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characterization of abeta-40
oligomers cross seeded by abeta-42 oligomers†

Han-Wen Chang, a Ho-I. Ma,a Yi-Shan Wu,a Ming-Che Lee, a Eric Chung-Yueh
Yuan, a Shing-Jong Huang,b Yu-Sheng Cheng,a Meng-Hsin Wu,c Ling-Hsien Tu c

and Jerry Chun Chung Chan *a

Extracellular accumulation of b amyloid peptides of 40 (Ab40) and 42 residues (Ab42) has been considered as one

of the hallmarks in the pathology of Alzheimer's disease. In this work, we are able to prepare oligomeric

aggregates of Ab with uniform size and monomorphic structure. Our experimental design is to incubate Ab

peptides in reverse micelles (RMs) so that the peptides could aggregate only through a single nucleation

process and the size of the oligomers is confined by the physical dimension of the reverse micelles. The

hence obtained Ab oligomers (AbOs) are 23 nm in diameter and they belong to the category of high

molecular-weight (MW) oligomers. The solid-state NMR data revealed that Ab40Os adopt the structural motif

of b-loop-b but the chemical shifts manifested that they may be structurally different from low-MW AbOs

and mature fibrils. From the thioflavin-T results, we found that high-MW Ab42Os can accelerate the

fibrillization of Ab40 monomers. Our protocol allows performing cross-seeding experiments among

oligomeric species. By comparing the chemical shifts of Ab40Os cross seeded by Ab42Os and those of

Ab40Os prepared in the absence of Ab42Os, we observed that the chemical states of E11, K16, and E22 were

altered, whereas the backbone conformation of the b-sheet region near the C-terminus was structurally

invariant. The use of reverse micelles allows hitherto the most detailed characterization of the structural

variability of Ab40Os.
Introduction

Aggregation of amyloid beta peptides (Ab) is closely associated
with Alzheimer's disease (AD), where the 40-residue (Ab40) and
42-residue (Ab42) peptides are two major Ab species derived from
amyloid precursor protein (APP).1–3 Their primary sequences are
identical from residues 1–40 and the two additional residues at
the C-terminus of Ab42 are I41 and A42. Although the severity of
dementia correlates only weakly to the density or number of
brillar amyloid plaques, there is a robust correlation between
soluble Ab levels and the extent of synaptic loss.4–6 Since the
discovery of Ab oligomers (AbOs) as potent neurotoxins,7 it is
increasingly accepted that AbOs are the most pathogenic form of
Ab.8–11 There is a continuous distribution of soluble Ab species
from monomeric form up to oligomers in excess of 100 kDa.5 At
the molecular level, a chemical equilibrium is being re-
established among the large with smaller species and
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monomers. Therefore, it is very difficult to obtain a homoge-
neous preparation of a particular oligomeric species,9 rendering
the comparison of the biochemical results of AbOs in the litera-
ture very difficult.12 Oligomers of low molecular weight (low-MW)
refer to AbOs ofMW# 30 kDa, whereas high-MWAbOs haveMW
> 100 kDa.5 There are many different ways to prepare low-MW
AbOs.13 Dimers of Ab peptides can be prepared by the use
chemical linkers.14–16 The technique of photo induced cross-
linking of unmodied proteins has been used to demonstrate
that the Ab40 tetramers (n ¼ 4) and other low-n are in rapid
equilibrium, whereas the stable oligomers of Ab42 (n ¼ 5 and 6)
have a strong propensity to assemble further to form super-
structures.17–19 Very recently, homogenous and stable Ab42 tetra-
mers and octamers were successfully prepared in detergent
micelles.20,21 On the other hand, high-MW AbOs are usually
prepared by incubating the monomer solution of Ab in vitro at
relatively low temperature or in a short period of time.22–28 Other
chemical approaches such as binding with metal ions,29,30 anti-
body,31 small molecules,32,33 and polymer-nanodiscs34 have also
been developed to prepare high-MWAbOs. Both the low-MW and
high-MW Ab aggregates have different impacts on synapses.10 In
fact, high-MW AbOs may dissociate into low-MW AbOs in mildly
alkaline aqueous buffer.35 Currently, it remains unsettled which
forms of AbOs are the true culprits of AD.6,11
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The aggregation of Ab40 and Ab42 have different dependence
on the peptide concentration or other environmental factors.36

The kinetic proles of the Ab aggregation process usually
comprise the lag phase, elongation, and eventually the plateau
phase. Adding fragments of preformed brils (bril seeds) of the
same protein can signicantly shorten the period of lag phase.
This phenomenon, known as self-seeding, is consistent with the
nucleation-growth mechanism.37,38 While the self-seeding effect
has been well established for Ab40 and Ab42,39–43 the situation is
more complicated for the cross seeding between Ab40 and Ab42.
Earlier reports suggested that the aggregation of Ab40 monomers
can be facilitated by the presence of Ab42 bril seeds.40,42,44 By
contrast, more recent studies reported that the seeding effect of
Ab42 brillar seeds on Ab40 monomer is insignicant.45,46 Indeed,
solid-state NMR studies revealed that the backbone conforma-
tion of the b-strands of Ab40 and Ab42 brils are different.47–49 The
formation of a sufficiently large peptide cluster, which is coined
as the “nucleus” according to the classical nucleation theory for
crystal growth, is the most critical event of Ab aggregation. As
proposed by Knowles and co-workers,50–53 the formation of Ab
nucleus can occur via the processes of primary nucleation, bril
fragmentation, and the bril-assisted mechanism (secondary
nucleation). The existence ofmultiple nucleation pathwaysmight
well be the underlying physical reason for the structural poly-
morphism commonly observed for Ab aggregates prepared in
bulk solution.54 Furthermore, it has been argued that the inter-
action between Ab40 and Ab42 was restricted at the step of primary
nucleation.45 The aforementioned studies indicated that it is
highly desirable to develop a method to control the aggregation
pathway of Ab peptides so that the interaction between Ab40 and
Ab42 could be characterized at the molecular level.

Reverse micelles (RMs), which correspond to water droplets in
an oil phase, have been extensively used as microreactors for
a large variety of materials.55,56 In this chemical system, the RMs
undergo coalescence and separation at a rate constant of 106–108

dm3 mol�1 s�1.57 The material transfer among RMs has been
convincingly demonstrated in many studies of enzymatic activi-
ties, where substrate molecules were delivered to the enzyme via
the continuous fusion and ssion of RMs.55,58,59Consequently, we
hypothesize that Ab peptides could aggregate via a single nucle-
ation process in a space conned by the physical dimension of
RMs. This concept has been proved feasible in our earlier attempt
to prepare protobrils (curvilinear brils) of Ab40 peptides.60 In
this work, we have prepared high-MW oligomeric aggregates of
Ab40 with a single dominant structure (monomorphic) based on
the RMs formed by the non-ionic surfactants poly(oxyethylene)
nonylphenyl ether (Igepal CO520). For the rst time in the liter-
ature, we were able to prepare Ab40Os cross seeded by Ab42Os.
The solid-state NMR results showed that the chemical states of
E11, K16, and E22 of Ab40 are altered upon the interaction
between high-MW Ab42Os and Ab40 peptides.

Results
Molecular weight of RMCO520Ab40

The purity of the Ab peptides were >95% (Fig. S1†). Size exclu-
sion chromatography (SEC) and dynamic light scattering (DLS)
© 2022 The Author(s). Published by the Royal Society of Chemistry
were used to conrm that the freshly prepared Ab40 peptides
were in monomeric state (Fig. S2 and S3†). Ab40 monomers (100
mM) were incubated in the RMs formed by the ternary system of
CO520/cyclohexane/NH4OAc(aq) for 7 d (Fig. S4†).61 DLS
measurements indicated that the RMs were stable for at least 10
days (Fig. S5†), where the RMs had a size of ca. 23 nm with
polydispersity index (PdI) less than 0.10. To back extract the Ab
peptides from the RM solution, the stripping buffer (ZnCl2, 50
mM) was added to the RM solution. The ZnCl2 solution was used
to suppress any further aggregation of the AbOs.62 The aqueous
phase was then lyophilized to remove ammonium acetate and
water. The obtained powder sample is henceforth referred to as
RMCO520Ab40. To estimate the amount of residual CO520, we
carried out elemental analysis (EA) for RMCO520Ab40 (Fig. S6 and
Table S1†). CO520 and Ab40 had different contributions to the
atomic percentage of C, N, S, H of RMCO520Ab40. As shown in
Fig. S6,† the molar ratio of CO520 to Ab40 was estimated to be
9.0 � 0.7. In addition, the mass percentage of Ab40 was ca.
24.9%, from which the efficiency of the back extraction of Ab
peptides was calculated to be ca. 66%. Although analytical size
exclusion chromatography (SEC) could be used to estimate the
MW of protein aggregates, it has been pointed out that the
results for AbOs are unreliable because of the possible inter-
action between Ab peptides and the SEC column material.28 On
the other hand, the mass-per-length of amyloid brils can be
accurately determined by scanning transmission microscopy
(STEM) or tilted-beam TEM using tobacco mosaic virus (TMV)
rods as reference objects.63 Fig. 1 shows the STEM image of
RMCO520Ab40 and TMV, where the size of RMCO520Ab40 particles
was 23.1� 5.3 nm (Fig. S7†). Following the procedure described
in the ESI,† the MW of RMCO520Ab40, which contained CO520
and Ab40, was determined as 4600 kDa, from which the AbO in
RMCO520Ab40 was estimated to have an MW of 2400 kDa (�554
monomers). In comparison, the amyloid intermediate (Ib) of
Ab40, with a size of 10–35 nm, was estimated to have MW$ 650
kDa by a glycerol gradient sedimentation assay.23 Using
a similar method, the patient derived amylospheroids (ASPDs,
10–15 nm) were reported to have MW in the range of 158–669
kDa.64,65 It is well known that Ab oligomers are poorly dened in
size and a distribution of 150–1000 kDa has been reported for
Ab peptides in bulk solution by multiangle laser light scattering
detection.66 While RMCO520Ab40 is a non-brillar aggregate of
Ab40, its sizable MW suggested that RMCO520Ab40 might possess
the structural features required for the onset of brillar growth.
We note in passing that micelle-like aggregates of Ab40 peptides
of 7 nm in diameter were identied as the nucleation center for
Ab40 brillization.67,68
Seeding and self-aggregating effects of RMCO520Ab

The seeding effects of RMCO520Ab40 on Ab40 monomers (25 mM)
was examined by the thioavin T (ThT) assay, where EDTA
solution was added to chelate Zn2+ ions. The control sample was
prepared in the absence of Ab peptides (RMCO520). As expected,
the seeding effect of RMCO520Ab40 on Ab40 monomers was
revealed by the shortening of the lag time (Fig. 2). Remarkably,
the ThT results revealed that RMCO520Ab42 was also able to
Chem. Sci., 2022, 13, 8526–8535 | 8527
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Fig. 1 STEM image of a mixture of RMCO520Ab40 and TMV. Typical
oligomers of RMCO520Ab40 are indicated by arrows. The rectangular
box in white shows a fragment of TMV. The mean value of the MW of
RMCO520Ab40 was estimated to be 4600 kDa, which was obtained by
the bootstrapping resampling method.
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promote the aggregation of Ab40 monomers. Recently, it has
been demonstrated that the oligomeric aggregates of a chimeric
peptide can completely eliminate the lag period of Ab40,
Fig. 2 ThT Fluorescence results for probing the seeding effects of
RMCO520Ab. For all the measurements, the concentration of Ab40
monomer was 25 mM. The amount of the seeds was adjusted to 4
mole% of the monomers. RMCO520 was prepared in the absence of Ab
peptides.

8528 | Chem. Sci., 2022, 13, 8526–8535
resulting in immediate bril elongation.16 Although the lag
phase of Ab40 was not completely eliminated by RMCO520Ab42,
the extent of the shortening of the lag period was comparable to
what reported for the cross-seeding effect between Ab40 and
Ab42.69 Similar ThT results were observed when the amount of
seeds was increased from 4% to 10% (Fig. S8†). Amyloid brils
were also formed by the self-aggregation of RMCO520Ab
(Fig. S9†). Goto and co-workers reported that protein-detergent
complex would become an off-pathway aggregate when the
mixed micelles of detergent and protein are thermodynamically
and kinetically more stable than the amyloid brils.70 Because
CO520 is a non-ionic surfactant (Fig. S4†), its interaction with
Ab peptides are expected to be small. The self-aggregating
behaviors of RMCO520Ab indicated that CO520 did not form
any stable complex with Ab peptides.

Interactions between Ab alloforms could modulate their
aggregation behaviors in vitro.71 Previous studies suggested that
there is a signicant molecular cross-talk between Ab40 mono-
mers and various aggregation states of Ab42.40,42,44 In particular,
Ab40 monomers have strong binding affinity for Ab42 aggre-
gates.72,73 Because the aggregation kinetics of Ab42 is much
faster than Ab40,53 we attempted to investigate the effect of
Ab42Os on the aggregation process of Ab40 monomers through
our RM system. Briey, the Ab42 peptides were rst incubated
for three days and Ab40 monomers were subsequently added in
such a way that the nal molar ratio of Ab42 and Ab40 was 1 : 1.
We henceforth refer the sample to as RMCO520Ab42/40, which
also exhibited seeding effects on Ab40 monomers and the self-
aggregating behavior (Fig. S10 and S11†). The size of RMCO520-
Ab42/40 particles was 22.5 � 6.1 nm (Fig. S12†), indicating that
the size of both AbOs were constrained by the physical dimen-
sion of the RMs. The ThT uorescence excitation spectrum
revealed that ThT molecules can bind to RMCO520Ab42/40,
RMCO520Ab42, and RMCO520Ab40 (Fig. S13†), which veried that
these high-MW Ab oligomers had bril-like structures.
Structural motif of RMCO520Ab40

Four 13C enriched samples of RMCO520Ab40 were prepared,
covering 23 residues in the region from E11 to V40 (Table S2†).
The enrichment level was 60%. A typical 13C–13C correlation
spectrum acquired for RMCO520Ab40 is shown in Fig. 3. While
structural polymorphism was commonly observed for the
Ab40Os or Ab brils prepared in bulk solution,26,54 the structure
of RMCO520Ab40 was monomorphic as evidenced by the fact that
the NMR spectra were basically dominated by a single set of
signals (Fig. S14–S16†). We attributed this favorable result to
the scenario that the nucleation process of Ab40 in a reverse
micelle (23 nm in diameter) was dominated by a single pathway.
The TEM images of the samples aer the solid-state NMR
measurements conrmed that the samples remained in the
oligomeric state (Fig. S17†). The full width at half maximum
(FWHM) data, with an average of 3.4 ppm (Fig. 4), were larger
than the brillar aggregates.74 We did not rehydrate the lyoph-
ilized oligomer samples for NMR measurements, in order to
prevent brillization from occurring. Although oligomeric
aggregates of Ab are transient species, the FWHM data
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spectral assignment for the 13C homonuclear correlation
spectrum of RMCO520Ab40 with uniformly 13C and 15N labeling at E11,
F19, L34, V36, and G38 (sample S1). The contour levels were increased
by a factor of 1.4 successively, where the base levels were set to 4�
root-mean-square noise.
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supported that the molecular structure of RMCO520Ab40 was not
completely disordered. All the chemical shi data are summa-
rized in Table S3,† from which the backbone torsion angles
Fig. 4 Secondary chemical shift (upper trace) and full width at half
maximum (FWHM) of the NMR signals (lower trace) extracted from the
13C–13C correlation spectra of RMCO520Ab40. The b-sheet region was
highlighted in shaded rectangular blocks. The dashed line indicates the
average FWHM. The open bar denotes FWHM > 5 ppm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
were estimated by TALOS-N.75 Fig. S18† illustrates the backbone
torsion angles, indicating that the structural motif adopted by
RMCO520Ab40 was b1-loop-b2, which is the same as that of the
spherical amyloid assembly (SPA) of Ab42.76 The similar struc-
tural motif for Ab40Os and Ab42Os is consistent with the
observation that both RMCO520Ab40 and RMCO520Ab42 could
seed the brillization of Ab40 monomers.

The chemical shi data revealed some interesting structural
features of RMCO520Ab40. The backbone chemical shis of
RMCO520Ab40 were very different from those reported for Ab40
brils (Fig. 5), where 13C chemical shis of mature brils were
taken from wild-type Ab40 brils incubated under quiescent
conditions and agitated conditions,77 and brain-derived Ab40
brils.78–80 The data for Ab oligomers were taken from low-MW
Ab40Os,26 SPA,76 ASPD,27 and Ib.23 Overall, a large chemical shi
difference (>1.5 ppm) was found at the loop region (D23 to N27).
Glycine residues are important structural markers for sharp
loops or turns in amyloid structures because of their structural
exibility.49,81 Accordingly, the FWHM of all the 13C enriched
glycines of RMCO520Ab40 were >4 ppm. Comparing the glycine
chemical shis of RMCO520Ab40 and those reported for in vitro
brillar aggregates of Ab40, a large discrepancy (>2 ppm) was
observed at G25 and G33, whereas a reasonable agreement was
at G38 (Fig. S19†). We surmised that a major conformational
change between high-MW Ab40Os and Ab40 brils occurred at
G25 and G33. While the structure of Ab oligomers could be
brillar like,82 a recent solid-state NMR study suggested that
there is a signicant difference in supramolecular organization
between protobrils and brils.28 Thus, it is possible that the
supramolecular structure of RMCO520Ab40 was different from
mature brils. On the other hand, the backbone chemical shis
of RMCO520Ab40, albeit very similar to those reported for Ib
(high-MW Ab40Os), exhibit a signicant difference from those
reported for low-MW Ab40Os (Fig. S20†).26 In other words, there
could be a continuous structural evolution from low-MW
Ab40Os, to high-MW Ab40Os, and then to mature brils.28 But
Fig. 5 Comparison of the Ca and Cb chemical shifts of RMCO520Ab40
and the data of other Ab40 aggregates in the literature. Solid bars
indicate the results obtained for oligomeric species and open bars for
fibrillar aggregates. The number of the data points for calculating the
rms deviations are shown on the bars, which were largely limited by
the availability of the literature data. The b-sheet and non-b-sheet
regions were defined with respect to the RMCO520Ab40 sample.

Chem. Sci., 2022, 13, 8526–8535 | 8529

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01555b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

.6
.2

02
6 

. 1
8:

10
:4

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
this hypothesis has to be validated by more experimental
evidences. In fact, it is not yet clear whether such difference in
chemical shi is owing to the difference in incubation condi-
tions or the size effect of the oligomers. We also note that the
long-range contact between F19 and L34 were not observed in
this work. While the relatively low level of 13C enrichment (60%)
might have rendered the contact unobservable, it is equally
plausible that such contact was absent in our samples.83
Structural motif of oligomeric RMCO520Ab42/40

In the foregoing section, we have demonstrated that RMs could
be used to investigate the effect of Ab42Os on the aggregation
process of Ab40. We carried out solid-state NMR measurements
of RMCO520Ab42/40 with the same isotopic labeling scheme as
RMCO520Ab40 (Fig. S21–24 and Table S4†). To facilitate the
comparison of the data of RMCO520Ab40 and RMCO520Ab42/40,
only the Ab40 peptides were 13C enriched for the latter. Fig. 6
shows the selected excerpts of the spectra of RMCO520Ab40 and
RMCO520Ab42/40. In addition to Ab40Os and Ab42Os, RMCO520-
Ab42/40 might, in principle, contain the oligomeric aggregates of
a mixture of Ab40 and Ab42 because of the continuous attach-
ment and detachment of Ab peptides from AbOs. Were it the
case that the Ab40 peptides of RMCO520Ab42/40 had different local
environments, multiple sets of NMR signals would have been
Fig. 6 Comparison of the excerpts of the 13C–13C correlation spectra
of RMCO520Ab40 (blue) and RMCO520Ab42/40 (red). The spectral
assignments in bold type were specifically given for (a) E11, (b) K16, and
(c) E22. For brevity, brief assignments were given for other peaks. The
peak positions of the weak signals had been confirmed by other relay
cross peaks. The contour levels of all spectra were set as described in
Fig. 3.

8530 | Chem. Sci., 2022, 13, 8526–8535
observed for all the residues. Interestingly, the NMR spectra of
RMCO520Ab42/40 were again dominated by a single set of signals
for the b2 region, suggesting that RMCO520Ab42/40 did not
contain a random oligomeric mixture of Ab40 and Ab42. That is,
Ab42Os were relatively stable and would not dissociate during
the aggregation of Ab40 peptides. Overall, the region of the b1-
loop-b2 motif is the same for RMCO520Ab40 and RMCO520Ab42/40,
as indicated by the secondary chemical shis (Fig. S25†). With
reference to the data shown in Fig. 7, we found that the back-
bone 13C chemical shi difference between RMCO520Ab42/40 and
RMCO520Ab40 was immaterial in the b2 region (K28 to G38),
where the only exception was A30-Ca. Thus, it is legitimate to
infer that their backbone conformations were largely the same.
On the other hand, relatively large chemical shi deviations
were observed for some residues, viz., E11, K16, E22, G25, and
S26. In addition, the FWHM data shown in Fig. S26† revealed
that N27, K28, and G33 of RMCO520Ab42/40 might have consid-
erable difference in structural disorder and/or motional
dynamics from RMCO520Ab40. For other residues with minor
chemical shi deviation, a careful scrutiny of the cross-peak
patterns revealed that there were multiple cross peaks for the
region of LVFFA (Fig. S27†). That is, the intermolecular packing
of Ab40 peptides in that region was rather heterogeneous, but
their backbone and sidechain conformations were largely the
same.
Fibrillar aggregates of RMCO520Ab42/40

By incubating RMCO520Ab42/40 in phosphate buffer, we obtained
the corresponding brillar aggregates (Fig. S28†). The NMR
spectra of the wet pellets of the bril samples were largely
dominated by a single set of signals, except the signals of CO
and Ca of I32 (Fig. S29–S32 and Table S5†). The average FWHM
was 2.3 ppm (Fig. S33†), which was substantially sharper than
that of the lyophilized oligomeric aggregates. However, such
reduction in FWHM for the hydrated bril samples were not
unexpected because of the conformational averaging effect.
From the secondary chemical shis and the backbone torsion
angles estimated by TALOS-N (Fig. S34†), brillar RMCO520Ab42/
Fig. 7 Difference of chemical shifts (Dd) between RMCO520Ab42/40 and
RMCO520Ab40. The residues with the most notable chemical shift
differences are highlighted with yellow bars. The two Cg signals of I32
were resolved.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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40 also exhibited the structural motif of b1-loop-b2 motif. While
there were multiple weak signals of D23 for oligomeric
RMCO520Ab42/40, there was only one dominant set of D23 signals
for brillar RMCO520Ab42/40. The intensities of K16-Cd/C3, D23-
Cg/CO, and I32-Cg/Cb were stronger than those of the corre-
sponding cross peaks of the oligomer spectra. By contrast, the
cross peaks of E11-Cd/Ca, E11-Cd/Cg, V12-Cg/Cb, F20-Cb/Cd, E22-
Cd/Ca, and V36-Cb/Ca of the bril spectra were much weaker
than those of the oligomer spectra. This remarkable observa-
tion revealed that the peptide conformation of RMCO520Ab42/40
oligomers and brils might be similar, but their sidechain
packings could be very different.

Fig. 8a shows the deviation between the chemical shi data
of oligomeric and brillar RMCO520Ab42/40. Interestingly, the top
three largest deviations were again observed for the charged
residues, viz., E11, K16, and E22. We had envisioned two
possible interpretations. First, the charged residues near the b1
region of Ab40, together with D23, might play the key role in the
structural rearrangement from high-MW oligomeric state to the
brillar state. On the other hand, Fig. 8b illustrates that the
chemical shi difference between RMCO520Ab42/40 brils and
RMCO520Ab40 oligomers only exhibited a slightly larger root-
mean-square deviation than the results shown in Fig. 7 and
Fig. 8 Difference of chemical shifts (Dd) (a) between RMCO520Ab42/40
fibrils and RMCO520Ab42/40 oligomers; (b) between RMCO520Ab42/40
fibrils and RMCO520Ab40 oligomers. The residues with the most notable
chemical shift differences in (a) are highlighted with yellow bars. The
two Cg signals of I32 were resolved. The arrows indicate there were
two sets of CO and Ca signals for I32.

© 2022 The Author(s). Published by the Royal Society of Chemistry
8a. Thus, as an alternative interpretation, the chemical shi
variation of these charged residues might merely reect the fact
that chemical shis are sensitive to the charge state of these
residues. Upon a change in intermolecular packing, the solvent
exposure of the charged residues could have altered, leading to
a variation of their electrostatic charges. However, this change
in the chemical state is not necessarily accompanied with
a major conformational change. This rationalization could also
apply to the effect of Ab42Os on the aggregation of Ab40. An
unequivocal interpretation of our chemical shi data may
require the justications by extensive theoretical calculations.
Discussion
Use of reverse micelles as nano-incubator for amyloidogenic
peptides

There are several different approaches developed to prepare
high-MW AbOs.84 All the methods reported thus far in the
literature can be categorized as the passive approach, where the
size distribution of the oligomers is primarily determined by the
aggregation kinetics. In this work, we reported the use of RMs to
prepare AbOs. A detailed discussion of the technical issues
associated with the encapsulation of Ab peptides within RMs is
given in ESI.† The success of this protocol, as validated by the
solid-state NMR data, has several important implications. First,
it is well known that the toxicity of AbOs depends on its size.8

Therefore, it is highly desirable to probe the structures of AbOs
of different size. Because the chemistry of RMs is rather
mature,85 a judicious choice of surfactants and/or the oil phase
can be used to control the size of reverse micelles, which in turn
can allow an active control of the size of AbOs. To the best of our
knowledge, such a control of the oligomeric state is not possible
for other “passive” methods. Second, RM is an ideal device for
the study of the protein–protein interactions associated with
amyloidogenic peptides. On the one hand, the fusion and
ssion of RMs allow the material transfer among RMs. Thus,
two different types of amyloidogenic peptides can be well mixed
in RMs. On the other hand, the fusion-ssion process has a tiny
energy barrier.57 Thus, the peptides encapsulated in a RM have
signicantly longer interaction time than in bulk solution. This
may better mimic the crowded environment in vivo. On a more
general note, the RM approach can be used as a platform to
study protein–protein interactions for other amyloidogenic
proteins such as a-synuclein, prion, TDP-43, tau, etc. Third, RMs
could be used to amplify a minute quantity of the oligomeric
species extracted from the brain tissues of AD patients,
provided that the seeding kinetics are much faster than the
homogeneous nucleation rate of the Ab monomers. While the
idea of seeding has been successfully adapted to amplify the
brillar aggregates of brain extracts,78 seeding in bulk solution
cannot be used to amplify any oligomeric species because
further transformation to mature brils cannot be avoided.
Overall, our RM approach has provided an exciting possibility
for a systematic study of oligomeric aggregates of amyloido-
genic peptides and their more aggregation-prone mutants,
prepared in vitro or derived from brain tissues.
Chem. Sci., 2022, 13, 8526–8535 | 8531
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Ab40 aggregation seeded by Ab42Os

Ab peptides can be found in many body uids, such as cere-
brospinal uid, plasma, and brain. Under normal physiological
conditions, Ab40 (80–90%) is more abundantly produced than
Ab42 (5–10%).86,87 For AD brains, however, Ab42 is the major
component in the parenchymal plaques, whereas Ab40 is usually
deposited in the cerebral vessels.39,88 Many efforts have been
dedicated to study the cross-seeding effect between them under
in vitro conditions. In most of these studies the seeds were
prepared by fragmentation of the mature brils. However, it is
debatable whether it is biological relevant to study the interac-
tion between the monomeric form of one Ab form and the short
bril fragments of another form, because there is no in vivo
evidence showing that the brillization of one Ab form must
precede another. Furthermore, it is very difficult to compare the
cross-seeding data published by different laboratories if bril-
assisted secondary nucleation is an effective Ab aggregation
pathway. The notion of bril-assisted nucleation is appealing
because it can rationalize the observation that Ab42 brils can
nucleate the brillogenesis of Ab40 but Ab42 protobrils have no
seeding effects on Ab40 monomers.40 Thus, it is very likely that
the aggregation kinetics depend on the surface structure of the
brils, which is in turn strongly inuenced by the incubation
conditions.89 Consequently, it may be a futile exercise to
compare the vast body of literature in Ab cross-seeding experi-
ments because themolecular structure of the seeds were usually
uncharacterized. In this work, we showed that high-MW Ab42Os
could seed the aggregation of Ab40 monomers. That is, both
Ab40Os and Ab42Os could serve as “template” for the aggrega-
tion of Ab40 monomers. As a partial support to this conjecture, it
has been reported that the spherical amyloid assembly (SPA) of
Ab42 exhibited a b-loop-b motif,76 similar to what we observed
for Ab40Os. Altogether, our results suggest that the cross-
seeding of Ab in vivo does not necessarily require the forma-
tion of amyloid brils. Furthermore, the seeding effect of
Ab42Os on Ab40 might be dominated by electrostatic interac-
tions via the charged residues. This inference is consistent with
the observations that liposomes formed by charged lipids can
accelerate the aggregation kinetics of Ab.90,91
On-pathway or off-pathway?

Recently, Hoyer and co-workers used a exible (Gly4Ser)4 linker
to covalently connect two Ab40 peptides in a head-to-tail fashion
to form the so-called dimAb molecules.16 Surprisingly, the
globular oligomeric aggregates of dimAb, with an estimated size
of 62 kDa,92 would inhibit the nucleation and growth of Ab
brils. Consequently, the authors claimed that AbOs of sizes
>50 kDa are not intermediates on the pathway to amyloid brils,
i.e., off-pathway.16,92 While dimAb may be considered as
a reasonable mimic of two Ab molecules in close proximity, it
remains a single chimeric peptide. It is also unclear whether the
same results would be obtained for the head-to-head or tail-to-
tail fashions. Even though dimAb can form brillar assembly, it
does not imply that the oligomeric aggregates of dimAb are
structurally the same as AbOs. Aer all, neither the molecular
structure of the oligomeric aggregates of dimAb nor Ab are
8532 | Chem. Sci., 2022, 13, 8526–8535
known in the literature. The 3D reconstruction by cryoEM for
the oligomeric aggregates of dimAb had a spatial resolution of
17 �A only.92 In this work, our seeding experiments provide
a direct evidence that high-MW AbOs did not inhibit the
brillization of Ab40 monomers. It remains an open question
whether there is any structural similarity between the AbOs and
the seeded brils. If they are structurally distinctive, the seeding
phenomenon could be driven by non-specic molecular inter-
actions. Thus, further investigation of the brillar structures of
the seeded brils by cryoEM are warranted. In any case, the
critical role of AbOs in AD pathogenesis is
a consensus,5,6,10–12,93,94 should it be on-pathway or off-pathway.
Implications of the NMR data of RMCO520Ab42/40

Although the solid-state NMR data unequivocally showed that
Ab42Os can modulate the peptide conformation of Ab40Os, it is
not straightforward to unravel the underlying molecular events.
While the chemical shi data of low-MW Ab40Os and high-MW
Ab40Os are different,23,26 it is well known that multiple distinct
structures could be obtained for brils incubated under
different conditions.54 Yet, we cannot rule out the possibility
that structural rearrangement could occur for Ab40Os at
different sizes. The NMR spectra of RMCO520Ab40 and
RMCO520Ab42/40, which were of similar size and were incubated
under the same conditions, might unravel the effects of Ab42Os
on the nucleation process of Ab40Os. As revealed in the chemical
shi data, the residues of the b2 region were less affected by the
seeding effect. The signicant perturbation of the 13C chemical
shis of E11, K16, E22, G25, and S26 of Ab40 implies that their
chemical states were altered during the nucleation process. The
chemical shi perturbations at G25 and S26 seemed consistent
with the observation that G25 and S26 of brain-derived Ab40
brils are solvent exposed.78 However, the 13C chemical shis of
CO and Cb of S26 were almost the same for RMCO520Ab42/40 and
RMCO520Ab40. Thus, the large deviation of Ca alone may not
guarantee a major conformational change at S26. In addition,
the hydrogen-sidechain of glycine should have very limited
sidechain–sidechain interactions. Hence, we inferred that the
sidechains of E11, K16, and E22 of Ab40 played an important
role when its monomers aggregated on the surface of Ab42Os.
This process should resemble the event of secondary nucle-
ation. More experiments are required to verify whether or not
other residues near the N-terminus were involved.

The central fragment of Ab such as LVFF, KLVFF, KLVFFA,
and KLVFFAE have been identied as the template for the
development of Ab inhibitors,95–100 peptide homologs to atten-
uate bril formation and moderately dissemble preformed
brils,101,102 and b-sheet-breaker peptides to reduce cerebral
damage in APP transgenic mouse model.103 Residues of F19 and
F20 were considered to favor the nucleation of Ab aggrega-
tion.104 Mutations at residues of A21, E22, and D23 would affect
the kinetics of nucleation in the brillization process of Ab.105

These studies reect the consensus that the region of K16 to E22
is of great importance for Ab aggregation. The solid-state NMR
data for RMCO520Ab42/40 shed additional insights into this
widely accepted notion. Upon the interaction between Ab40
© 2022 The Author(s). Published by the Royal Society of Chemistry
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monomers and Ab42Os, there were chemical changes at K16 and
E22. However, those residues in the hydrophobic region of
LVFFA were not structurally altered as indicated by their rela-
tively minor variation in chemical shis. Yet, the presence of
multiple peaks implies that this region might be susceptible to
non-specic intermolecular interaction. The observation that
E22 and K16 are involved in governing the interaction between
Ab40 peptides and Ab42Os may look counterintuitive in the light
of the genetics of familial AD, viz., E22K (Italian), E22Q (Dutch),
E22G (Arctic), and E22D (Osaka),106 and the fact that the K16N
mutation of APP produces highly toxic heteromeric Ab oligo-
mers.107 However, we make no claim that electrostatic interac-
tions are the only viable mechanism governing the interaction
between Ab40 and Ab42. Thus, our results do not rule out the
possibility that mutations at E22 might enhance the interac-
tions between Ab40 and Ab42.
Conclusions

The structure of AbOs prepared in bulk solution are intrinsically
heterogeneous because AbOs are transient species and they
would readily transform to brillar aggregates. We demon-
strated that RMs could be exploited to provide an active control
of the size of the AbOs. Our approach also opens a new avenue
to study the interaction of monomer peptides with the oligo-
meric aggregates of other amyloidogenic peptides. This
important advantage had been illustrated by our results that
there were considerable differences for the chemical shis of
Ab40Os incubated with and without the inuences of Ab42Os.

The cross-seeding effect of Ab42 aggregates on Ab40 is an
important issue in Ab research because it is a widespread notion
that Ab42 could trigger amyloid plaque deposition. While early
results on the cross-seeding effect are consistent with the
notion, many recent studies argued that the brillar fragments
of Ab42 have negligible seeding effect on Ab40. Herein, we re-
ported that oligomeric aggregates of Ab42 could indeed accel-
erate the brillization process of Ab40. Our results indicated that
a careful characterization of the aggregation state of the seeds is
necessary to warrant a meaningful interpretation of any cross-
seeding experiments. This may help resolve the controversy
over the cross-seeding effect between Ab40 and Ab42.
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L. Gremer, C. S. R. Grüning, G. Matthews, G. Meisl,
T. P. J. Knowles, D. Willbold, P. Neudecker, H. Heise,
G. Ullah, W. Hoyer and M. Muschol, Chem. Sci., 2018, 9,
5937–5948.

17 G. Bitan, A. Lomakin and D. B. Teplow, J. Biol. Chem., 2001,
276, 35176–35184.

18 G. Bitan, M. D. Kirkitadze, A. Lomakin, S. S. Vollers,
G. B. Benedek and D. B. Teplow, Proc. Natl. Acad. Sci.,
2003, 100, 330–335.
Chem. Sci., 2022, 13, 8526–8535 | 8533

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01555b


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 9

.6
.2

02
6 

. 1
8:

10
:4

2.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
19 D. B. Teplow, N. D. Lazo, G. Bitan, S. Bernstein,
T. Wyttenbach, M. T. Bowers, A. Baumketner, J. E. Shea,
B. Urbanc, L. Cruz, J. Borreguero and H. E. Stanley, Acc.
Chem. Res., 2006, 39, 635–645.

20 M. Serra-Batiste, M. Ninot-Pedrosa, M. Bayoumi, M. Gaiŕı,
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A. Böckmann, P. Güntert, B. H. Meier and R. Riek, Proc.
Natl. Acad. Sci., 2016, 113, E4976–E4984.

50 S. I. A. Cohen, S. Linse, L. M. Luheshi, E. Hellstrand,
D. A. White, L. Rajah, D. E. Otzen, M. Vendruscolo,
C. M. Dobson and T. P. J. Knowles, Proc. Natl. Acad. Sci.,
2013, 110, 9758–9763.

51 G. A. Garcia, S. I. A. Cohen, C. M. Dobson and
T. P. J. Knowles, Phys. Rev. E: Stat., Nonlinear, So Matter
Phys., 2014, 89, 032712.

52 T. P. J. Knowles, M. Vendruscolo and C. M. Dobson, Nat.
Rev. Mol. Cell Biol., 2014, 15, 384–396.

53 G. Meisl, X. Yang, E. Hellstrand, B. Frohm, J. B. Kirkegaard,
S. I. A. Cohen, C. M. Dobson, S. Linse and T. P. J. Knowles,
Proc. Natl. Acad. Sci. U. S. A., 2014, 111, 9384–9389.

54 R. Tycko, Neuron, 2015, 86, 632–645.
55 P. L. Luisi, M. Giomini, M. P. Pileni and B. H. Robinson,

Biochim. Biophys. Acta, Biomembr., 1988, 947, 209–246.
56 M. P. Pileni, J. Phys. Chem., 1993, 97, 6961–6973.
57 P. D. I. Fletcher, A. M. Howe and B. H. Robinson, J. Chem.

Soc., Faraday Trans. 1, 1987, 83, 985–1006.
58 E. Ruckenstein and P. Karpe, J. Phys. Chem., 1991, 95, 4869–

4882.
59 Y. Miyake, Colloids Surf., A, 1996, 109, 255–262.
60 Y.-L. Lin, Y.-S. Cheng, C.-I. Ho, Z.-H. Guo, S.-J. Huang,

M.-L. Org, A. Oss, A. Samoson and J. C. C. Chan, Chem.
Commun., 2018, 54, 10459–10462.

61 J.-L. Lemyre, S. Lamarre, A. Beaupré and A. M. Ritcey,
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