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Abstract

The early oligomerization of amyloid S-protein (Ag) is a crucial step in the etiology of
Alzheimer’s disease (AD), in which soluble and highly neurotoxic oligomers are produced and
accumulated inside neurons. In search of therapeutic solutions for AD treatment and prevention,
potent inhibitors that remodel Ag assembly and prevent neurotoxic oligomer formation offer a
promising approach. In particular, several polyphenolic compounds have shown anti-aggregation
properties and good efficacy on inhibiting oligomeric amyloid formation. 1,2,3,4,6-penta-O-
galloyl-B-D-glucopyranose is a large polyphenol that has been shown to be effective at inhibiting
aggregation of full-length AB;._49 and ApBy.42, but has the opposite effect on the C-terminal
fragment ABos.35. Here, we use a combination of ion mobility coupled to mass spectrometry
(IMS-MS), transmission electron microscopy (TEM) and molecular dynamics (MD) simulations
to elucidate the inhibitory effect of PGG on aggregation of full-length AB;.49 and ABy.42. We
show that PGG interacts strongly with these two peptides, especially in their N-terminal metal
binding regions, and suppresses the formation of ApB;-49 tetramer and AS;.4o dodecamer. By
exploring multiple facets of polyphenol-amyloid interactions, we provide a molecular basis for the
opposing effects of PGG on full-length ABand its C-terminal fragments.
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INTRODUCTION

Extracellular deposits of amyloid B-protein (Ag) in the brain are a pathological hallmark of
Alzheimer’s disease (AD), the most common type of dementia, which is characterized by
neuronal cell loss leading to cognitive impairment.1=8 Ag proteins are derived from
sequential endoproteolytic cleavage of the amyloid precursor protein (APP) by B- and -
secretase-12 to generate alloforms of 3743 amino acid. AB;.49 and AB;_4» (Scheme 1) are
the dominant forms and the main targets in the amyloid cascade hypothesis. AB;.4q is the
main constituent of all AgB species present in the body (~90%), while ApB;-42 (9%) is the
more toxic form and has a higher aggregation propensity.13: 14 Compelling evidence has
shown that the early, soluble amyloid oligomers are the primary pathologic agents in AD.
Some of these amyloid oligomers are highly neurotoxic and accumulate inside neurons,
causing a decline in synaptic functions.1 15-21

Soluble oligomers are produced and accumulated during the conversion of soluble, non-
toxic A monomers to benign fibrils.22 They exist in equilibrium with other species, and
may have relative short lifetimes; as a result, they are difficult to isolate and characterize. Of
note, previous studies by IMS-MS show that AB1-40 and Ap1-4» follow different pathways
en routeto fibrils: ABy._4 initially forms dimers and tetramers, whereas AB;.4» forms
hexamers and dodecamers.®: 13 Among these oligomeric species, appearance of the
dodecamer (56 kDa) has been linked to cognitive decline in both human AD brains and
transgenic mice.23: 24 However, the etiology of AD is presently not well understood and no
effective treatment is available. Current approved drugs for AD show only meager efficacy
at mitigating disease progression.

An attractive therapeutic approach for AD treatment is to remodel the Ag assembly pathway
in a way that attenuates the neurotoxicity of the transient, early-stage soluble Ag
oligomers.®: 13.25-28 |, this context, many polyphenolic compounds have shown promise as
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potential therapeutic agents for AD treatment and prevention.29-32 This class of compounds
is plentiful in nature; many can be extracted from plants and herbs.32: 33 More specifically,
1,2,3,4,6-penta-O-galloyl-B-D-glucopyranose (PGG) (Scheme 1), a large tannin-type
polyphenol found in the traditional medicinal herb Paeonia suffruticosa, has been shown to
be potent inhibitor for both AB;_49 and ApB;_4» aggregation.3* Paradoxically, this same
polyphenol has been recently shown to be an aggregation agonist for AfBs5.3s5, a cytotoxic
fragment of AS, by promoting the formation of extended ASys.35 conformations.3° This
discrepancy may be due to a mismatch between the size and shape of PGG and its amyloid
targets; however, supporting evidence for this model remains inadequate.

More recently, the variation between different polyphenols in their inhibitory effects on AS
oligomerization have been correlated to differences in polyphenol size and shape. For large
polyphenolic compounds, hydrophobic interactions with Ag were stronger than hydrophilic
ones. This difference was attributed to incompatibility between the geometry of large
polyphenols and intramolecular hydrogen bonds.32 In contrast, for small polyphenolic
compounds both polar and nonpolar interactions were equally involved in the AS binding
interfaces.32 Therefore, it is reasonable to propose that large polyphenols (e.g., PGG) are
more selective for their targets, and that the inhibitory mechanisms of large polyphenols
cannot be extrapolated from previous studies on small polyphenols.

Herein we utilize ion mobility spectrometry-mass spectrometry (IMS-MS),36: 37
transmission electron microscopy (TEM) and molecular dynamics (MD) simulations to
characterize the Ag self-assembly pathways and to determine the structural changes within
amyloid systems promoted by PGG. We investigate the effects and binding motifs of this
ligand with full-length ApB1-40 and AB;.4», focusing on early homo- and hetero-oligomer
(AB:PGG) formation and structure. Additionally, we evaluate the interactions of PGG with
Ap1.11 and ABy1.2», Which taken together with published data on ABy5.35,3% provide insight
into the molecular mechanism by which large polyphenols inhibit amyloid aggregation.

RESULTS and DISCUSSION
Self-assembly of ABi.40 and ABy_42 by IMS-MS and TEM

The fundamental challenge in studies of transient, early-stage soluble Ag oligomers is that
the conformational transitions are not easily accessible by traditional bulk measurements. In
contrast, IMS-MS has been demonstrated to successfully capture transient structural changes
accompanying A self-assembly38-40, as well as to successfully evaluate the efficacy of
small-molecule inhibitors of amyloid assembly processes.®: 13 31, 35, 41-44

IMS-MS experiments with full-length AB;-40 and ApB1-42 were performed in negative mode
polarity because the natural charge states of those species are z= -3 (at pH 7). The nano-
ESI-Q mass spectrum of pure ABy.49 (Figure 1A) reveals the presence of two major peaks at
mlz1081 and 1442, corresponding to A monomers: [7]Z = [1]7* and [1] 3, respectively,
where nis the oligomer number and zthe charge. The two features in the ATDs at m/z1731
are assigned to the Agdimer ([7]4 = [2]7°) and tetramer ([/]Z = [4]719) (see Figure S2,
Supporting Information). Similarly, the mass spectrum obtained for pure ApB;.42 (Figure 1C)
shows three peaks. The most abundant peaks are at /21504 and m/z 1128 corresponding to
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the monomers [7]Z = [1]73 and [/]7 = [1]7%, respectively. The ATDs obtained for the peak at
mlz1805 (shown in Figure S5, Supporting Information) show four different oligomeric
species of ABy_so: dimer ([7]7 = [2]7°), tetramer ([/7]7 = [4]710), hexamer ([/]Z = [6]71°) and
dodecamer ([7]¢ = [12]730), as previously reported.38. 40

To analyze the transient soluble Ag oligomers, the experimental collisional cross sections
(CCsSs), obtained by measuring ATDs at different pressure/voltage (A V) ratios (Equations
S3 and S4), were compared to the ideal isotropic growth model, which approximates the
cross sections (o) of oligomers that grow equally distributed in all spatial dimensions (o, =
o7 % #3).45 From the CCSs obtained for AB;.40 and ABy.4» (Figure 2, panels A and D, and
Supporting Information, Figures S2 and S5, Tables S1 and S3), positive deviations from the
ideal isotropic model emerge at dimer indicating non-spherical growth consistent with
previous results3®: 40 that indicated the ApB;_4q tetramer was near square planar and the
Api-42 hexamer was cyclic and planar and the dodecamer two stacked hexamers.

TEM images (Figure 3, panels A and D) obtained for aliquots taken from the same Ap;-49
and ABy.4» samples used in IMS-MS experiments (10 uM in 10 mM ammonium acetate
buffer, pH = 7.4) show more abundant fibrils for ABy-4» than for ABy_4o. Fibrils of both
peptides have a typical amyloid morphology (~10 nm in width). These results confirm that
both systems eventually form fibrils, as previously observed*® indicating typical B-sheet
structure.4

1,2,3,4,6-penta-O-galloyl-B-D-glucopyranose attenuates fibril formation by remodeling the
early ABi-40 and ABy .42 oligomerization and promoting hereto-oligomer formation

The mass spectrum of AB;.49 incubated with PGG at 1:1 molar ratio (Figure 1B) indicates
that the ligand remodels Ag assembly by modulating the early oligomer distribution and
suppressing the formation of higher order oligomers. Of note, the peak at m/z1731
corresponding to homo-Ag dimer and tetramer is completely depleted. The mass spectral
peaks at /1/z1081 and /m/z 1442 are identified as AB;.49 monomers with [7]Z = [1]™ and
[1]73, respectively. Four new mass spectral peaks are observed and attributed to AB;_40:PGG
hetero complexes, which are annotated as [7+ &]? where kis the number of bound PGG
molecules. These peaks are assigned as the quadruply charged monomer with one and two
PGG molecules attached, the triply charged monomer with one PPG attached and the
nominal quintuply charged dimer with one PPG attached. The ATD of the nominal dimer
(see Figure S3 and Table S2, Supporting Information) indicates both an Agdimer and an A
tetramer complexed with one and two PGG molecules, respectively (Figure 4B). In terms of
cross sections, the bound complexes are significantly more compact than the corresponding
homo-Ap1.40 dimer and tetramer (Figure 2 and Figure 4, panels A and B). The relative
intensities of those two features are reversed compared to the pure peptide, indicating that
the dimer is favored over the tetramer with PGG attached.

At 1:10 ABy.49:PGG molar ratio (Figure S1, Supporting Information), the population of
ApP1-40:PGG hetero-oligomers increases, indicating that PGG competitively binds to AB;.40
and alters the ApB;.49 assembly pathway. The CCSs obtained for ApB;-40 homo- and hetero-
oligomers (Figure 2, panels B and C, and Supporting information, Figure S3 and Table S2)
correlate with isotropic growth and suggest the formation of globular aggregates in place of
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fibrils. These results are in a good agreement with TEM data (Figure 3, panels B and C)
which show that the presence of PGG reduces the abundance of fibrillar aggregates
compared to ApB;.40 alone (Figure 3A). Moreover, globular aggregates become more
abundant when PGG is in excess (e.g., at 1:10 AB1-40:PGG molar ratio).

Similar to AB1.40, the mass spectra of Ap;.4» incubated with PGG at 1:1 and 1:10
Ap1-42:PGG molar ratios (Figure 1D, and Supporting Information, Figure S4) show a
decline in large A homo-oligomer formation and an increase in AB1-42:PGG hetero
complexes. The ATD of Ap;.42:PGG nominal quintuply charged dimer peak at /7721994
(Figure 4D) shows dominant dimer and tetramer peaks and a weak hexamer peak in strong
contrast to the corresponding ATD of pure Ap;.4» Where strong hexamer and dodecamer
peaks are present (Figure 4C). Hence, PGG suppresses the formation of high-order AB;_4»
homo- and hetero-oligomers. In the presence of PGG, the CCSs data of ApB;.42 homo- and
hetero-oligomers (Figure 2, panels E and F) are consistent with isotropic growth. TEM data
(Figure 3, panels E and F) are consistent with the IMS-MS results and show an almost
complete elimination of fibril formation and significant formation of globular aggregates.

We performed two additional experiments to examine the effect of PGG on preformed
A4 fibrils. In the first experiment AB;.4o was incubated for ~4 h on ice, followed by the
addition of PGG at a 2:1 Ap;.42:PGG molar ratio. The ATD corresponding to AB;.42 homo-
oligomers at 1805 /m/zwas monitored. At £= 30 minutes after mixing only three features
were observed corresponding to dimer, tetramer and hexamer but the dodecamer is
completely gone (Figure 5, panels A and B). Further, at 6 h after PGG addition a significant
decrease in the hexamer population is also observed (Figure 5C) indicating PPG remodels
both dodecamer and hexamer formation. In a second experiment, PGG was added to a three-
days incubated AB; .42 sample at molar ratios of 1:1 and 1:10 AB;.42:PGG. The samples
were then incubated for two additional days. The TEM data (Figure 5, panels D-F) show that
the addition of PGG to the aged Ap;.42 sample reduces the population of mature amyloid
fibrils. Even though fibrils remain in the final samples, they appear less clumped together
than in the absence of PGG, and are replaced by globular aggregates in a concentration-
dependent manner.

1,2,3,4,6-penta-O-galloyl-B-D-glucopyranose attenuates full-length Agamyloid formation
primarily via interactions with the N-terminal metal binding and central hydrophobic core

regions

In order to gain insight into the inhibitory mechanism of PGG on amyloid aggregation, we
performed explicit solvent molecular dynamics (MD) simulations. We combined the
molecular mechanics energies with generalized Born and surface area continuum solvation
(MM-GBSA) calculations to investigate the binding motifs in a complex of a single PGG
bound to an AB;_42> monomer and determine possible structures of the heterodimers. In the
first two trajectories, the initial structures of ABy.4; are taken as extended conformation in
order for the protein to be able to simultaneously fold and bind to PGG during the course of
the simulation. The theoretical cross sections of the resulting modeled structures (o = 840
and 884 A2) are in good agreement with experimental values of [1+1]# (o= 848 and 879
A2, see Table S4), suggesting that the simulations provide reasonable models of
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heterodimers. The most stable complexes identified from the two trajectories are shown in
Figure 6, panels A and B with binding energies of =41 and —44 kcal/mol, respectively.

Per residue binding energy decomposition (Figure 6E) shows that in Complex 1, PGG
interacts with the N-terminal segment (AB1-11: side chains of Phe4, Asp7 and backbone
atoms of Arg5), the first central hydrophobic core (AB12.22- Lys16, Vall7 and Val18), the
second hydrophobic segment (ABys5.35: Ala30 and 11e32) and the C-terminal end (AB3g.-42:
Val41 and Ala42). The C-terminal end of ABsg.45 folds into a B-turn/hairpin.*8 In Complex
2, the interactions of PGG with residues in the N-terminal AB;.1; are largely preserved, but
Asp7 is replaced by His6. Although the interactions with the central hydrophobic core are
weakened, the C-terminal end (ASs.42) adopts an extended conformation, preserving the
strong PGG binding. In fact, MM-GBSA calculations reveal that the binding energy of
Complex 2 is slightly stronger than that of Complex 1 (=44 vs. —41 kcal/mol, respectively).
We performed two additional simulations starting with the most populated structures from
Sgourakis et al.*° These simulations result in complexes where the ligand is strongly bound
the N-terminal region of AB;.42 (Figure 6, panels C and D) with weaker binding energies
(-14 and —13 kcal/mol). These simulations further highlight the importance of the N-
terminal region of AB;.4, as a binding site of PGG.

The interactions between PGG and ApB;.4; are not limited to hydrophobic/polar interactions,
as acidic and basic residues also make substantial contributions. The contribution from
residue side chains is equally as important as that from backbone atoms. Therefore, while
polyphenols may complex non-specifically with a wide range of amyloid peptides,29: 30. 50
the binding of PGG to AB1-4» (and ApBi-40) is primarily driven by interactions with the N-
terminal metal binding and first central hydrophobic core regions. For that, it is first required
that the full length A adopts a folded conformation. However, the direct comparison
between the binding energies derived from MD simulations obtained for complexes of
truncated ABy.11 and ABy1.22 peptides and PGG may not be the best parameter to evaluate
the binding motifs of the system, since the Ag fragments may not adopt the same
conformations as they would adopt in full length AB. In order to verify the importance of
these PGG-binding motifs experimentally, we directly assayed the effects of PGG on the
assembly of the fragments AB;.11 and AB11-2-.

ApBi-11—The natural charge states of Af;.11 can be -2 to —3 in water, depending upon the
protonation states of His6, which residue is more likely to be positive than neutral; hence the
IMS-MS data were collected in negative mode polarity. The mass spectrum of AB;.11
(Figure 7A) shows three major peaks. The first mass spectral peak, at /7/z663, corresponds
to a doubly charged ABy.11 monomer ([7]Z = [1]72), whereas the ATD and CCSs (Figure S8
and Table S5, Supporting Information) obtained for the latter peak, at /77/2 1325, reveal the
presence of four different species, Ag monomer ([7]Z = [1]71), dimer ([]Z = [2]72), trimer
([7? = [3]73) and tetramer ([71]Z = [4]7*). The less intense peak at /772883 is assigned to a
triply charged A dimer ([7]Z = [2]73). The CCS data (Figure 8A) suggest that the AB;_11
oligomers in general adopt relatively globular conformations. The exception is the AB;.11
dimer that adopts two distinct conformations, one compact (o= 414 A2) and one extended
(o=598 A2). TEM imaging of the same sample used in IMS-MS analysis support these
results, showing very few, amorphous aggregates (Figure 9A).
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In contrast, the mass spectrum obtained in the presence of an equimolar ratio of PGG
(Figure 7B) displays new mass spectral peaks at high 777z, which are attributed to multiple
complexes formed between AB;.11 and PGG. Further analyses on these mass spectral peaks
reveal high-order hetero-oligomers up to nonamer (e.g., [7+ k7 = [9+5]710 and [9+4]79).
The high-order homo-Ap;.11 oligomers decrease in population due to the competitive
binding of PGG, but are not entirely depleted. Further, no additional peaks are found in the
mass spectrum collected for the AB;1.11:PGG mixture at 1:10 molar ratio (Figure S7,
Supporting Information), but the mass spectral peaks of AB;.11:PGG complexes become
more intense. The IMS-MS data suggest that multiple PGG molecules competitively bind to
Api.11 oligomers and induce compact conformations, as evidenced by the CCSs of both
Ap1-11 homo- and hetero-oligomers (Figure 8, panels B and C, and Supporting Information,
Figure S9 and Table S6), which correlate with an isotropic growth curve. TEM imaging
(Figure 9, panels B and C) is again consistent with the IMS-MS observations, revealing a
PGG concentration-dependent increase in the abundance of the globular aggregates.

Api1-20—The natural charge states of Af;1.97 can be +1 to -1 in water, taking in account
the protonation states of His13 and His14. Because it is more likely to be positive than
neutral in water, the IMS-MS experiments with this species were performed in positive
mode polarity. The mass spectrum of pure AB11.2»> (Figure 7C) shows intense mass spectral
peaks at m/z495 ([7)? = [1]*3), 742 ([]? = [1]*2) and 1484 ([A]? = [1]*2, [2]2 and [3]*3).
The minor peaks are at 7/2989 ([7]? = [2]*3), 1113 ([ = [3]**) and 1187 ([7]? = [4]*).
No higher order oligomers are detected, which is intriguing given that this fragment contains
the central hydrophobic core segment 16KLVVFFAEZ22, which played a key role in the original
model of AB aggregation.1® 51-53 The CCS data for AB;1.2» homo-oligomers (Figure 8D)
correlate with an isotropic growth curve, with the exception of dimer and minor deviations
for trimer and tetramer. These observations are consistent with TEM imaging (Figure 9D),
which shows that PGG increases the formation of amorphous aggregates in a concentration-
dependent manner. The presence of PGG promotes Ap11.22 hetero-oligomer formation with
complexes observed in the 1:1 mixture up to the nonomer. At 1:10 molar ratio (Figure S10,
Supporting Information), the peaks of AB hetero-oligomers become more intense. Taken
together, the CCS data of both ApBy1.22 homo- and hetero-oligomers (Figure 8, panels E and
F, and Supporting Information, Figure S12 and Table S8) and the TEM imaging (Figure 9,
panels E and F) indicate that the presence of PGG promotes a concentration-dependent
increase in the formation of globular aggregates.

We notice that the presence of PGG promotes the formation of large hetero-oligomers of
Api.11 or ABy1.22. Of note, there are no homo-oligomers of the same size 1 observed in the
mass spectra. A possible explanation is that small PGG hetero-oligomers can self-associate
into larger ones, a phenomenon that was previously observed in the study of EGCG and
Apos.35.31 Since each PGG can form complexes with several ABy_11 or ABy1.02, We
postulate that the PGG molecules can associate to form a large core, from which they can
complex to a higher number of AB.11 or AB11.2> chains. Moreover, our data on these two
fragments demonstrate that PGG competitively complexes with AB;.11 and AB11.22
monomers and oligomers, in agreement with the binding motifs identified in the MD
simulations. These binding motifs explain the opposing effects of PGG on ABy.40/AB1-42
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and AB»s.35. The short peptide ABos.35 is induced by PPG to form amyloid aggregates by
adopting extended conformations3l: 54 while PGG suppresses fibril formation in the full-
length A peptides through selective interactions with specific residues in the N-terminal
metal binding and first central hydrophaobic core regions, sequences that are absent in
Apos.35. Binding involves both hydrophobic and hydrophilic interactions between PGG and
residue side chains and backbones. While previous studies suggest that polyphenol binding
to amyloid peptides is non-selective, we show for the first time that PGG interacts
specifically and strongly with the N-terminal metal binding domain of Agto suppress
amyloid formation.

SUMMARY and CONCLUSIONS

The current study elucidates key aspects of the mechanism by which PGG inhibits amyloid
formation, which can eventually be extended to other large polyphenolic compounds. The
IMS-MS and MD data indicate that PGG interferes with the amyloid assembly of AB;_49
(Figure 1B and Figure 2, panels B and C) and AB;.4» (Figure 1D and Figure 2, panels E and
F) by interacting with the N-terminal metal binding segment and the first central
hydrophaobic core. The result is a PGG concentration-dependent decrease in the abundance
of both oligomeric and fibrillar AB;_40/AB1-42 aggregates. These results suggest the potential
of PGG as a therapeutic agent may well alleviate the neurotoxicity of A oligomers.34

METHODS

The materials and methods are described in detail on Section S1 of Supporting Information.
Briefly, the full-length AB;_49 and AB;.42 samples (10 pM) were prepared in ammonium
acetate buffer (10 mM, pH 7.4), whereas the Ag fragments AB1.11 and ABy1.2» were
dissolved in water to the final concentration of 100 uM. The stock solution of PGG was
prepared in water containing 20% (v/v) methanol and used in two different molar ratios (1:1
and 1:10) with respect to AB species. The IMS-MS experiments were performed in a home-
built ion mobility spectrometer coupled to a mass spectrometer,36 where samples were
loaded into a gold coated nano-ESI capillaries. For AB;.40, ABr-42 and ABy.11 a negative
ionization mode was used, whereas a positive mode was employed to spray the AB11-27
segment. In the TEM analyses, aliquots of the same samples used in IMS-MS experiments
were taken and adsorbed onto 300 mesh formvar/carbon copper grids (Electron Microscopy
Sciences) and then imaged using a JEOL 123 microscope equipped with an ORCA camera
and AMT Image Capture Software v. 5.24.

Explicit solvent MD simulations were performed using the Amber 12 package.®® The
parameters of AB1.4o were taken from FF12SB and those of PGG were derived from RESP
ESP charge Derive (http://upjv.q4md-forcefieldtools.org/RED/) as previously reported.56: 57
The initial structures were solvated in octahedral TIP3P water boxes. Detailed simulation
protocols, MM-GBSA calculations and per residue binding energy decomposition are
reported in Supporting Information.
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ABREVIATIONS USED

AD Alzheimer’s disease

AB amyloid s-protein

ApBi-11 amyloid B-protein (1-11)
ABr1-22 amyloid gB-protein (11-22)
ApBi2-22 amyloid B-protein (12-22)
ApBos. 35 amyloid gB-protein (25-35)
ABs6-42 amyloid s-protein (36-42)
ApBi40 amyloid gB-protein (1-40)

AB142 amyloid B-protein (1-42)

Ala alanine

APP amyloid precursor protein
Arg arginine

Asp aspartic acid

ATD arrival time distribution
CCS collision cross sections
His histidine

lle isoleucine

IMS-MS  ion mobility spectrometry coupled to mass spectrometry

Lys lysine
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MD molecular dynamics

PGG 1,2,3,4,6-penta-O-galloyl-B-D-glucopyranose
Phe phenylalanine

TEM transmission electron microscopy

Val valine
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HIGHLIGHTS
. PGG inhibits AB1.40/AB1-47 self-assembly.

. PGG selectively interacts with N-terminal metal binding region of amyloid
peptides.

. Binding sites involve both hydrophilic and hydrophobic interactions.
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Figure 1.
nano-ESI-Q mass spectra of (A) AB1.40, (B) AB1-40 incubated with PGG at 1:1 molar ratio,

(C) ABy.42 and (D) Apy-42 incubated with PGG at 1:1 molar ratio. The AS concentrations
were 10 uM in ammonium acetate buffer (10 mM, pH 7.4). The peaks are annotated as [/7]?
or [n+ K]# where nis the number of A molecules, kis the number of bound PGG
molecules and zis the charge. Samples were immediately analyzed after the solution
preparation.
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Figure 2.

Oligomer growth curves of (A) ApBi.40 homo-oligomers, (B, C) AfBi.40 homo- and hetero-
oligomers, respectively, formed in the 1:1 mixture of ABy.409 and PGG, (D) ABy.42 homo-
oligomers, (E, F) ApB1-42 homo- and hetero-oligomers formed in the 1:1 mixture of ABy.42
and PGG. The cross section data are colored according to the intensities of the
corresponding mass spectral peaks (darker or lighter colors indicate more or less intense
features, respectively).
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ABrao AP+ PGG (1:1) _ ABro+ PGG (1:10)

Figure 3.
Representative TEM images of (A) ABi-40 alone, (B, C) ABi-40 incubated with PGG at 1:1

and 1:10, (D) ApB1-4» alone, (E, F) AB1.4» incubated with PGG at 1:1 and 1:10 molar ratios.
The two scale bars shown in panel D apply to all panels. Samples were incubated for two
days before the analyses.
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Figure 4.

Argrival time distributions (ATDs) of (A) ABy_40 peak (mlz= 1731, [r]? = [2]75) for pure
AB1_40, (B) AB1.40 and PGG hetero complex (ml/z= 1920, [n+ KJ? = [2+1]7°) in the 1:1
mixture, (C) ABy.47 peak (mlz= 1805, [r]% = [2]7°) for pure AB1.a2, (D) ABi-42 and PGG
hetero complex (mlz= 1994, [n+ K? = [2+1]7®) in the 1:1 mixture.
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Figure 5.
PGG disassembles preformed Ap;_4» aggregates. Arrival time distribution (ATD) of [77]¢ =

[2]7° ABy.42 peak (miz= 1805) for (A) ApBy.45 incubated alone for ~4 h, and (B, C) 30 min
and 6 h, respectively, after the addition of PGG at a 2:1 AfB;.42:PGG molar ratio.
Representative TEM images of (D) AB;.4» incubated alone for three days at room
temperature, and (E-F) mixed with PGG at 1:1 and 1:10 AB;.42:PGG molar ratios,
respectively, and then incubated for an additional two days.
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Figure 6.
(A-D) Representative structures of Complexes 1-4 obtained from MD simulations. PGG is

shown in space-filling representations. Ag is shown in ribbon representation, and important
residues interacting with PGG are shown in red: acidic, blue: basic, green: non-polar and
cyan for histidine. The MM-GBSA binding energies and theoretical cross sections are also
reported. (E) MM-GBSA per residue binding energy decomposition. Residues at the binding
sites are annotated. The N-terminus and C-terminus are represented as blue and red beads,
respectively.
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Figure 7.
nano-ESI-Q mass spectra of (A) ABr.11, (B) ABy.11 incubated with PGG at 1:1 molar ratio,

(C) ApBr1-22, and (D) Api1-22 incubated with PGG at 1:1 molar ratio. A concentrations
were 100 uM in water. The peaks are annotated as [7]% or [7+ K] where nis the number of
Apmolecules, kis the number of bound PGG molecules and zis the charge. The asterisk
denotes mass spectral peaks of impurities. Samples were incubated for one week before the
analyses.
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Figure 8.

Oligomer growth curve of (A) ABi.11 homo-oligomers, (B, C) Afi.11 homo- and hetero-
oligomers, respectively, formed in the 1:1 mixture of AB;.11 and PGG, (D) ABy1-22 homo-
oligomers, (E, F) AB11-22 homo- and hetero-oligomers, respectively, formed in the 1:1
mixture of ApB11.2» and PGG. The cross section data are colored according to the intensities
of the respective peaks (darker and lighter colors indicate more and less intense features,
respectively).
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ABin ABiy + PGG (1:1)

ABy + PGG (1:10)

ABui22 ABna 7”7 . APBnant P

Figure 9.
Representative TEM images of (A) ABi-11 alone, (B, C) AB;-11 incubated with PGG at 1:1

and 1:10, (D) ApB11-27 alone, (E, F) AB11.22 incubated with PGG at 1:1 and 1:10 molar
ratios. The scale bar for all panels is given in panel D. Samples were incubated for one week
before the analyses.
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amyloid-B4.490 and amyloid-B4.42
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1,2,3,4,6-penta-O-galloyl-B-D- (PGG)

Scheme 1.
(A) Primary sequence of ApBi-40 and ApB1-42 and three dimensional structure of ABy.47 (B)

chemical structure of 1,2,3,4,6-penta-O-galloyl-B-D-glucopyranose (PGG).
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