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Umeå, Sweden. E-mail: ludmilla.morozova-r
bInstitut Lumière Matière, UMR 5306, Unive

Lyon, F-69100 Villeurbanne, France
cInstitute of Biotechnology, Life Sciences Cen
dCentre for Misfolding Diseases, Departmen

Lenseld Road, Cambridge CB2 1EW, UK
eCavendish Laboratory, Department of Physi

Ave, CB3 0HE Cambridge, UK
fSchool of Molecular Cell Biology and Biot

69978, Israel

† Electronic supplementary information
computational details, 10 supplement
10.1039/c9sc05905a

‡ Authors with equal contribution.

Cite this: Chem. Sci., 2020, 11, 7031

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

Received 21st November 2019
Accepted 16th June 2020

DOI: 10.1039/c9sc05905a

rsc.li/chemical-science

This journal is © The Royal Society o
A9 amyloids on Ab fibrillar
surfaces revealed by charge detection mass
spectrometry, microscopy, kinetic and microfluidic
analyses†

Jonathan Pansieri, ‡a Igor A. Iashchishyn, ‡a Hussein Fakhouri,b Lucija Ostojić,a

Mantas Malisauskas,a Greta Musteikyte, c Vytautas Smirnovas, c

Matthias M. Schneider, d Tom Scheidt, d Catherine K. Xu,d Georg Meisl, d

Tuomas P. J. Knowles,de Ehud Gazit,af Rodolphe Antoine b

and Ludmilla A. Morozova-Roche *a

The mechanism of amyloid co-aggregation and its nucleation process are not fully understood in spite of

extensive studies. Deciphering the interactions between proinflammatory S100A9 protein and Ab42 peptide

in Alzheimer's disease is fundamental since inflammation plays a central role in the disease onset. Here we

use innovative charge detection mass spectrometry (CDMS) together with biophysical techniques to

provide mechanistic insight into the co-aggregation process and differentiate amyloid complexes at

a single particle level. Combination of mass and charge distributions of amyloids together with

reconstruction of the differences between them and detailed microscopy reveals that co-aggregation

involves templating of S100A9 fibrils on the surface of Ab42 amyloids. Kinetic analysis further

corroborates that the surfaces available for the Ab42 secondary nucleation are diminished due to the

coating by S100A9 amyloids, while the binding of S100A9 to Ab42 fibrils is validated by a microfluidic

assay. We demonstrate that synergy between CDMS, microscopy, kinetic and microfluidic analyses

opens new directions in interdisciplinary research.
Introduction

In spite of the key clinical importance of amyloid formation, the
mechanisms of co-aggregation of different amyloid species
remain elusive. Amyloid formation is a widespread phenom-
enon routed in the generic property of polypeptide chains to
self-assemble into cross-b-sheet containing superstructures1,2

andmanifested in numerous amyloid diseases3,4 and functional
amyloids.5,6 Comorbidity of these diseases was reported to be
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linked to the co-aggregation of amyloidogenic proteins.7,8 In
Alzheimer's disease (AD), the amyloid-neuroinammatory
cascade is manifested in co-aggregation of Ab with proin-
ammatory S100A9 protein, which leads to intracellular and
extracellular amyloid assembly, amyloid plaque depositions
and cellular toxicity.9 S100A9 co-aggregates with Ab also in
traumatic brain injury, which is considered as a potential
precursor state for AD.10 The amyloid self-assembly of Ab was
well described by the involvement of secondary nucleation
pathways promoted by Ab amyloid surface.11 In contrast, S100A9
undergoes nucleation-dependent autocatalytic amyloid
growth.12 There is a genuine unmet need to understand the
architecture and mechanism of self-assembly leading to the
formation of hetero-aggregates composed of various amyloid
polypeptides. Since amyloids formed by individual polypeptides
are highly polymorphic,13–15 their co-aggregates add up to the
complexity and heterogeneity of amyloid mixture. This complex
problem has been addressed previously in a number of studies –
the co-assembly of Ab40 and Ab42 was investigated by global
kinetic analysis16 and FTIR,17 self-sorted supramolecular nano-
brils by in situ real-time imaging,18 co-aggregates of wild-type
a-synuclein with the familial mutant variant by dual-colour
scanning for intensely uorescent targets19 and Ab42 peptide
Chem. Sci., 2020, 11, 7031–7039 | 7031
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with analogue of islet amyloid peptide by NMR.20 The combi-
nation of advanced techniques, including high resolution
microscopy, amyloid kinetics and microuidic analyses and
state of the art CDMS as a single particle approach, were used
here to resolve this problem for Ab42 and S100A9 co-assemblies.

In CDMS the mass to charge (m/z) and charge (z) of an
ionized molecule are measured simultaneously, enabling to
determine the molecular mass directly, i.e. without resigning to
m/z standards.21,22 Robustness of the technique allows the
measurement of thousands of particles within reasonable time,
providing the reconstruction of molecular mass distribution.
Recent advances in instrumentation, in particular use of an ion
trap, have signicantly decreased the detection limit arising
from the low charge of biological objects.23 This technique in
the single pass mode21,22 was applied to reconstruct the mass
distribution of individual polypeptide brils.24,25 Here we report
for the rst time that by advancing the method and mapping
the two-dimensional frequency and difference distributions
between amyloid samples, we are able to discriminate not only
between the brils of individual polypeptides, specically Ab42
and S100A9, but also differentiate their combined complexes.
These observations are reinforced further by the morphological
and statistical atomic force microscopy (AFM) analysis,
demonstrating that S100A9 amyloids are indeed templated on
the surface of Ab42 brils.

The reaction kinetics analysis enables to dissect the complex
amyloid co-aggregation process into the multiple microscopic
events, including (i) primary nucleation, i.e. spontaneous
formation of nuclei acting as initial aggregation centers; (ii)
elongation, i.e. growth of existing brils via adding monomers
to their ends and (iii) secondary nucleation, involving bril
surface catalyzed formation of additional aggregation nuclei,
which can signicantly increase the rate of the overall process of
amyloid self-assembly.11,16,26,27 By using kinetic analysis and
immuno-gold transmission electron microscopy (TEM), it has
been shown that the blocking of secondary nucleation on Ab
bril surface can be achieved via binding of the Brichos chap-
eron domain.28,29 Transient binding events on the brillar
surface were demonstrated also by dSTORM and AFM.30,31 The
results from the global kinetic analysis presented here further
corroborate the suppression of secondary nucleation on Ab42
brils by S100A9 amyloid deposits. Moreover, the microuidic
binding measurements directly demonstrate the binding of
S100A9 to Ab42 brils.

Results and discussion

Amyloids of Ab42, S100A9 and joint Ab42–S100A9 were formed at
30 mM concentration of each component incubated for 24 h
individually or in the mixture in PBS, pH 7.4 and 42 �C using
432 orbital shaking each 10 min. AFM imaging and AFM
statistical analysis (Fig. 1, S1 and S2†) demonstrate that Ab42
alone self-assembles into straight brils with median height in
the AFM cross-sections of 4.28 � 0.44 nm and median length of
0.41 � 0.13 mm, while S100A9 forms coily, much thinner and
shorter brils with 1.8 � 0.21 nm median height and 0.12 �
0.06 mm length, respectively. In comparison, Ab42–S100A9
7032 | Chem. Sci., 2020, 11, 7031–7039
complexes are presented as straight brils with 4.66 � 0.7 nm
median height and 0.75 � 0.28 mm median length, respectively
(Fig. 1C, E, S1 and S2†). The AFM cross-sectional height of these
brils is characteristic of those of Ab42 incubated alone, but they
become signicantly longer. Importantly, they are decorated on
their surfaces by coily and short laments with the same lengths
and cross-sectional heights as S100A9 brils incubated sepa-
rately (Fig. 1C, S1C–E and S2†). The coily laments were
observed in the same sample separately from Ab42–S100A9
complexes and they were characterized by similar length and
height as the laments decorating thick Ab42 carrier brils. This
indicates that at least some S100A9 molecules were self-
assembled into individual S100A9 brils. Interestingly, if Ab42
bril length distribution is shied towards higher values within
the Ab42–S100A9 complexes, both S100A9 bril length and
height distributions remained the same irrespectively as
weather they were incubated separately, attached to Ab42 bril
surface or present individually in the Ab42–S100A9 mixed solu-
tion (Fig. S2†). These results suggest that the bulk of co-
aggregated complexes is represented by Ab42 amyloids tem-
plating S100A9 brils on their autocatalytic surfaces. The tem-
plating on brillar surfaces rather than block polymerization is
supported by the inability for these peptides to form mixed
cross-b-sheet structure within the same bril, due to a lack of
complementarity between their amino acid sequences, as
shown previously by FTIR.17 CDMS measurements were thus
critical to corroborate further this hypothesis, allowing us to
evaluate the full distribution of amyloids within a given sample,
which is not possible with partial sampling by AFMmicroscopy.

The original CDMS data sets for the Ab42, S100A9 and Ab42–
S100A9 samples and histograms of their molecular mass and
charge distributions are shown in Fig S3† and 2A–C, respec-
tively. Since the mass and charge distributions are character-
ized by different shapes and therefore belong to different
classes of distributions, the comparison between their location
metrics (mean or median values) will be biased. For example,
the S100A9 bril population is clearly represented by two sub-
populations – a highly abundant low molecular mass pop-
ulation and an evenly distributed higher molecular mass pop-
ulation. Therefore, the two-dimensional frequency
distributions, demonstrating the probability of nding the
particle with corresponding mass and charge simultaneously
and termed as frequency maps, were built up and are shown in
Fig. 2E–G (described in Fig. S4 and Materials and methods†).
These maps reveal the specic population signature for each
amyloid sample and enable us to compare them with each
other. The population of Ab42 brils is characterized by
proportional spread of masses and charges (Fig. 2E); the anal-
ysis of CDMS data, separately in each dimension shows that
37% Ab42 brils fall below 80 MDa and 10% – <0.36 ke (Table
S1†). The presence of high molecular mass particles in this
distribution is likely to reect bril clustering, as shown in AFM
and TEM images (Fig. 1A, S1A, S5A and B†). The mass distri-
bution for Ab42 brils reported in this research is consistent
with that reported previously.25

The frequency map of S100A9 brils (Fig. 2F) demonstrates
that they are lower in masses (45% – <80 MDa), which is
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9sc05905a


Fig. 1 Templating S100A9 amyloids on Ab42 fibrillar surface revealed by AFM. (A–C) AFM images of (A) Ab42, (B) S100A9 and (C) Ab42–S100A9
amyloids. Scan sizes are 2 � 2 mm. Colour scale is represented on the right. 30 mM of each polypeptide were incubated individually or in mixture
with each other for 24 h in PBS, pH 7.4 and 42 �C. Fibril length distributions of (D) Ab42 incubated separately, (E) Ab42 within Ab42–S100A9
complex, (F) S100A9 incubated separately and (G) S100A9 within Ab42–S100A9 complex. Probability mass function (PMF) defined as the
probability of finding a fibril with a specific length is indicated along y-axes. Fibrillar lengths are indicated along x-axes. * The medians of fibril
lengths with corresponding median deviations and sample sizes are shown within figures. The distributions are resampled to 104 (see Material
and methods†).
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consistent with the morphology of these short and coily brils
observed by AFM and TEM (Fig. 1B and S5C, D†), and signi-
cantly lower in charges (55% – <0.36 ke) (Table S1†). It is worth
noting that we were able to observe such low charged pop-
ulation of amyloid brils due to the improved signal to noise
ratio of the home-built CDMS instrument (Materials and
methods†). Indeed, the S100A9 brils display low charges
compared to the charges on Ab42 brils observed here and in
previous experiment as well as the charges on a-synuclein and
tau brils reported previously.25 The ranking of amyloid parti-
cles according to their CDMS z/m ratio for each amyloid sample
(described in Materials and methods†) indicates that most of
the individual brils of Ab42, S100A9 and Ab42–S100A9 are lower
in charge than the corresponding monomers of Ab42 and
S100A9; the monomer charges were calculated using their
amino acid sequence at pH 7.4 (Fig. S6†). This is also consistent
with previous data on the shielding of monomer charges within
amyloid brils.24 The population of particles with high masses
in the S100A9 sample may reect the clustering of few very
exible S100A9 brils into supercoils, as shown by TEM
imaging (Fig. S5C and D†).

The frequency map of Ab42–S100A9 complexes deviates from
those of individual Ab42 and S100A9 amyloids (Fig. 2G): 43%
particles are <80 MDa and 20% are <0.36 ke (Table S1†). The
distribution of data points is much broader in the Ab42–S100A9
This journal is © The Royal Society of Chemistry 2020
frequency map and reects partially the presence of free S100A9
brils in the sample as revealed by AFM (Fig. 1C, S1 and S2†).
The slope of z to m corresponding to the population of Ab42–
S100A9 complexes is intermediate between those for Ab42 and
S100A9 bril populations, respectively, which reects the
coating of Ab42 bril surfaces by low charged S100A9 brils
(Fig. 2E–G). The wide mass distribution may be related to the
fact that S100A9 brils templated on Ab42 amyloid surfaces
make them heavier and also by blocking Ab42 secondary
nucleation, they promote Ab42 bril elongation, as measured by
AFM (Fig. 1D and E). At the same time S100A9 coating may also
make the Ab42–S100A9 amyloids less prone to clumping. The
presence of low m and high z complexes may reect the pop-
ulation of Ab42 brils with surface bound S100A9 monomers,
since they can bind to Ab42 brillar surface as we will discuss
further.

In order to distinguish within the Ab42–S100A9 sample the
sub-populations of joint hetero-molecular complexes and
discriminate them from the sub-populations of individual
brillar components, such as free Ab42 and S100A9 brils still
present in this sample, we have advanced the CDMS method-
ology by building difference frequency distributions (described
in Material and methods and shown in Fig. S4†). The difference
frequency distribution maps were derived by comparing the
following samples: pairwise Ab42–S100A9 and Ab42 (Fig. S7A and
Chem. Sci., 2020, 11, 7031–7039 | 7033
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Fig. 2 Templating S100A9 amyloids on Ab42 fibrillar surface revealed by CDMS. Molecular mass (m) and charge (z, shown in insertions)
distributions of (A) Ab42, (B) S100A9 and (C) Ab42–S100A9 amyloids. The CDMS distributions for Ab42 fibrils are shown in yellow, for S100A9 fibrils
– in red and for Ab42–S100A9 amyloids – in blue. (D) Simulated molecular mass distribution for mixed Ab42 and S100A9 fibrils pre-incubated
separately (shown in purple). The y-axes show probability mass function (PMF) defined as the probability of finding a fibril with the corresponding
m or z, which are plotted along x-axes, respectively. (E–G) CDMS populations of amyloid particles are shown as frequency maps to demonstrate
the probability of finding a particle with the corresponding m and z simultaneously: (E) for Ab42, (F) S100A9 and (G) Ab42–S100A9 amyloids.
Colour scale is represented on the right.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

12
:2

7:
41

 A
M

. 
 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
D†); pairwise Ab42–S100A9 and S100A9 (Fig. S7B and E†) and
Ab42–S100A9 vs. pair of Ab42 and S100A9 samples ltered out
together (Fig. S7C and F†). This enables us to split the original
CDMS data set into new sub-sets, demonstrating the enriched
and depleted sub-populations of particles, respectively. Thus,
by using this differential analysis we were able to lter out the
component of interest, i.e. the sub-population of Ab42–S100A9
complexes, which is clearly distinct from both Ab42 and S100A9
amyloid sub-populations within the co-aggregated sample.

In addition, we have simulated the mass distributions of
mixed Ab42 and S100A9 brils formed separately and then
mixed together (described in Materials and methods†) and
compared that with the observed CDMS mass distribution of
Ab42–S100A9 co-aggregates as shown in Fig. 2C and D. The
simulation demonstrates that the mass distributions of co-
aggregated Ab42–S100A9 complexes and mixed pre-formed
amyloids of Ab42 and S100A9 signicantly deviate from each
other. While the mixed brils are almost evenly distributed over
broad range of molecular masses, the CDMS population of
Ab42–S100A9 complexes displays exponential distribution. This
further indicates that co-aggregation leads to a new type of joint
complex formation.

In order to shed light on the co-aggregation mechanisms of
Ab42–S100A9 complexes, we performed the kinetics analysis of
S100A9 aggregation alone and Ab42 in the presence of
7034 | Chem. Sci., 2020, 11, 7031–7039
increasing S100A9 concentrations using a thioavin T (ThT)
uorescence assay (Fig. 3A–C and S8A†). Ab42 brillation has
been extensively studied previously and shown that it is gov-
erned not only by primary nucleation, but also by the secondary
nucleation on the surface of already formed brils.11,32 By
contrast, S100A9 undergoes nucleation-dependent polymeriza-
tion as we have demonstrated previously and does not involve
secondary nucleation.12,33 The kinetics of S100A9 brillation at
different concentrations show that there is no noticeable lag-
phase (Fig. 3A), indicating that the protein misfolding and
primary nucleation is a rate-limiting step. The global t results
in the values of critical nuclei size, nc ¼ 1.66 and combined rate
constant knk+ ¼ 2.05 � 104 mM�1.66 h�2.

The brillation curves of Ab42–S100A9 co-aggregation display
typical sigmoidal shape (Fig. 3B) characteristic for brillation of
Ab42.11,32 Incubation of 2 to 100 mM S100A9 alone manifested in
signicantly lower ThT signal, if any, compared to the signal of
ThT bound to Ab42 brils (Fig. S8A and B†). Therefore, in Ab42–
S100A9 mixture the major ThT signal arises from dye molecules
bound to Ab42 amyloids and those signals were used for tting
the brillation curves by the secondary nucleation dominated
model as has been shown previously for Ab42.11,32 The presence
of S100A9 leads to increase of the lag-phase; the lowest 2 mM
S100A9 concentration manifested in the most pronounced lag-
phase increase to ca. 7 h, while 100 mM S100A9 results in ca. 4 h
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 S100A9 affects Ab42 primary and secondary nucleation pathways as revealed by the kinetic and AFM analyses. (A) Fibrillation kinetics of
S100A9 monitored by ThT fluorescence and normalised to initial native S100A9 concentrations. Solid lines represent the global fitting by
nucleation-dependent polymerisation model and experimental points are shown by grey symbols. (B) Normalised amyloid kinetics of Ab42 and
S100A9 mixture monitored by ThT fluorescence and fitted by using a secondary nucleation dominated model. Solid lines represent the fitting
curves and experimental points are shown by grey symbols. 30 mM Ab42, S100A9 concentrations are indicated in figure caption in corresponding
colour coding (the same colour coding is used for (A) and (B)). Each solution contained 30 mM Ab42 and added S100A9 concentration,
respectively. (C) Dependences of the primary nucleation, kn (in solid grey), and secondary nucleation, k2 (in dashed black), rate constants on
S100A9 concentration as derived from the global fit presented in (B). AFM imaging of (D and G) Ab42, (E and H) S100A9 and (F and I) Ab42–S100A9
incubated for 4 h and 9 h, respectively, using 30 mM S100A9 and 30 mM Ab42, in PBS, pH 7.4 and 42 �C. Scan sizes are 2 � 2 mm. Colour scale is
shown on the right.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

12
:2

7:
41

 A
M

. 
 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
lag-phase (Fig. 3B). In the presence of increasing S100A9
concentration the ThT plateau level of Ab42–S100A9 complexes
decreases (Fig. S8A†). Most noticeable ThT signal decrease at
highest S100A9 concentration in solution may reect the
coating effect of S100A9 species on the Ab42 amyloid surfaces. In
the tting of Ab42–S100A9 co-aggregation kinetics the
This journal is © The Royal Society of Chemistry 2020
elongation rate, k+, was set as a global t parameter, i.e. shared
for all tted curves. The primary, kn, and secondary, k2, nucle-
ation rates were set as tting parameters, i.e. as variables for
each of the tted curves. Based on the reaction kinetic analysis
we may conclude that the secondary nucleation rates for Ab42–
S100A9 complexes are signicantly reduced (Fig. 3C). This is in
Chem. Sci., 2020, 11, 7031–7039 | 7035
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Fig. 4 Non-aggregating and fibrillar S100A9 produce different colour scale is shown on the right effects on Ab42 amyloid aggregation. (A)
Fibrillation kinetics of the mixture of Ab42 and S100A9 monitored by ThT fluorescence, 10 mM HCl, pH 3, 42 �C. Concentrations of added non-
aggregating S100A9 are indicated in figure caption in corresponding colour coding. AFM images of (B) Ab42 and (C) Ab42–S100A9 (1 : 1 molar
ratio) aggregates observed after 24 h incubation. (D) Fibrillation kinetics of Ab42 in the absence and presence of S100A9 fibrillar seeds monitored
by ThT fluorescence. Concentrations of added S100A9 fibrillar seeds are indicated in figure caption in corresponding colour coding. AFM images
of (E) Ab42 and (F) Ab42–S100A9 (1 : 1 molar ratio) aggregates after 24 h incubation. (G) Fibrillation kinetics of Ab42 in the absence and presence of
the fibrillar seeds of Ab42 and Ab42–S100A9. Added fibrillar seeds are indicated in figure caption in corresponding colour coding. AFM images of
(H) Ab42 incubatedwith 3% Ab42 and (I) Ab42 with 3% Ab42–S100A9 seeds after 30 h incubation. 30 mMAb42 was used in all experiments. Scan sizes
are 2 � 2 mm.
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agreement with the AFM observations of the increased length of
Ab42 carrier brils templating S100A9 amyloid on their surfaces
compared to Ab42 incubated alone (Fig. 1D, E and S2†). Inter-
estingly, in the presence of 5 mM S100A9 in the mixture with
Ab42, the length of Ab42 brils also increases, but to a smaller
extend than in the presence of 30 mMS100A9; the median values
of the corresponding length distributions are 0.68 mm vs. 0.75
mm, respectively, as presented in Fig. S2.† The bril length can
7036 | Chem. Sci., 2020, 11, 7031–7039
be related to the rates of elongation and secondary nucleation34

and, assuming that the change in bril length observed here is
due to a change in secondary rate alone, we obtain the following
approximation for the change in bril length, m,

mAb42

mmixed

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2;mixed

k2;Ab42

s
(1)
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Native S100A9 binding to Ab42 fibrils measured by microfluidic
diffusional sizing. (A) Scheme of a microfluidic channel used to
measure binding affinity between native S100A9 and Ab42 fibrils
(Materials and methods†). (B) Binding curve for the interaction
between S100A9 and Ab42 fibrils, from which dissociation constant
and stoichiometric ratio were determined by Bayesian analysis. (C)
Distribution of the distances between S100A9 fibrils templated on the
surface of Ab42–S100A9 amyloids imaged by AFM. 30 mM of each
polypeptide were co-incubated for 24 h in PBS, pH 7.4 and 42 �C.
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Given the change in length observed by AFM (Fig. 1D and E),
we thus expect a decrease of the rate constant of secondary
nucleation, k2, by approximately a factor of 3 in the presence of
S100A9 compared to pure Ab42. Indeed, a decrease of k2 by
approximately this value is also obtained from analysis of the
aggregation kinetics (Fig. 3C), showing that these two orthog-
onal measurements yield consistent results. Thus, the blocking
of Ab42 brillar surfaces and its secondary nucleation by tem-
plating on them S100A9 brils leads to increase of their length.

By contrast, the distributions of lengths and heights of
S100A9 brils remain the same (Fig. S2†) as whether they are
brillated alone or in Ab42–S100A9 mixture, including both
S100A9 laments templated on Ab42 surfaces and free in solu-
tion. This indicates that as long as S100A9 brils were tem-
plated on Ab42 bril surfaces, their size distributions are not
affected by Ab42.

At the same time the higher rates of primary nucleation are
consistent with the reduction of lag-phase of Ab42–S100A9 co-
aggregation in the presence of S100A9 (Fig. 3B and C). The
hydrophobic properties of S100A9 dimers and their larger
effective cross-sections compared to these of Ab42 monomers
may well serve also as nucleation sites for Ab42, especially if
S100A9 itself undergoes amyloid self-assembly.12,33 This implies
that the effect of S100A9 on both primary and secondary
This journal is © The Royal Society of Chemistry 2020
nucleation of Ab42 may depend on the degree of S100A9
polymerization.

AFM imaging was carried out in parallel to the amyloid
kinetics to monitor amyloid development in time (Fig. 3D–I).
Aer 4 h incubation Ab42 alone self-assembles into a large
amount of protobrils and mature brils (Fig. 3D), S100A9
forms very short laments (Fig. 3E) and Ab42–S100A9 sample is
characterized by both emerging Ab42-like brils, though in
signicantly smaller quantity compared to Ab42 incubated
alone, and short protolaments (Fig. 3F). Aer 9 h, Ab42 and
S100A9 individually form their typical brils (Fig. 3G and H). By
contrast, Ab42–S100A9 sample displays the mature thick brils,
characteristic for Ab42, massively coated by distinct thin S100A9
laments. They are present together with the short and thin
laments, characteristic for S100A9, in the surrounding solu-
tion (Fig. 3I), which is consistent with the corresponding images
aer 24 h incubation (Fig. 1C and S1†).

Further insights into the effect of non-aggregating S100A9 on
Ab42 amyloid brillation was provided by incubating both
polypeptides at pH 3.0, where Ab42 readily forms mature twisted
brils (Fig. 4A and B), while S100A9 does not form amyloids at
all (Fig. S9A and B†). In the presence of 3 mM non-aggregating
S100A9, Ab42 amyloid formation is delayed, as reected in an
increased lag-phase and decreased both growth phase slope and
ThT plateau level (Fig. 4A). Ab42 brillation is completely abol-
ished in the presence of 30 mM S100A9, which is shown by both
the absence of ThT signal and precipitation of unstructured
aggregates observed by AFM imaging (Fig. 4C). The effects of the
same concentrations of S100A9 brillar species on Ab42 bril-
lation is less pronounced, i.e. 3 mM S100A9 brillar seeds do not
signicantly perturb the Ab42 brillation, while 30 mM seeds
lead to some delay in amyloid formation and decrease in ThT
uorescence plateau (Fig. 4D). In the latter, Ab42 brils are
coated with S100A9 amyloid laments as observed in AFM
image (Fig. 4F). This indicates that the surfaces available for
Ab42 secondary nucleation are diminished by the presence of
S100A9 amyloid coating, though S100A9 brillar species are less
efficient in inhibiting Ab42 brillation than non-aggregated
S100A9.

Co-incubation of Ab42 with 3% Ab42 brils produces
pronounced seeding effect on Ab42 brillation, effectively
abolishing the lag-phase and inducing mature bril formation
(Fig. 4G and H). By contrast, 3% Ab42–S100A9 co-aggregates are
much less efficient in shortening the lag-phase, while causing
nearly twice decrease of ThT plateau level and leading to the
formation of brils and round-shaped aggregates (Fig. 4G and
I). Since under the seeding conditions the Ab42 secondary
nucleation pathways are dominant,11 the Ab42–S100A9 seeds
coated by S100A9 become less efficient than pure Ab42 brils.
Noteworthy, in the control experiments, we demonstrate that
S100A9 amyloid kinetics are not affected either by cross-seeding
with Ab42 brils, even at 10% Ab42 seeds, or seeding with S100A9
brils (Fig. S9†).

The binding of native S100A9 to Ab42 brils was also exam-
ined by using a microuidic diffusional sizing method as
described in Materials and methods† and shown in Fig. 5A. The
binding affinity of native S100A9 to Ab42 brils was determined
Chem. Sci., 2020, 11, 7031–7039 | 7037
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by measuring hydrodynamic radius, Rh, in the presence of
increasing Ab42 bril concentrations. The corresponding values
of dissociation constant Kd ¼ 13.85 (+9.11/�5.49) nM and
stoichiometric ratio a ¼ 0.0035 (+0.0010/�0.0007) nM were
determined from the resulting binding curve (Fig. 5B). Such
stoichiometric ratio corresponds to approximately one S100A9
binding site per ca. 300 Ab42 monomers in the Ab42 bril. Based
on the calculation of the number of monomers per unit of the
Ab42 bril length derived from the cryo-electron microscopy,35

the distance between S100A9 binding sites on Ab42 bril would
be ca. 100 nm. AFM analysis indicates that the binding sites of
S100A9 on Ab42 brils can be visualized with an average
distance of ca. 100 nm between S100A9 laments templated on
Ab42 bril in Ab42–S100A9 complexes (Fig. 5C and S10†). These
numbers are broadly consistent with the stoichiometry deter-
mined by microuidic diffusional sizing. Thus, by two inde-
pendent methods we have demonstrated that the distance
between the S100A9 binding and secondary nucleation sites on
Ab42–S100A9 is about the same.

Conclusions

Inammation is central to the onset of AD and many other
neurodegenerative diseases, however the mechanistic insights
into how inammatory events are linked to the amyloid
formation remain unclear. By using CDMS in combination with
microscopy, kinetic analysis and microuidic binding assay we
have demonstrated that proinammatory S100A9 protein,
involved in AD and range of other neuroinammatory and
neurodegenerative diseases,9,10,33 co-assembles with Ab brils,
forming a new type of hetero-amyloid complexes. In these
complexes the autocatalytic surfaces of Ab42 brils template
S100A9 amyloids, where each component represents a homo-
molecular domain in the hetero-molecular Ab42–S100A9 co-
assembly. These change the dynamics of Ab amyloid aggrega-
tion and distribution of sizes of resulting co-assembled Ab42–
S100A9 complexes. The formation of larger Ab42–S100A9
complexes may sequestrate smaller andmore toxic species from
the environment, which is consistent with our previous nding
that co-aggregation of S100A9 with either Ab42 or Ab40 mitigate
the overall amyloid cytotoxicity.9 Thus, these ndings
contribute to understanding of amyloid co-aggregation
processes both from a fundamental perspective and in
revealing disease relevant processes.

Here we also exemplied analytical methods applied in
synergy for the accurate analysis of such complex system as
amyloid co-aggregation. We provide an analytical framework to
utilize the capacity of CDMS, which can directly distinguish
highly heterogeneous populations of amyloid co-aggregates in
two dimensions, in combination with other biophysical tech-
niques, assessing the bulk ensemble of molecular species,
which together enable us to discriminate the amyloids origi-
nated from homo and hetero-molecular co-aggregation reac-
tions. We have demonstrated the broad consistency in
quantitative and qualitative measurements produced by those
complementary techniques – CDMS and AFM (hetero-
assemblies were observed by both methods); AFM and kinetic
7038 | Chem. Sci., 2020, 11, 7031–7039
analysis (revealing the correlation between the brillar length
and reduced secondary nucleation rates in the hetero-
complexes) as well as microuidic binding assay and AFM
(consistency in stoichiometry of binding/templating of S100A9
on Ab42 brils).

The genuine understanding of the mechanisms underlying
Ab42 and S100A9 driven amyloid-neuroinammatory cascade in
AD may also provide prospective target for therapeutic inter-
ventions and lead to the development of therapy for a cureless
disease as the current approaches to target only one protein type
did not mature.
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