
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

6.
11

.2
02

5 
01

:2
2:

24
. 

 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
View Journal  | View Issue
Amyloid-b peptid
aBiochemistry and Structural Biology, Lund

linse@biochemistry.lu.se
bDepartment of Cell Biology, Harvard Medic
cPaulson School of Engineering and Applied

MA, USA
dDepartment of Chemistry, University of Cam
eDepartment of Psychiatry and Neuroche

Physiology, The Sahlgrenska Academy at

Sweden
fClinical Neurochemistry Laboratory, Sah

Sweden
gDepartment of Neurodegenerative Disease, U

London, UK
hUK Dementia Research Institute at UCL, Lo

† Electronic supplementary informa
10.1039/d1sc02990h

‡ Current address: University of California
and Chemical Biology, San Francisco, CA,

§ Current address: Wren Therapeutics Sw

Cite this: Chem. Sci., 2022, 13, 2423

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 2nd June 2021
Accepted 22nd January 2022

DOI: 10.1039/d1sc02990h

rsc.li/chemical-science

© 2022 The Author(s). Published by
e 37, 38 and 40 individually and
cooperatively inhibit amyloid-b 42 aggregation†

Gabriel A. Braun, ‡a Alexander J. Dear, abcd Kalyani Sanagavarapu,§a

Henrik Zetterbergefgh and Sara Linse *a

The pathology of Alzheimer's disease is connected to the aggregation of b-amyloid (Ab) peptide, which in

vivo exists as a number of length-variants. Truncations and extensions are found at both the N- and C-

termini, relative to the most commonly studied 40- and 42-residue alloforms. Here, we investigate the

aggregation of two physiologically abundant alloforms, Ab37 and Ab38, as pure peptides and in mixtures

with Ab40 and Ab42. A variety of molar ratios were applied in quaternary mixtures to investigate whether

a certain ratio is maximally inhibiting of the more toxic alloform Ab42. Through kinetic analysis, we show

that both Ab37 and Ab38 self-assemble through an autocatalytic secondary nucleation reaction to form

fibrillar b-sheet-rich aggregates, albeit on a longer timescale than Ab40 or Ab42. Additionally, we show

that the shorter alloforms co-aggregate with Ab40, affecting both the kinetics of aggregation and the

resulting fibrillar ultrastructure. In contrast, neither Ab37 nor Ab38 forms co-aggregates with Ab42;

however, both short alloforms reduce the rate of Ab42 aggregation in a concentration-dependent

manner. Finally, we show that the aggregation of Ab42 is more significantly impeded by a combination of

Ab37, Ab38, and Ab40 than by any of these alloforms independently. These results demonstrate that the

aggregation of any given Ab alloform is significantly perturbed by the presence of other alloforms,

particularly in heterogeneous mixtures, such as is found in the extracellular fluid of the brain.
Introduction

Alzheimer's disease (AD), a progressive neurodegenerative
disease, is the most common cause of dementia worldwide,
afflicting nearly 50 million people.1 Although symptomatic
treatments for AD exist, there are currently no available means
of slowing or reversing the progression of the disease.2–4

Recently, the anti-amyloid b (Ab) antibody aducanumab5–7 was
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approved for clinical use by the US Food and Drug Adminis-
tration (FDA),8 and other promising antibody candidates are in
the pipeline, but their clinical efficacy remains uncertain. This
is due, in part, to the fact that the etiology of AD remains poorly
understood. The most common theory of the progression of AD
is the amyloid cascade hypothesis, which contends that aggre-
gation of amyloid b peptide (Ab) is the critical pathological
event responsible for triggering the onset of the disease, with
self-assembly of tau an important second step.9,10 In particular,
dispersed Ab oligomers, rather than the deposited plaques, are
widely understood to be the primary cytotoxic forms of these
aggregates,3,11 although brils may still play a signicant role,
directly12 or indirectly through generation of toxic oligomers
through secondary nucleation.13,14 While the cascade model has
been challenged in recent years,15–17 it is nevertheless commonly
accepted that the aggregation of Ab plays a critical part in the
initiation and progression of AD.18–20 Understanding the Ab
aggregation process, its underlying microscopic steps, and their
connection with toxicity, is essential for the development of
effective treatments and better diagnostic tools.21

Ab is produced from the transmembrane amyloid precursor
protein (APP). In the so-called amyloidogenic pathway for pro-
cessing of APP, sequential cleavages of the protein by b- and g-
secretases result in the release of Ab into the extracellular
uid.22,23 There is some variability in the cleavage sites by both
secretases, leading to the presence of Ab length-variants, or
Chem. Sci., 2022, 13, 2423–2439 | 2423
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Fig. 1 Possible modes of cross-catalysis through (a) heterogeneous primary nucleation in co-oligomers or (b) on fibril surfaces. (c) Co-
aggregation is here defined as the process leading to any form of aggregates composed of more than one peptide alloform.
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alloforms, that are generally between 37 and 43 residues
long.24–27 Of these alloforms, the 40-residue length-variant APP
672-711, Ab1–40, is the predominant form found in vivo, making
up almost 60% the Ab peptide present in cerebrospinal uid
(CSF).28,29 The next most abundant alloforms are Ab1–38, Ab1–42,
and Ab1–37, which make up approximately 15%, 10% and 8% of
Ab in CSF, respectively (although the concentration of Ab1–42 in
CSF decreases signicantly in AD patients, which is proposed to
be the result of peptide sequestration in plaques30,31). N-
terminal length variants are observed both with extended25

and truncated32 N-termini, in which case extension retards33

and truncation accelerates34 aggregation.
Of the C-terminal Ab length-variants found most commonly

in vivo, the 40- and 42-residue alloforms are the most aggrega-
tion prone and are also found in the highest abundance in the
characteristic AD plaques.35 As a result, the aggregation of these
peptides has been extensively characterized, while the aggre-
gation of shorter, less aggregation-prone alloforms has
remained relatively less studied.36 Using a chemical kinetics
approach, the microscopic steps underlying the in vitro aggre-
gation of Ab have previously been identied from global anal-
yses of large sets of data over ranges of peptide
concentration,37,38 showing that Ab peptides, ending at residue
40 and 42, respectively, aggregate through a nucleation-and-
growth pathway in which the formation of new aggregates
occurs predominantly through the autocatalytic secondary
nucleation on the surface of existing brils.14 However, the
aggregation behavior of Ab peptides is highly sensitive to solu-
tion conditions, including ionic strength39,40 and pH,41 and to
the presence of foreign surfaces, such as phospholipid
membranes42,43 and nanoparticles.44,45 Indeed, in the complex
milieu of cerebrospinal uid, it has been found that, while Ab42
aggregates through a secondary-nucleation-dominated mecha-
nism, the rate of this bril-catalyzed nucleation is signicantly
reduced relative to that of the peptide in pure buffer.46,47 Addi-
tionally, the aggregation of Ab peptides is perturbed by the co-
existence of Ab peptides of different lengths. For example, it
has previously been shown that, while Ab42 and Ab40 aggregate
to form homomolecular brils, monomeric Ab42 strongly cata-
lyzes the aggregation of Ab40.48 Furthermore, Ab42 has been
shown to both co-aggregate with and cross-seed Ab peptides
with N-terminal extensions ranging from 5–40 residues in
length.33 Consequently, it is important to account for the
interactions between Ab alloforms when considering the in vivo
behavior of these peptides.
2424 | Chem. Sci., 2022, 13, 2423–2439
Although Ab alloforms ending before residue 40 are less
commonly found in plaques in AD patients and are not directly
implicated in the onset of AD, these shorter alloforms are
nevertheless important factors to consider in the disease-
related aggregation of longer alloforms. Formation of oligo-
meric co-assemblies might decrease the rate of aggregation by
peptides with a higher intrinsic nucleation rate, and accelera-
tion the aggregation of peptides with a lower intrinsic nucle-
ation rate. Indeed, there are indications that these shorter
alloforms play an important role in vivo by modulating patho-
genic Ab1–42 aggregation. It has been shown these shorter
alloforms are not inherently toxic, but are in fact neuro-
protective in a dose-dependent manner and capable of reducing
Ab1–42 deposition.49,50 It has been proposed that this neuro-
protective behavior could be caused by inhibition of Ab42 olig-
omerization by the shorter alloforms51,52 or by impeded
oligomer conversion to brillar structure,53 as has previously
been observed for Ab40.54,55 The interactions and cross-reactivity
between Ab alloforms other than Ab1–42/Ab1–40 have, to our
knowledge, not been carefully studied.

In this study, we investigate the interactions and cross-
reactivity between four Ab naturally abundant alloforms, Ab37,
Ab38, Ab40, and Ab42, with an aim to unravel any cross-catalysis
or co-aggregation processes (Fig. 1). Working in vitro and using
highly puried peptides to maximize reproducibility, we char-
acterize their interactions primarily through kinetic aggregation
assays using the uorescent dye thioavin T (ThT), the quantum
yield of which reports quantitatively on aggregate mass
concentration when properly calibrated.56 We investigate not
only the effect that each alloform has on the aggregation of the
others in binary mixtures, but also consider three-peptide and
four-peptide mixtures in order to better understand how
different ratios of Ab alloforms affects the overall rate of
conversion of monomer to amyloid bril. In these experiments,
we ask whether any particular ratio of the shorter length vari-
ants will maximally affect the aggregation of Ab42.
Results

The aggregation of Ab(M1-37), Ab(M1-38), Ab(M1-40), and
Ab(M1-42) (Fig. 2, referred to herein as Ab37, Ab38, Ab40, and
Ab42, respectively) in binary, trinary, and quaternary mixtures
was investigated using in vitro kinetic assays, analytical high
performance liquid chromatography (HPLC), and cryo-
transmission electron microscopy (cryo-TEM). First, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Amino acid sequences of the peptides investigated in this work.
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aggregation of Ab37 or Ab38 in the absence of other peptides was
investigated. Next, the aggregation of two-peptide systems,
including either Ab37 or Ab38 together with either Ab40 or Ab42,
was investigated. Additionally, two-peptide cross-seeding
experiments were also performed. Subsequently, three-peptide
systems composed of Ab40, Ab42, and either Ab37 or Ab38 were
studied. Finally, the aggregation behavior of four-peptide
system, including all four alloforms, was investigated. All
experiments were performed in 20 mM sodium phosphate
buffer, 200 mM ethylenediaminetetraacetic acid (EDTA), 0.02%
NaN3, at pH 7.4, as all alloforms aggregate fast enough to give
relatively reproducible data under these conditions. The incor-
poration of an N-terminal Met residue has no observable effect
on the ssNMR spectrum of Ab42 brils and aggregation mech-
anism,57 and was chosen because it allows for expression “as is”
with easy purication without the complication of tags and
proteases.58
Independent aggregation of Ab37 and Ab38

Before studying the aggregation of Ab37 and Ab38 in hetero-
molecular mixtures, the aggregation of each peptide indepen-
dent of the others was rst investigated (Fig. 3). Ab37 and Ab38
displayed greatly reduced aggregation propensity relative to
Ab40 and Ab42. In identical conditions and at the low end of the
concentration range studied here, Ab40 aggregates within two
hours, while Ab42 aggregates within a fraction of an hour.37,38,41

However, the aggregation propensity among these naturally
Fig. 3 The aggregation kinetics of pure solutions of (a) Ab37 and (b) Ab38
NaN3, and 20 mM ThT. Three technical replicates are shown for each co
versus initial monomer concentration, [m]0, for Ab37 (purple) and Ab38 (bl
half of its final plateau value. Each dashed line shows a fitted power fu
technical replicates, with error bars showing the standard deviation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
occurring Ab alloforms is evidently not directly correlated to
peptide length, as Ab38 was found here to aggregate much more
slowly than Ab37.

The aggregation curve shapes for both Ab37 and Ab38 both
displayed long lag phases, during which little aggregation was
observable above the signal-to-noise ratio, followed by distinct
growth phases, in which most aggregate growth happened
rapidly. This distinctive curve shape, with a sharp transition
between lag and growth phases, is characteristic of an aggre-
gation mechanism driven by a self-replicating, bril-catalyzed
process. The concentration dependence of the rate of aggrega-
tion of each peptide was clearly shown by the half-time plots
(Fig. 3c), in which the time at which half of the total peptide had
aggregated was plotted versus starting monomer concentration.
The scaling exponent, g, of a power function tted to the half-
time data provides valuable insight into the underlying aggre-
gation mechanism.59,60 Aggregation mechanisms driven by
fragmentation and secondary nucleation, the two self-
replicating processes observed in amyloid-related aggregation,
display characteristic g values: for fragmentation-dominated
systems, g ¼ �0.5, while for secondary-nucleation-dominated
systems g # �1.0, with the exact value depending on the reac-
tion order of secondary nucleation and the balance between
primary and secondary nucleation, and whether or not
secondary nucleation saturates.38,61 For both Ab37 and Ab38, g ¼
�1.0, indicating that the aggregation of both peptides is driven
by secondary nucleation. This is not surprising, as the aggre-
gation of both Ab40 and Ab42 has been shown to be dominated
in 20 mM sodium phosphate buffer, pH 7.4, with 200 mM EDTA, 0.02%
ncentration. (c) Double-logarithmic plot of the aggregation half-time
ue), where the half-time is the time at which the fluorescence signal is
nction with scaling exponent, g. Points show the mean of the three

Chem. Sci., 2022, 13, 2423–2439 | 2425
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by this same process.37,38 The high variability among technical
repeats at low concentrations prevents data tting to generate
a quantitative description of the aggregation process for either
peptide, as has previously been done for Ab40 and Ab42.37,38,62

However, such comprehensive characterization is not required
for this study, for which the interactions between different Ab
alloforms, rather than the isolated behavior of any one peptide,
is the primary focus.
Aggregation kinetics of mixtures of Ab40 with Ab37 or Ab38

In kinetic assays of the aggregation process in binary mixtures
of Ab40 and either Ab37 or Ab38, only a single transition was
observed (Fig. 4). This contrasts with the aggregation behavior
of monomeric Ab40/Ab42 mixtures, which produced a double-
sigmoidal prole that was found to correspond to the self-
assembly of each peptide on distinct timescales into segre-
gated, homomolecular brils.48 The effects of each peptide on
the aggregation of the other were studied by holding the
concentration of one peptide constant while varying the
concentration of the other. The addition of Ab40 to solutions of
Ab37 or Ab38 decreased the lag time before the single observed
uorescence transition (Fig. 4a and b). Conversely, with
a constant concentration of Ab40, the addition of either Ab37 or
Ab38 resulted in a delay in aggregation (Fig. 4c and d). In both
Fig. 4 Aggregation kinetics of two-peptide systems composed of Ab40 w
7.4, with 200 mM EDTA, 0.02% NaN3, and 20 mM ThT. The effect of Ab4
Aggregation kinetics for Ab40 alone at the same concentrations are show
on the aggregation of Ab40. The extended time-courses for (c) and (d) a

2426 | Chem. Sci., 2022, 13, 2423–2439
cases, the addition of the shorter alloform to Ab40 results in an
increase in the intensity of ThT uorescence, indicating that the
shorter alloforms are aggregating concurrently with Ab40, rather
than at a later timepoint. The modulation of the kinetics of
aggregation for both peptides in both Ab37/Ab40 and Ab38/Ab40
mixtures, as well as the fact that a monophasic aggregation
prole is observed at all molar ratios tested despite the differing
timescales of the independent aggregation of Ab37 and Ab38
compared to that of Ab40, suggest that these peptides may co-
aggregate to form some level of mixed aggregates. However,
ThT uorescence assays, which report only on total aggregate
mass concentration, cannot distinguish co-aggregates from
coexisting homomolecular brils.

The ultrastructure of the aggregates formed by these
peptides, both alone and in mixtures, was investigated using
cryo-TEM (Fig. 5). Images were collected of brils produced by
each peptide individually, as well as by those formed by equi-
molar Ab37/Ab40 and Ab38/Ab40 mixtures. Samples were
prepared in the same manner as for the kinetic assays, with
bril formation monitored by ThT uorescence. The samples
were frozen on grids once the nal uorescence plateau was
reached. All of the brils formed from a pure peptide solution
display relatively consistent morphology. Moreover, these
homomolecular brils were morphologically similar between
peptides: the brils formed by Ab37, Ab38, and Ab40 had average
ith (a & c) Ab37 and (c & d) Ab38 in 20 mM sodium phosphate buffer, pH

0 at varying concentrations on the aggregation of (a) Ab37 or (b) Ab38.
n in Fig. S1.† The effect of varying concentrations of (c) Ab37 or (d) Ab38
re shown in Fig. S2.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The morphology of fibrils formed by Ab37, Ab38, and Ab40 in pure and equimolar binary solutions. (a) Representative cryo-TEM images of
fibrils. Fibrils were formed in 20mM sodium phosphate buffer, pH 7.4, with 200 mM EDTA, 0.02% NaN3, and 20 mM ThT. (b) Quantification of fibril
node-to-node distance (half-pitch period). Representative grey scale profiles used for helical half-pitch period measurements are shown in
Fig. S3.† (c) Quantification of fibril diameter. Plots represent >50 measurements, taken from at least 15 different fibrils. **p# 0.01, ***p# 0.001,
and ****p # 0.0001 by one-way ANOVA followed by Dunnett's post-hoc test.
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helical half-pitch periods of 118� 30 nm, 131� 40 nm, and 125
� 22 nm and average bril diameters of 19 � 6 nm, 15 � 5 nm,
and 18 � 4, respectively. Notably, the morphology of the brils
formed by each of these peptides was signicantly different
than that of the brils formed by Ab42, which have a helical half
pitch of 31 � 17 nm.48 The brils formed from binary mixtures,
on the other hand, displayed distinct morphology. For both
Ab37/Ab40 and Ab38/Ab40 mixtures, brils were observed with
helical half-pitch periodicities that did not correspond to the
brils formed independently by either of the peptides present in
the reaction mixture. In both cases, the average bril half-pitch
period (160 � 90 nm for Ab37/Ab40 and 183 � 106 for Ab38/Ab40)
was both signicantly longer and more variable than for any of
the homomolecular brils (Fig. 5b). Additionally, the average
width of the brils formed in each binary mixture (21 � 10 nm
for Ab37/Ab40 and 23 � 12 for Ab38/Ab40) was both larger and
more variable than for either of the constituent peptides,
although this was statistically signicant only for Ab38/Ab40
(Fig. 5c). The presence in both binary systems of brils with
morphology distinct from those of homomolecular brils
formed by either constituent peptide provided further evidence
that some level of co-aggregation had occurred both between
Ab37 and Ab40 and between Ab38 and Ab40.
Aggregation kinetics of mixtures of Ab42 with Ab37 or Ab38

Following the investigation of the aggregation behavior of Ab40
with Ab37 and Ab38, similar experiments were performed on two-
© 2022 The Author(s). Published by the Royal Society of Chemistry
peptide systems with Ab42 (Fig. 6). Starting from monomeric
Ab37/Ab42 or Ab38/Ab42 mixtures, two distinct transitions were
observed in the curves as monitored by ThT uorescence. Such
biphasic aggregation proles were previously observed for the
aggregation of a mixture of Ab40 and Ab42, which was found to
correspond to aggregation into separate brils.48 This indicates
that the nature of the interactions of these shorter alloforms
with Ab42 are quite different than with Ab40. The biphasic prole
suggests that two separate aggregation processes are occurring
on discrete timescales, consistent with the formation of
homomolecular brils.

There were nevertheless signicant interactions between the
two peptides present in both Ab37/Ab42 and Ab38/Ab42 mixtures,
as evidenced by the changes to the timescale of aggregation of
both peptides in the mixture. The presence of Ab42 strongly
accelerated the aggregation of both Ab37 and Ab38 (Fig. 6a and b,
respectively) by dramatically shortening their lag phases.
Notably, each of Ab37 and Ab38 clearly inhibited the aggregation
of Ab42 (Fig. 6c and d, respectively), although this effect is less
dramatic than the reciprocal acceleration of both Ab37 and Ab38
aggregation by Ab42.

The aggregation of Ab42 is known to proceed through three
distinct processes: primary (non-bril-catalyzed) nucleation,
secondary (bril-catalyzed) nucleation, and elongation.37 To
inhibit aggregation, an effector must perturb one or more of
these processes. Inhibition of each of the processes affects the
kinetics of aggregation in a distinct manner,14,63 meaning that
Chem. Sci., 2022, 13, 2423–2439 | 2427
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Fig. 6 Aggregation kinetics of two-peptide systems composed of Ab42 with (a & c) Ab37 and (b & d) Ab38 in 20 mM sodium phosphate buffer, pH
7.4, with 200 mM EDTA, 0.02% NaN3, and 20 mM ThT. (a and b) Increasing Ab42 concentration leads to accelerated aggregation of Ab37 and Ab38,
respectively. Aggregation kinetics for Ab42 alone at the same concentrations are shown in Fig. S1.† (c and d) Increasing concentrations of Ab37 and
Ab38, respectively, decrease the rate of Ab42 aggregation; in both, the upper panel shows the first, low-intensity fluorescence transition and the
lower panel shows the full biphasic aggregation profile.
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the change in the Ab42 curve shape in the presence of each of the
shorter alloforms can, in principle, be used to determine which
process is being inhibited. Using the AmyloFit program,59

a model of secondary-nucleation-dominated aggregation was t
to the data shown in Fig. 6c and d; the parameters corre-
sponding to the rate of each process were, one-by-one, allowed
to vary while all other parameters were held constant (Fig. 7).
This analysis shows that the observed changes to the curve
shape of Ab42 aggregation in the presence of both Ab37 and Ab38
is poorly modeled by inhibition of primary nucleation (Fig. 7a
and d, respectively). However, the change to the Ab42 aggrega-
tion curve shape, although signicant, is too small for the
kinetic analysis to distinguish between inhibition of secondary
nucleation (Fig. 7b and e) and inhibition of elongation (Fig. 7c
and f). Nevertheless, this tting indicates that the inhibition of
2428 | Chem. Sci., 2022, 13, 2423–2439
Ab42 aggregation by both Ab37 and Ab38 involves interaction
between the shorter peptide and the Ab42 bril, as both
secondary nucleation and elongation are bril-catalyzed
processes.
Cross-seeding of Ab37 and Ab38 with Ab40 and Ab42

Having studied the aggregation in systems composed of two Ab
alloforms, both starting in a monomeric state, we next investi-
gated whether any of these peptide mixtures displayed cross-
seeding behavior. In aggregating systems driven by a bril-
catalyzed secondary nucleation process, as is the case for all
Ab alloforms studied here, the addition of pre-aggregated seed
brils to a solution of monomer can accelerate aggregation by
providing a catalytic surface for nucleation from the start of the
reaction process. The self-seeding of both Ab42 and Ab40 is well
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fitting differentmodels of inhibition to aggregation kinetics of 3 mMAb42 with varying concentrations of (a–c) Ab37 and (d–f) Ab38; the data
are the same as are shown in Fig. 6c and d, respectively. The models used here correspond to inhibition of (a & d) primary nucleation, (b & e)
secondary nucleation, and (c & f) elongation processes. (g) Mean residual errors for fitting shown in (a–f), normalized to the error for the best fit
for each data set. Errors for Ab37/Ab42 fitting are shown in purple and errors for Ab38/Ab42 fitting are shown in blue.
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established.37,38,64 Although Ab40 and Ab42 have been shown to
display some cross-seeding behavior, these effects are only
evident at high seed concentrations (0.5 and 1 mM Ab40 seed
added to 2 mM Ab42 monomer) and are much weaker than those
observed for self-seeding.48

In cross-seeding reactions, interactions between the mono-
meric peptide and the surface of the seed bril can result in
divergent kinetic outcomes.65 The seed bril can serve as
a surface for heterogenous primary nucleation, wherein
monomer adsorption by the bril increases local monomer
concentration, thereby catalyzing aggregation.66,67 Conversely,
higher-affinity monomer adsorption by the bril surface leads
to monomer sequestration, thus reducing the overall rate of
aggregation, particularly during the bril growth phase.48,67 In
previous cross-seeding reactions between Ab40 and Ab42, Ab42
seeds were shown to have no effect on Ab40 aggregation;
although high concentrations of Ab40 seeds (25–50%) were
shown to affect Ab42 aggregation, these effects were much
weaker than those of the self-seeding of Ab42.48

Here, we found that the aggregation of Ab37 is catalyzed by
the presence of seeds of any of the four peptides (Fig. 8a). The
effects were most dramatic for the self-seeding of Ab37 (purple)
and Ab38 (blue), although they were nevertheless signicant in
all three cross-seeding cases. For the cross-seeding of Ab37 with
Ab40 brils (green), the addition of seeds not only decreased the
duration of the lag phase, but also reduced the slope of the
curve during the aggregate growth phase. In contrast, either
Ab38 (blue) or Ab42 (red) seed shortened the lag phase with
minimal effects on the curve shape. This reduction in lag phase
without a concomitant change in the curve shape suggests that
© 2022 The Author(s). Published by the Royal Society of Chemistry
the likely cause of the acceleration is the provision of a catalytic
surface for the heterogeneous primary nucleation of Ab37.
However, at such long lag times, variability between experi-
mental repeats is inevitable and prevents explicit verication of
this proposed mechanism through tting to kinetic models.
Notably, the catalytic effect of Ab42 brils on Ab37 aggregation
was smaller than that of monomeric Ab42 at comparable
concentrations (Fig. 6a), indicating that monomer–monomer
interactions are a signicant factor in the catalysis of Ab37
aggregation by Ab42. The fact that some cross-seeding behavior
was observed, however, indicates that interactions between
monomeric Ab37 and brillar Ab42 do also occur. This is
consistent with the conclusions drawn from mechanistic tting
to the data of Ab42 aggregation in the presence of monomeric
Ab37 (Fig. 7a–c).

As with Ab37, the acceleration of Ab38 aggregation was
stronger in the self-seeded case than for cross-seeding (Fig. 8b).
At high concentrations of Ab38 seed, there was essentially no lag
phase, with signicant quantities of brils formed almost
instantaneously. Having already found that Ab38 brils can seed
the aggregation of monomeric Ab37 (Fig. 8a), the reciprocal
effect is also observed, with the addition of Ab37 seeds acceler-
ating Ab38 aggregation. For the cross-seeding of Ab38 with both
Ab40 and Ab42 seed brils, a clear concentration-dependent
decrease in the lag time was observed; in both cases, there
was no perturbation to the aggregation curve shape.

For Ab40, clear self-seeding behavior was observed (Fig. 8c),
consistent with previous ndings.38,48 Additionally, clear
reduction in the duration of the lag time was observed with the
addition of both Ab37 and Ab38 seed brils, particularly at
Chem. Sci., 2022, 13, 2423–2439 | 2429
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Fig. 8 Self- and cross-seeding experiments for monomeric (a) Ab37, (b) Ab38, (c) Ab40, and (d) Ab42. In all panels, the color of the frame
corresponds to the identity of the monomeric peptide and the color of the kinetic curves corresponds to the identity of the seed peptide, with
Ab37, Ab38, Ab40, and Ab42 represented by purple, blue, green, and red, respectively. Seed concentrations are given as a molar percentage of the
monomer concentration. The rightmost panel in each row shows the aggregation half-time as a function on seed percentage. Ab37, Ab38, and
Ab40 monomer solutions were prepared to a peptide concentration of 10 mM, and Ab42 was prepared to a monomer concentration of 3 mM. All
experiments were performed in 20 mM sodium phosphate buffer, pH 7.4, with 200 mM EDTA, 0.02% NaN3, and 20 mM ThT.
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relatively high seed concentrations. As is the case for both Ab37
and Ab38, however, this cross-seeding effect was again weaker
than the self-seeding effect. Similar to what was observed for the
seeding of Ab37 monomer with Ab40 brils, the addition of Ab37
brils to Ab40 monomer affected not only the lag phase but also
the slope of the curve during the aggregate growth phase.
Indeed, at low concentrations of Ab37 seed brils, this inhibitory
effect was more signicant than the reduction of the lag phase,
resulting in an increase of the aggregation half-time relative to
unseeded Ab40.
2430 | Chem. Sci., 2022, 13, 2423–2439
Clear self-seeding behavior was observed for Ab42, as has
been reported previously;37,48 however, no cross-seeding catal-
ysis was observed with either Ab37 or Ab38 seed brils (Fig. 8d).
Even at high concentrations of Ab37 and Ab38 seed brils, both
the timescale and curve shape of Ab42 aggregation were
completely unperturbed, indicating that these foreign aggre-
gates are inert with respect to monomeric Ab42, neither
providing a surface for heterogeneous nucleation nor seques-
tering monomer. This suggests that the inhibition of Ab42
aggregation observed in the presence of Ab37 or Ab38 (Fig. 6c and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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d, respectively) was caused by monomeric or oligomeric, rather
than brillar, species. This is especially relevant given that, at
the point in time at which Ab42 aggregates, both Ab37 and Ab38
will be in a primarily monomeric state, due to the relatively slow
aggregation of both peptides.
Aggregation kinetics of three-peptide mixtures

Having characterized the effects that the presence of either
monomeric or brillar species of each Ab alloform had on
aggregation kinetics of the others, we next studied the behavior
of Ab37 or Ab38 in three-peptide monomeric mixtures with Ab40
and Ab42. For both the Ab37/Ab40/Ab42 and the Ab38/Ab40/Ab42
mixtures, two discrete transitions in ThT uorescence were
observed, separated by an intermediate plateau phase (Fig. 9a
and c, respectively). This is consistent with two aggregation
processes happening on distinct timescales. The intensity of the
second transition in ThT uorescence increased with increasing
Fig. 9 Aggregation of three-peptide systems composed of 3 mM each A
Ab38 in 20mM sodium phosphate buffer, pH 7.4, with 200 mMEDTA, 0.02
curves. Panels (b) and (d) show the half-time of Ab42 aggregation plotted
represent the average of the three technical triplicates, with the error ba

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration of Ab37 or Ab38, indicating that both peptides
aggregate as part of the second, slower process. Based on the
previous monomeric two-peptide aggregation kinetic assays
(Fig. 4 and 6), it is most likely that the rst uorescence tran-
sition here represents the aggregation of Ab42, with the second
transition showing the co-aggregation of Ab40 and Ab37 or Ab38.

To analyze the identity and composition of the peptide
aggregates that have formed during each transition, analytical
HPLC was used to determine the concentration of each peptide
over the time-course of the aggregation of an equimolar three-
peptide mixture (Fig. 10). To characterize the composition of
brillar species, aliquots were removed during the initial lag
phase (tL) and each plateau phase (tP1 and tP2) (Fig. 10b and c for
mixtures including Ab37 and Ab38, respectively). The brils
present in these aliquots were isolated by centrifugation,
washed to remove any oligomers associated with the bril
surface, then dissolved and injected on an HPLC instrument. In
b40 and Ab42, with varying concentrations of (a and b) Ab37 or (c and d)
% NaN3, and 20 mMThT. Panels (a) and (c) show the aggregation kinetics
as a function of Ab37 and Ab38 concentration, respectively. The points
rs showing the standard deviation.

Chem. Sci., 2022, 13, 2423–2439 | 2431
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Fig. 10 Alloform composition in fibrillar and monomeric species over the time-course of aggregation of trimolecular mixtures of 3 mM each
Ab40, Ab42, and either (b & d) Ab37 or (c & e) Ab38, as analyzed using analytical HPLC. (a) A representative kinetic aggregation curve, with the time
points at which aliquots were removed marked with red lines. (b & c) The composition of fibrillar species during the lag phase and each plateau
phase. (d & e) The composition of monomeric species during the lag phase, both transition phases, and both plateau phases. Kinetic experiments
were performed in 20 mM sodium phosphate, 200 mM EDTA, 0.02% NaN3, pH 7.4, with 20 mM ThT.
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both three-peptide mixtures, it was found that the brils
present in the intermediate plateau phase were primarily
composed of Ab42, while the brils in the nal plateau phase
were composed of all three peptides. These data are supported
by the complementary analysis of the peptide composition of
the supernatants (Fig. 10d and e), for which additional aliquots
were taken during each aggregate growth phase (tG1 and tG2).
For both Ab37/Ab40/Ab42 and Ab38/Ab40/Ab42 mixtures, it was
found that the concentration of monomeric Ab42 decreased
during the rst transition in ThT uorescence and was unde-
tectable by the intermediate plateau phase. During the second
transition phase, the concentration of both Ab40 and either Ab37
or Ab38 decreased. At the nal plateau phase, the majority of
peptides were converted to brils and the monomer concen-
tration was below the detection limit of analytical HPLC. This
indicates that, in these three-peptide mixtures, the behavior of
2432 | Chem. Sci., 2022, 13, 2423–2439
each peptide is consistent with the behavior to in two-peptide
systems, with Ab42 forming brils during the rst transition
and Ab40 co-aggregating with Ab37 or Ab38 during the second
transition.

Despite aggregating separately from Ab42, the presence of
either Ab37 or Ab38 perturbed the kinetics of Ab42 aggregation, as
was previously observed in two-peptide systems (Fig. 6c and d).
The half-time of Ab42 aggregation increased with increasing
concentration of either Ab37 or Ab38 (Fig. 9b and d, respectively),
with the half-time of Ab42 aggregation dened here as the time
at which the uorescence intensity reached half-way between
the initial baseline and the intermediate plateau. This shows
that Ab37/Ab42, Ab38/Ab42, and Ab40/Ab42 (ref. 48) interactions
observed in two-peptide systems persist in three-peptide
systems.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02990h


Fig. 11 (a) The aggregation of 3 mM Ab42 with varying concentrations
of a 1 : 1 : 1 mixture of Ab37/Ab38/Ab40. (b) The half-time of the
aggregation of Ab42 shown in (a) versus the total concentration of the
three shorter alloforms. Kinetic experiment was performed in 20 mM
sodium phosphate buffer, pH 7.4, with 200 mM EDTA, 0.02% NaN3, and
20 mM ThT.
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Aggregation kinetics of four-peptide mixtures

Finally, the aggregation behavior in monomeric mixtures of all
four alloforms was studied. First, the aggregation of 3 mM Ab42
in mixtures with varying concentrations of Ab37, Ab38, and Ab40
at an equimolar ratio was characterized (Fig. 11). For all four-
peptide mixtures, two distinct transitions in ThT uorescence
intensity were observed. The intensity of the second transition
(which was absent in a solution containing only Ab42) scaled
with increasing concentration of the Ab37/Ab38/Ab40 mixture,
while the intensity of the rst transition did not. This indicates
that all three of the shorter Ab alloforms may form co-
aggregates, while Ab42 aggregates rst, forming separate
brils. As would be expected given the behavior observed in
three-peptide mixtures, the aggregation of Ab42 was perturbed
by the presence of shorter Ab alloforms despite the slower
aggregation of these peptides, with increasing concentrations of
the short-alloform mixture leading to longer Ab42 aggregation
half-times (Fig. 11b).

We next characterized the relative effects of each of the
shorter Ab alloforms on the aggregation of Ab42, with an aim to
Fig. 12 Aggregation kinetics of 3 mMAb42 with 6 mMof Ab37/Ab38/Ab40 m
to the aggregation of Ab42 is shown; the full aggregation profiles are sho
concentration of Ab37 (green panel), Ab38 (blue panel), and Ab40 (red pane
in (a). (c) Triangular heat-map representation of the half-time of Ab42 aggr
were performed in 20 mM sodium phosphate buffer, pH 7.4, with 200 m

© 2022 The Author(s). Published by the Royal Society of Chemistry
determine whether specic ratios of these alloforms would
maximally affect Ab42 aggregation. For this, the aggregation of 3
mM Ab42 was studied in the presence of a constant total
concentration (6 mM) of mixtures of Ab37, Ab38, and Ab40, with
these three peptides in varying ratios (Fig. 12). For each ratio
tested, only two uorescence transitions were observed,
providing further evidence that the three shortest alloforms co-
aggregate irrespective of their ratio. Both the timescale and
intensity of the second transition varied based on the ratio of
Ab37, Ab38, and Ab40, due to the differing aggregation propen-
sities and ThT quantum yielded of each peptide. The aggrega-
tion of Ab42 was found to be inhibited by all solutions tested,
irrespective of the peptide ratios, although to varying extents.
Included in this study were 6 mM each Ab37, Ab38, and Ab40
alone, to allow for side-by-side comparison of the degree to
which each alloform inhibits Ab42 aggregation. Of the three,
Ab38 inhibited the aggregation of Ab42 to the greatest degree,
followed by Ab37 and Ab40. This was found to be reproducible
between repeats of the whole experiment. Notably, mixtures of
all three peptides produced a stronger inhibitory effect than any
single peptide alone. Although the relative strength of inhibi-
tion of these different mixtures was not found to be highly
reproducible between repeats of the experiment, mixtures with
higher concentrations of Ab38 generally exhibited stronger
inhibitory effects than did mixtures with low concentrations of
Ab38. Still, Ab38 alone was not the most effective, with the
strongest inhibition observed at the 2 : 3 : 1 and 1 : 4 : 1 ratios
of Ab37 : Ab38 : Ab40.

Discussion

The results of this study points to signicant cross-reactivity in
quaternary mixtures of Ab42 and shorter alloforms, beyond
those observed in binary mixtures.48 Notably, both monomeric
Ab37 and Ab38 appear to interact with Ab42 in much the same
manner as does monomeric Ab40. Most fundamentally, all three
of the shortest alloforms aggregate independently of Ab42,
giving rise to two distinct uorescence transitions. Further-
more, similar reciprocal kinetic effects are observed in binary
ixtures in varyingmolar ratios. (a) The first ThT transition, corresponding
wn in Fig. S4.† (b) The half-times of Ab42 aggregation in (a), versus the
l). The color of each point corresponds to the curves of the same color
egation depending on the Ab37/Ab38/Ab40 concentrations. Experiments
M EDTA, 0.02% NaN3, and 20 mM ThT.
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monomeric mixtures of Ab42 with each of the three shorter
alloforms. As was found here for both Ab37 and Ab38, the pres-
ence of monomeric Ab42 accelerates the aggregation of Ab40 by
signicantly shortening the lag phase,48 although this effect is
signicantly more pronounced with Ab37 and Ab38, which both
aggregate much more slowly than Ab40. Additionally, the pres-
ence of any of the three shortest alloforms serves to inhibit the
aggregation of Ab42. In each case, this effect is weaker than the
reciprocal Ab42-induced acceleration of aggregation of the
shorter alloform.

The cross-seeding between Ab42 and each of the shorter
alloforms showed a stronger dependence on alloform length. As
reported by Cukalevski et al., the addition of Ab42 seeds to Ab40
monomers results in minimal change to the kinetics of Ab40
aggregation.48 This contrasts with the cross-seeding interac-
tions between Ab42 seeds and both Ab37 and Ab38 monomers, for
which a clear Ab42-concentration-dependent decrease in the
aggregation half-time of the shorter alloform was observed in
both cases. Furthermore, Cukalevski et al. reported that the
addition of high concentrations of Ab40 seeds to Ab42 mono-
mers leads to a moderate reduction of both the lag time and the
rate of Ab42 aggregation during the bril growth phase (these
converse effects largely cancel out, leaving the half-time of Ab42
essentially unchanged).48 This behavior differs from the inter-
actions observed here for the cross-seeding of Ab42 monomers
with either Ab37 or Ab38, for which even high seed concentra-
tions had no effect on the kinetics of Ab42 aggregation.

The results of this study serve to extend our understanding of
interactions between Ab alloforms by investigating the aggre-
gation behavior of tri- and tetra-molecular mixtures. The fact
that Ab37, Ab38, and Ab40 each affected Ab42 aggregation to
a different extent indicates that inhibition of Ab42 aggregation
by these shorter alloforms is not simply due to non-specic
interactions with Ab42, but rather includes some level of
sequence specicity. That Ab38 is a more potent inhibitor of
Ab42 aggregation than are either Ab37 or Ab40 indicates that this
effect is not directly correlated to alloform length. Likewise, this
inhibition does not appear to be correlated with aggregation
propensity, as Ab37 and Ab40 inhibited Ab42 aggregation to
a similar extent, despite Ab40 displaying a much higher intrinsic
aggregation rate than Ab37. Determination of the various
factors, including peptide length and sequence, that affect the
relative inhibitory potency of these shorter alloforms towards
Ab42 aggregation would provide greater physical insight into the
interactions that underlie this inhibition.

Notably, the results of this study indicate that, in addition to
being alloform-specic, the effect of short Ab alloforms on the
aggregation of Ab42 is inherently cooperative. Were this inhi-
bition non-cooperative, it would be expected that the decrease
in Ab42 aggregation would simply scale with the relative
concentrations of the short alloforms. Instead, a mixture of
these shorter alloforms affected the rate of Ab42 aggregation
more signicantly than any single alloform independently, with
the strongest inhibition seen at the 2 : 3 : 1 and 1 : 4 : 1 Ab37-
: Ab38 : Ab40 ratios. While the underlying molecular interac-
tions that give rise to this cooperative inhibition are not readily
evident, these results further buttress the conclusion that
2434 | Chem. Sci., 2022, 13, 2423–2439
inhibition of Ab42 aggregation by shorter Ab alloforms is
sequence specic. One possible explanation for inhibition
observed in certain quaternary mixtures may be the formation
of mixed oligomers that cannot readily convert to brils and
that compete for catalytic sites on the bril surface with more
conversion-competent homomolecular oligomers.68 Although
Ab42 in heteromolecular mixtures aggregates at reduced rate
compared to pure Ab42, it seems to promote nucleation of Ab37,
Ab38 and Ab40 in these mixed oligomers, and aer Ab42 has
formed homomolecular brils, these three peptides seem form
joint brils with different morphology than any of the pure
brils of Ab37, Ab38 and Ab40.

When studied alone as single peptides at a range of
concentrations, Ab38 appears to aggregate much more slowly
than Ab37. The origin of this difference is not clear but may be
a consequence of primary or secondary nucleation being less
effective with the extra Gly residue at the C-terminus of Ab38. In
general, longer sequences aggregate more slowly if the addi-
tional length difference lies in a non-amyloidogenic
segment.33,69,70

These results suggest that in the brain extracellular uids,
where a number of different short Ab alloforms are present, the
disease-associated aggregation of Ab1–42 may in fact be modu-
lated by these short alloforms and, furthermore, that the rate of
Ab1–42 aggregation may be sensitive to specic ratios of these
alloforms. The relevance of these ndings is further under-
scored by the disease-promoting effect of familial AD-causing
presenilin mutations, which lead to a loss of Ab1–37 and Ab1–38
whilst affecting neither Ab1–40 nor Ab1–42 production.71
Conclusions

In this study, we show that the Ab alloforms Ab37 and Ab38 both
aggregate through a secondary nucleation driven process to
form b-sheet rich brils. The aggregation of both of these
peptides is comparable to the well-characterized aggregation
processes of Ab40 and Ab42, although the aggregation of the
shorter two alloforms is signicantly slower, which is consistent
with their reduced aggregation propensity in vivo. Furthermore,
we nd that the aggregation of all four Ab alloforms is highly
sensitive to the presence of other alloforms. Both Ab37 and Ab38
co-aggregate with Ab40, forming brils that are ultrastructurally
distinct from the brils formed by either of the constituent
peptides alone. Furthermore, the kinetics of aggregation in
these binary mixtures is highly dependent on the ratio of Ab37/
Ab40 or Ab38/Ab40 present in solution. In contrast to their co-
aggregation with Ab40, we nd that both Ab37 and Ab38 aggre-
gate independently from Ab42. There is nevertheless signicant
kinetic modulation between Ab42 and both Ab37 and Ab38, with
the shorter alloforms impeding the aggregation of Ab42 in
a concentration-dependent manner and Ab42 reciprocally
accelerating the aggregation of the shorter alloforms. Finally,
we nd that the aggregation of Ab42 is sensitive to the specic
ratio of shorter alloforms present, indicating a level of sequence
specicity in these interactions; we furthermore demonstrate
that a mixture of Ab37, Ab38, and Ab40 more potently affects Ab42
© 2022 The Author(s). Published by the Royal Society of Chemistry
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aggregation than any one of the shorter alloforms alone, indi-
cating that this inhibition is inherently cooperative.

These results demonstrate that interactions between Ab
alloforms signicantly modulate the aggregation behavior of
these peptides in vitro. As the presence of Ab38 has been shown
to attenuate Ab42 bril formation and deposition in vivo,49,50 it is
likely that the interactions described here are pertinent to the
biological behavior of these peptides. Indeed, short Ab allo-
forms, which make up as much as 90% of the Ab peptide
present in the extracellular uid of the brain, may play a path-
ologically relevant role in moderating the aggregation of Ab42.
These results are relevant not only to understanding the path-
ogenesis of AD, but also to the development of AD therapeutics.
As modulation of g-secretase activity is increasingly being
proposed as a promising route to AD therapeutics,72–74 an
understanding of how different Ab alloforms—and how
different combinations of these alloforms—affect pathological
Ab42 aggregation is becoming increasingly important.
Materials and methods
Expression and purication of Ab peptides

The genes encoding wild-type Ab(M1-42), Ab(M1-40), Ab(M1-38),
and Ab(M1-37) (referred to herein as Ab42, Ab40, Ab38, and Ab37,
respectively) were produced by overlapping PCR and cloned into
the PetSac vector.58 The peptides were expressed in E. coli
strains BL21 Star (DE3) pLysS (for Ab42, Ab40, and Ab37) or BL21-
Gold (DE3) pLysS (for Ab38). Cells were cultured in LB medium
with 50 mg L�1 ampicillin and (for BL21 Star cells) 30 mg L�1

chloramphenicol. Well-isolated bacterial colonies were used to
inoculate 50 mL cultures grown in 250mL baffled asks at 37 �C
with 130 rpm shaking for ca. 7 h. Once an OD of 0.7–1.0 was
reached, 500 mL of these cultures were then added to 500 mL LB
medium (containing the relevant antibiotics, as detailed above)
in 2 L baffled asks, which were grown at 37 �C with 125 rpm
shaking for ca. 15 h. Cells were then harvested by centrifugation
at 6000 � g for 10 min at 4 �C.

The peptides were isolated from inclusion bodies aer iter-
ative sonication and centrifugation. The inclusion bodies were
dissolved in 8 M urea in 10 mM Tris–HCL, pH 8.5, 1 mM EDTA,
and the peptide puried by ion exchange chromatography on
a DEAE cellulose resin, as previously described.58 The purity of
the eluted fractions was assessed by SDS-PAGE. The purest
fractions were pooled. Monomer isolation and removal of
inclusion-body-bound proteins was achieved by ltration using
30 kDa MWCO lters, and size exclusion chromatography on
a 26 � 600 mm Superdex 75 column. The peptide was then
aliquoted, frozen and lyophilized, and stored at �20 �C.
Monomer isolation for kinetic assays

To isolate pure monomer, Ab peptides were subjected to size-
exclusion chromatography (SEC) immediately before
preparing aggregation kinetic assays. Aliquots of puried,
lyophilized Ab were dissolved in 1.0 mL 6 M GuHCl, injected on
a Superdex 75 10/300 GL column, and eluted with an isocratic
0.7 mL min�1

ow of 20 mM sodium phosphate buffer, pH 7.4,
© 2022 The Author(s). Published by the Royal Society of Chemistry
with 200 mM EDTA and 0.02% NaN3. Typical retention times
were between 19 and 21 minutes for all peptides. The center of
the monomer peak was collected on ice using low-binding
Eppendorf tubes. The concentration of puried peptide was
determined by integrating the absorbance at 280 nm of the
collected peak, using 3280 ¼ 1400 L mol�1 cm�1 (based on the
presence of a single tyrosine residue in each alloform).
Concentration determination in this manner is accurate within
�20%.

Preparation of unseeded kinetic assays for pure peptides

A dilution series was prepared from the SEC-puried peptide.
First, thioavin T (ThT, Calbiochem) was added to the sample
from a concentrated stock solution (ltered through 0.2 mm
lter) to a nal concentration of 20 mM. The dilution series was
then prepared from this peptide solution, using 20 mM sodium
phosphate buffer, pH 7.4, with 200 mM EDTA, 0.02% NaN3, and
20 mM ThT (at this concentration, ThT uorescence was found
to scale linearly with aggregate concentration for all alloforms,
Fig. S5†). All samples were prepared in low-binding tubes on ice
(Axygen). The samples were loaded from low to high peptide
concentration, with ve wells per sample and 90 mL per well,
into a 96-well, half-area, clear bottomed, PEG-coated, black
polystyrene plate (Corning 3881), which was subsequently
sealed. The whole setup was repeated at least three times for
each peptide.

Preparation of multimolecular unseeded kinetic assays

All four peptides were puried separately by SEC, as described
above. ThT was added from a concentrated stock solution to
each of the puried peptides to a nal concentration of 20 mM.
Additionally, a dilution solution of 20 mM sodium phosphate
buffer, pH 7.4, with 200 mM EDTA, 0.02% NaN3, and 20 mM ThT
was prepared. The puried peptide solutions and the dilution
solution were combined in varying quantities to give the desired
molar ratios and total concentrations. The samples were then
loaded from low to high concentration of the most aggregation-
prone peptide in the mixture, with four to ve 90 mL wells per
sample, into a 96-well plate (Corning 3881), which was subse-
quently sealed. The whole setup was repeated at least three
times for each peptide combination.

Preparation of self- and cross-seeded kinetic assays

Seed brils were made from SEC-puried peptide, with bril
formation monitored by ThT uorescence, as described above.
Seed brils were removed once the uorescence plateau was
reached, approximately 20 hours for Ab37, 48 hours for Ab38, 5
hours for Ab40, and 1 hour for Ab42. These seed brils were then
added in varying concentrations to aliquots of a solution of SEC-
puried monomeric peptide, to which ThT had been added to
a nal concentration of 20 mM. For all seeded experiments, the
aggregation of a set of unseeded control samples was run in
parallel to the seeded reactions. Four technical replicates of
each sample were then plated into a 96-well plate (Corning
3881). The whole setup was repeated at least twice for each
peptide combination.
Chem. Sci., 2022, 13, 2423–2439 | 2435
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Kinetic assays

ThT uorescence was measured using a FLUOstar Omega or
FLUOstar Optima plate reader (BMG Labtech) at 37 �C under
quiescent conditions. Fluorescence was measured through the
bottom of the plate using an excitation lter of 440 nm and an
emission lter of 480 nm, with measurements taken every 60–
120 s (depending on the aggregation propensity of the alloform
being studied).
Kinetic analysis

All kinetic analyses were performed using the free online
program AmyloFit (www.amylot.ch.cam.ac.uk).59 To facilitate
half-time determination and tting of various mechanistic
models, uorescence data were normalized, using both a zero-
point offset (in case of seeded experiments) and end-point
normalization. For data sets with multiple uorescence transi-
tions, only the rst transition, corresponding to Ab42 aggrega-
tion, was normalized; for this, the intermediate plateau phase
was used as the aggregation endpoint.

Aggregation half-times were determined by performing
a linear t to the normalized ThT uorescence data for the
period in which the signal intensity was between 0.4 and 0.6.
The half-time was taken to be the time at which the linear t
equals 0.5. When applicable, the scaling exponent was deter-
mined by plotting the half-time versus the relevant starting
monomer concentration and tting to this data a power
function

t1/2 ¼ a[m]g0

where t1/2 is the half-time, [m]0 is the starting monomer
concentration, a is a proportionality constant, and g is the
scaling exponent.

The tting of mechanistic models was used to assess which
of the microscopic Ab42 aggregation steps are perturbed in Ab42/
Ab38 and Ab42/Ab37 binary mixtures. For this, the data from the
sample containing only Ab42 was tted rst, using the inte-
grated rate law

½M�
½M�N

¼ 1�
�
1� ½M�0

½M� 0

�
e�kNt �

�
B� þ Cþekt

Bþ þ Cþekt
� Bþ þ Cþ

B� þ Cþ

�kN
2

kkN

for which the parameters are dened

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2½m�0kþ

½m�0n2k2
1þ ½m�0n2

�
KM

s

l ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kþkn½m�0nc

q

C� ¼ kþ½P�0
k

� kþ½M�0
2½m�0kþ

� l2

2k2
2436 | Chem. Sci., 2022, 13, 2423–2439
kN ¼ 2k+[P]N

kN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kN2 � 2CþC�k2

p

B� ¼ kN � kN

2k

were [m]0 is the initial monomer concentration; [P]0 is the bril
number at the start of the reaction; [P]N is the bril number at
equilibrium, when the reaction has reached completion (see ref.
38 for the detailed expression of [P]N); [M]0 is the bril mass
concentration at the start of the reaction; [M]N is the bril mass
concentration at equilibrium; kn, k2, and k+ are the rate
constants for primary nucleation, secondary nucleation, and
elongation, respectively; KM is the saturation constant for
secondary nucleation; and nc and n2 are the reaction orders of
primary and secondary nucleation, respectively.

For this tting, the primary and secondary nucleation reac-
tion orders (nc and n2, respectively) both set to 2, based on
previously reported data for Ab42 under similar conditions,37,41

and the initial seed concentration was set to 0. The rate
constants k+, kn, and k2 (corresponding to elongation, primary
nucleation, and secondary nucleation, respectively) were
simultaneously tted to the data, thus accounting for any minor
differences in the starting monomer concentration. For the
analysis of each binary aggregation data set, three different ts
were performed with one rate constant as a variable parameter
and the other two rate constants xed to the values obtained for
Ab42 alone. The comparison of the three ts reveals whether
selective perturbation of a given process could accurately model
the observed inhibition of Ab42 aggregation.
Monomer depletion by HPLC

The samples used for monomer depletion studies were
prepared and incubated as described above, with aggregation
monitored by ThT uorescence. All samples were prepared to
a concentration of 3 mM each Ab42, Ab40, and either Ab38 or Ab37
and plated in 100 mL aliquots. One sample was removed into
a low-binding tube (Axygen) at the start of incubation, with
additional samples removed during the initial lag phase, the
rst uorescence transition, the intermediate plateau phase,
the second uorescence transition, and the nal plateau phase.
In addition to the removed samples, two additional samples
were le in the plate to monitor the entire aggregation process.

Upon removal, each sample was centrifugated at 20 000 � g
for 5 min at room temperature to sediment the aggregated
peptide. Following centrifugation, the upper 50 mL of the
supernatant was removed and injected on an analytical HPLC
instrument (Agilent 1100), equipped with a C8 column (Agilent
ZORBAX 300SB, 200� 4.6 mm), run at a ow rate of 1 mLmin�1

at 70 �C. The mobile phases used were (solvent A) 0.1% formic
acid in water and (solvent B) 0.1% formic acid in acetonitrile. A
linear gradient of 15–30% B over 10 min, followed by an iso-
cratic ow of 30% B for an additional ve min was used. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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approximate retention times for each peptide were as follows:
Ab42 ¼ 13.7 min, Ab40 ¼ 12.0 min, Ab38 ¼ 10.6 min, Ab37 ¼
10.8 min.

Fibril composition by HPLC

Samples were prepared and incubated as described above, with
aggregation monitored by ThT uorescence. All samples were
prepared to a concentration of 3 mM each of Ab42, Ab40, and
either Ab38 or Ab37, and plated in 125 mL aliquots. Samples were
removed at the start of incubation, during the intermediate
plateau phase, and the nal plateau phase. At each time point,
the contents of two wells were removed and combined to give
a total sample volume of 250 mL. In addition to the removed
samples, two additional samples were le in the plate to
monitor the aggregation process.

Upon removal, samples were ltrated through 0.2 mm spin
lters (VIVASPIN 500) at 15 000 � g for 5 min at room temper-
ature to trap the brils. The lter-trapped brils were then
washed ve times with 500 mL ultrapure water (to a total wash
volume of 10x the sample volume) to remove any monomeric or
oligomeric peptide on the bril and lter surface. Aer each
wash, the sample was centrifugated at 15 000 � g for 5 min at
room temperature, leaving a retentate volume of ca. 25 mL. Aer
the nal wash, the retentate was mixed in a 1 : 3 ratio with 6 M
GuHCl to dissolve the brils for 15 min before being injected on
an analytical HPLC instrument. HPLC was performed as
described above.

Cryo-EM

For Cryo-EM samples, monomer isolation for all peptides was
performed as described above. Solutions were prepared with
a total monomeric peptide concentration of 10 mM and incu-
bated in the same manner as for the kinetic assays, with
aggregation monitored by ThT uorescence. Samples were
taken once the nal uorescence plateau was reached. Speci-
mens were prepared for imaging in a controlled environment
vitrication system (CEVS) to maintain stable temperature and
to minimize solution loss. The sample was prepared as a thin
liquid lm, <300 nm thick, on lacey carbon lmed copper grids.
This was plunged into liquid ethane at �180 �C to vitrify the
sample; this minimizes water crystallization as well as compo-
nent segmentation and rearrangement, thus maintaining orig-
inal microstructures. The vitried sample was stored under
liquid nitrogen until imaged. The grid was transferred into the
electron microscope (JEM 2200FS) using a Fischione Model
2550 cryo transfer tomography holder. The microscope was
equipped with an in-column energy lter (Omega lter), thus
allowing for zero-loss imaging. The acceleration voltage was 200
kV and zero-loss images were recorded digitally with a TVIPS
F416 camera using SerialEM under low dose conditions and
with a 30 eV energy selecting slit in place.

To quantify bril ultrastructure, the node-to-node distance
and bril diameter were measured using ImageJ (version 2.1.0/
1.53c, NIH). For each sample, at least 50 measurements were
performed, measuring at least een total brils from ve
different images, each taken from different parts of the sample
© 2022 The Author(s). Published by the Royal Society of Chemistry
grid. Measurements are presented in boxplots with Tukey
whiskers, with the median represented by the center line, the
box containing the 25th–75th percentiles, and individually
plotted points representing statistical outliers. Statistical
signicance was assessed using a one-way ANOVA followed by
Dunnett's post-hoc test, with p < 0.05 considered signicant. All
statistical analysis was performed in GraphPad Prism (version
9.0.2).
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Neurochem., 2002, 81, 481–496.

30 D. Galasko, L. Chang, R. Motter, C. M. Clark, J. Kaye,
D. Knopman, R. Thomas, D. Kholodenko, D. Schenk,
I. Lieberburg, B. Miller, R. Green, R. Basherad, L. Kertiles,
M. A. Boss and P. Seubert, Arch. Neurol., 1998, 55, 937.

31 P. E. Spies, M. M. Verbeek, T. van Groen and
J. A. H. R. Claassen, Front. Biosci., Landmark Ed., 2012, 17,
2024–2034.

32 S. Zampar, H. W. Klai, K. Sritharen, T. A. Bayer, J. Wiltfang,
A. Rostagno, J. Ghiso, L. A. Miles and O. Wirths, Neuropathol.
Appl. Neurobiol., 2020, 46, 673–685.

33 O. Szczepankiewicz, B. Linse, G. Meisl, E. Thulin, B. Frohm,
C. Sala Frigerio, M. T. Colvin, A. C. Jacavone, R. G. Griffin,
T. Knowles, D. M. Walsh and S. Linse, J. Am. Chem. Soc.,
2015, 137, 14673–14685.

34 T. Weiffert, G. Meisl, P. Flagmeier, S. De, C. J. R. Dunning,
B. Frohm, H. Zetterberg, K. Blennow, E. Portelius,
D. Klenerman, C. M. Dobson, T. P. J. Knowles and S. Linse,
ACS Chem. Neurosci., 2019, 10, 2374–2384.

35 M. P. Murphy and H. LeVine, J. Alzheimer's Dis., 2010, 19,
311–323.

36 A. Vandersteen, E. Hubin, R. Sarroukh, G. De Baets,
J. Schymkowitz, F. Rousseau, V. Subramaniam,
V. Raussens, H. Wenschuh, D. Wildemann and
K. Broersen, FEBS Lett., 2012, 586, 4088–4093.

37 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. U.
S. A., 2013, 110, 9758–9763.

38 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.

39 A. Abelein, J. Jarvet, A. Barth, A. Gräslund and J. Danielsson,
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