβ(25−35) homooligomers (Figure 2E,F) at the concen-
trations used in this work. Importantly, population of the β-
barrel-like and β-sheet n/z = 4/6 tetramer species appears
enhanced, and a strongly extended dimer species emerges in
the presence of scyllo-inositol when compared to the pure
Aβ(25−35) system (Figure 2E,F and Supporting Information,
Figure S5). Consequently, fibrillar aggregates are found by
AFM imaging in the presence of scyllo-inositol (Figure 3C).
These findings are in accord with a recent study31 that reported
strong Thioflavin T fluorescence and complete lack of
cytoprotective effects when Aβ1−42 was incubated at even
higher scyllo-inositol:peptide ratios than used in the current
work. However, other prior studies reported therapeutic effects
at much higher concentrations.32 Thus, the IMS−MS data
presented in this work suggest that scyllo-inositol reduces the
effective amyloid peptide concentration by binding weakly to
oligomers, and thus may indirectly attenuate oligomer toxicity
at elevated concentrations. However, the data obtained in this
work demonstrate that scyllo-inositol does not directly
modulate the pathogenic agents that are transiently populated
during amyloid formation.
In contrast to scyllo-inositol, EGCG is shown to bind strongly

to Aβ(25−35) oligomers and to effectively attenuate formation
of larger Aβ(25−35) homooligomers. Furthermore, EGCG is
able to induce isotropic conformations in EGCG:Aβ(25−35)
hetero-oligomers and thus clearly prevents the transition of
Aβ(25−35) homooligomers into β-extended structures at the
trimer and tetramer. Significantly, EGCG completely sup-
presses formation of the β-barrel-like and β-sheet n/z = 4/6
tetramers. These observations confirm previous suggestions of
the molecular mode of action of EGCG that were made based
on studies on the interaction of EGCG with full-length Aβ42
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and α-synuclein28,29 that implied EGCG induces unstructured
oligomers by interfering with an early event in amyloid
formation. The current results suggest that the rather rigid
molecular geometry of EGCG and its ability to provide three
chelating faces to bind Aβ(25−35) is key to the prevention of
Aβ(25−35) β-strand oligomers. It is furthermore significant
that the IMS−MS data indicate that EGCG interferes with the
Aβ(25−35) self-assembly cascade and induces isotropic
conformations before the onset of the structural transition from
random to β-assembly.

■ CONCLUSIONS

Here we use IMS−MS, molecular dynamics modeling and
AFM to study the oligomerization of the important amyloid β-
protein fragment Aβ(25−35) and to observe the effect of two
amyloid inhibitors currently in clinical trials on the oligome-

rization/amyloid formation of the peptide. Our findings include
the following:

• IMS−MS data indicate Aβ(25−35) initiates oligomeriza-
tion isotropically, undergoes a transition to β-sheet
structures from n = 3 to n = 4 and above n = 4 forms only
β-sheet oligomeric structures. Oligomer distributions and
structures were independent of Aβ(25−35) concen-
tration in the range from 25 to 250 μM indicating
solution processes were being observed.

• The addition of EGCG yields mixed Aβ(25−35)/EGCG
oligomers with up to three EGCG ligands attached per
Aβ(25−35) peptide. No β-sheet oligomers are observed
in these mixtures at any value of n even for nonligated
Aβ(25−35). The addition of EGCG serves to divert
Aβ(25−35) oligomers to compact, near isotropic
structures.

• The addition of scyllo-inositol reduces the extent of
oligomer formation in Aβ(25−35) but does not remove
β-sheet structures in the oligomers, and thus is ineffective
as an inhibitor at the concentrations used here.

• AFM measurements on the above listed sample solutions
indicate fibril formation in pure Aβ(25−35), no fibrils
and only granular aggregates when EGCG is added, and
smaller but still fibrillar structures when scyllo-inositol is
added. The completely complementary nature of these
results to the IMS−MS results provides support that
IMS−MS reports actual solution oligomer distributions
and structures.

• MD studies indicate that EGCG interacts with Aβ(25−
35) through its three planar ring system, resulting in
folds in the peptide that eliminate the possibility of β-
structure formation. It is reasonable to suggest this
mechanism is responsible for the fact that EGCG is a
broad spectrum amyloid inhibitor.

■ METHODS
A full description of methods is given in Supporting Information.
Briefly, for IMS−MS samples were dissolved in water to the desired
concentration, loaded into gold coated nanoESI capillaries, and
electrosprayed on home-built instruments.74 Ions are focused, stored
in an ion funnel, and pulsed into a drift tube filled with 13 Torr of He.
They are pulled through the drift tube under the influence of a weak
electric field. At the end of the drift tube ions of a particular oligomeric
state are mass selected and their arrival time distribution (ATD) is
recorded. The arrival time is related to the collision cross-section of
the ion (see Supporting Information). Molecular dynamics calcu-
lations were carried out with the Amber simulation package75 in
conjunction with the ff03 force field.76,77 Theoretical cross sections
were computed by the trajectory78 and PSA methods.79−81 For AFM
images aliquots of the same peptide sample solutions were drop cast
onto freshly cleaved mica slides and imaged on a MFP-3D-SA
instrument (AsylumResearch, Santa Barbara). CD spectra were
recorded on OLIS (Instrument, Inc.) DSM 1000 RSM and AVIV
(Biomedical Inc.) circular dichroism spectrophotometers.

■ ASSOCIATED CONTENT
*S Supporting Information
Full description of materials and sample preparation, ion
mobility spectrometry, circular dichroism (CD), atomic force
microscopy (AFM), molecular dynamics (MD), and cross
section calculations. Mass spectra, arrival time distributions
(ATDs), CD spectra, and AFM images of pure amyloid-β(25−
35) and in the presence of epigallocatechin-gallate (EGCG)
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and scyllo-inositol, respectively. This information is available
free of charge via the Internet at http://pubs.acs.org.
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