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t of the disordered flank regions
on amyloid fibril growth and proliferation†
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Marcel Dickmanns, c Shuangyan Wang, a Ahmed Sadek, d

Hossein Mohammad-Beigi, a Masoumeh Zanganeh,a Sanne Abeln *be

and Alexander K. Buell *a

Amyloid fibrils typically consist of a dense core made up of b-strands, with disordered flanks on either side, and

are sometimes interrupted by disordered loop regions (the fuzzy coat). a-Synuclein found in Lewy Bodies of

Parkinson's Disease patients is mostly C-terminally truncated, meaning that a large fraction of the fuzzy coat

of disease-related fibrils is enzymatically degraded in the amyloid state. We demonstrate that the proteolytic

removal of the fuzzy coat leads to enhanced fibril–fibril interactions and flocculation, which renders the study

of the role of the fuzzy coat in bulk solution very challenging. In order to overcome these challenges, here

we use Quartz Crystal Microbalance with Dissipation (QCM-D), a surface based biosensing technique, to

study the effects of proteolytic removal of the fuzzy coat of a-synuclein amyloids. We demonstrate that

Dissipation-Frequency analysis can illuminate multiple simultaneous reactions and characterize the

monomer–fibril interactions in detail. We find that removal of the fuzzy coat increases apparent fibril

elongation rates permanently. Utilizing kinetic models, we demonstrate that our results cannot be rationalized

by alterations of the elongation rate of fibrils alone, but indicate that proteolytic cleavage of the fuzzy coat of

a-synuclein fibrils can lead to the formation of new growth-competent fibril ends. We propose that such

phenomena may be highly relevant for understanding disease-related a-synuclein amyloid formation.

Furthermore we suggest that the QCM-D is a particularly attractive platform for studying post-translational

modifications in real-time and their effect on amyloid growth or molecular interactions.
1 Introduction

a-Synuclein is a protein normally involved in synaptic vesicle
transport and exocytosis for neurotransmission.1–3 Aggregation of
a-synuclein is a primary feature of the synucleinopathies, such as
Parkinson's Disease (PD), multiple system atrophy (MSA) and Lewy
Body dementia (LBD).4–7Neuropathological examination of PD and
LBD brains reveals the formation of intra-cellular inclusions called
Lewy Bodies (LBs).4–6,8–10 LBs are spherical structures consisting of
aggregated a-synuclein in an amyloid conformation,11–14 lipids,
icine, Technical University of Denmark,
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organelles and other proteins, such as cytoskeletal proteins.8–10

While the pathological importance of LBs has been well known for
decades, the mechanism behind their formation remains incom-
pletely understood.8–10 a-Synuclein molecules within LBs are
mostly post-translationally modied, with ubiquitination, phos-
phorylation and truncations being particularly prominent.8–10 C-
terminal truncations of a-synuclein species are expected to occur
post bril formation, demonstrated in neuronal models capable of
recreating LB-like inclusions.8,9 The strongly negatively charged C-
terminal region of a-synuclein is located outside the bril core of
the amyloid conformation13,14 and constitutes part of the so-called
“fuzzy coat”.15 Within recent years an increasing number of
amyloid core structures have been determined at an atomic level
by cryo-EM techniques.16 However, the fuzzy coat is effectively
invisible or only available in low resolution to modern imaging
techniques due to its highly dynamic and disordered nature.15,17,18

Thismeans that, inmany cases, a large part of the total amino acid
sequence, and more than half of the total sequence in the case of
a-synuclein brils19 remains structurally uncharacterized. The
fuzzy coat is important for the biophysical properties of amyloid,
having signicant effects on kinetic parameters15,17,20–22 and can
even govern the mechanical and adhesive properties of amyloid
brils.23 The oligomeric assemblies of a-synuclein, which are
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01654a&domain=pdf&date_stamp=2025-06-18
http://orcid.org/0000-0002-6782-0594
http://orcid.org/0000-0003-3706-7818
http://orcid.org/0000-0002-1933-5471
http://orcid.org/0000-0003-4001-707X
http://orcid.org/0000-0002-5026-7964
http://orcid.org/0009-0009-0724-7990
http://orcid.org/0000-0003-2303-795X
http://orcid.org/0000-0002-2779-7174
http://orcid.org/0000-0003-1161-3622
https://doi.org/10.1039/d5ra01654a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01654a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015026


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 8
:2

2:
14

 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
suspected to be the drivers of amyloid neurotoxicity, are indeed
also formed by bril-surface catalyzed pathways.24 Furthermore the
disordered ank regions may control the access of chaperones to
the bril core, such as Hsp70 which is able to depolymerize a-
synuclein amyloid brils under ATP consumption.25

Increased knowledge of the roles of the fuzzy coat and its
implications for amyloid kinetics and cellular interactions
would therefore provide an important step towards under-
standing the role of amyloid in disease as well as identifying
new targets for drug development. It is therefore important to
establish experimental approaches which allow for systematic
investigation of the biophysical properties of the fuzzy coat.
Indeed Ulamec and co-workers recently called for the develop-
ment of assays of protease treated brils, with the fuzzy coat
“shaven off”, to study which parts of the bril are driving
binding and intracellular interactions.15

Here, we demonstrate an approach which allows for the
systematic investigation of biophysical properties of amyloid
brils subjected to protease treatment. We show that classical
bulk measurement approaches of protease treated amyloid
brils are challenging due to occulation and loss of ThT
sensitivity of a-synuclein brils, but surface-based biosensing
approaches, such as Quartz Crystal Microbalance with Dissi-
pation (QCM-D), provide suitable experimental platforms for
such investigations. We demonstrate that the detailed infor-
mation provided by the method allows to distinguish molecular
interactions such as protein binding/adsorption to the brils
and bril growth. We compare the growth rate of a-synuclein
amyloid brils with and without the fuzzy coat “shaven off” and
propose a consistent molecular model that explains the sus-
tained increase in aggregation rate observed aer the proteo-
lytic treatment through enhanced secondary processes.
2 Methods
2.1 Materials

Proteinase K, from Tritirachium album, phenylmethylsulfonyl
uoride (PMSF) and 2-iminothiolane hydrochloride were
purchased from Sigma-Aldrich (USA). Poly(ethylene glycol) methyl
ether thiol was procured from Polypure AS (NO) and Human-
serum Protein was purchased from Biowest (FRAN). QCM-D gold
sensors were purchased from Biolin Scientic AB (SE). ZipTip
MicroSPE Pipette Tips were obtained from Millipore Corporation
(Bedford, MA, USA). Markers: Precision Plus Protein™ Standards
and Precision Plus Protein™ Dual Xtra Standards were purchased
from Bio-Rad (USA), while Color Marker Ultra-low Range (M.W.
1060–26 600) was purchased at Sigma-Aldrich (USA).
2.2 a-Synuclein WT expression and purication

To obtain a-synuclein for the experiments, BL21 (DE3) E. coli
cultures, carrying the pT-7 plasmid encoding the WT human a-
synuclein gene, were grown overnight. The culture was used to
inoculate 1 L of LB-Amp medium in a 3 L ask and was grown at
37 °C at 180 rpm shaking. When OD600 = 0.8 was reached protein
expression was induced by adding IPTG to a nal concentration of
1mM. The induced cells were incubated for 4 h at 37 °C at 180 rpm
© 2025 The Author(s). Published by the Royal Society of Chemistry
shaking. The cells were harvested by centrifugation at 4 °C, 7000×g
for 20 min and stored at −20 °C until further use. Bacterial pellets
corresponding to 1 L of culture were resuspended in 20 mL of
10 mM Tris–HCl, 1 mM EDTA, pH 8.0 with 1 mM PMSF. The
suspension were sonicated with a probe sonicator for 2 min at 10 s
intervals with 30 s pause at 40% amplitude. 1 mL benzonase was
added to the cell lysate and centrifuged at 4 °C, 20 000×g for
30 min. The supernatant was collected and the solution heated
to 80 °C for 20 min. The solution was subsequently centrifuged at
4 °C, 20 000×g for 20min to precipitate the heat-sensitive proteins,
a-synuclein remaining in the supernatant. Next, 4 mL saturated
(NH4)2SO4 was added for 1 mL supernatant to salt out a-synuclein.
The solution was stirred at 4 °C for 15min and centrifuged at 4 °C,
20 000×g for 20 min to pellet down the protein. The pellet was
dissolved in 7 mL of 25 mM Tris–HCl pH 7.7 and 7 mL DTT added
to the nal concentration of 1 mM. Next, the protein solution was
dialyzed against the same buffer for 16–18 h at 4 °C with a change
of the buffer aer 12 h of dialysis. The dialyzed protein solution
was then subjected to an anion exchange column (AEC) (HiTrap Q
Hp 5 mL, GE Healthcare) followed by size exclusion chromatog-
raphy (SEC) (HiLoad 16/600 Superdex 200 pg. column) and eluted
in 10 mM of sodium phosphate buffer (pH 7.4). SEC-
chromatogram and SDS-PAGE analysis of the puried protein is
shown in Fig. S1.† Protein concentrations were assessed by
absorption spectroscopy at 280 nm (using a Labbot instrument,
Labbot, Lund, Sweden) and the concentrations calculated using
theoretical molar extinction coefficients predicted by ProtParam
(Expasy, Switzerland).
2.3 Expression and purication of 6×His-tagged NbSyn2-
GFP

2.3.1 Expression and purication. The 6×His-tagged
NbSyn2-GFP chimera was expressed and puried using the
same expression and purication approach as described in ref.
26. Briey, the gene encoding the protein of interest was
purchased from Twist Bioscience, cloned into the pHLSec
mammalian vector via Gibson assembly, and transformed into
HB101 E. coli for plasmid propagation. Plasmids were extracted
using the PureLink Fast Low-Endotoxin Midi plasmid purica-
tion kit (Invitrogen, A35892) and veried by Sanger sequencing.

Protein expression was carried out in the Expi293 mamma-
lian expression system (Thermo Fisher, A14635). Six days aer
plasmid transfection, the supernatant containing the expressed
protein was collected, ltered, and puried via Ni-NTA affinity
chromatography using a HisTrap column, followed by size-
exclusion chromatography (SEC) on a Superdex HiLoad 16/600
75 pg column (GE Healthcare). The puried protein was
concentrated in PBS, aliquoted and stored at −80 °C until use.
The puried protein sequence is as follows:

HHHHHHGSGGSGMVSKGEELFTGVVPILVELDGDVNGHKFS
VRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVLCFSR
YPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEG
DTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGI
KAYFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQS
VLSKDPNEKRDHMVLLEDVTAAGITHGMDELYKGSGGSGENLY
FQSWGPGGGQLVESGGGSVQAGGSLRLSCAASGIDSSSYCMGW
RSC Adv., 2025, 15, 20668–20681 | 20669
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FRQRPGKEREGVARINGLGGVKTAYADSVKDRFTISRDNAENTV
YLQMNSLKPEDTAIYYCAAKFSPGYCGGSWSNFGYWGQGTQVT
VSSH

Corresponding to the following construct:
HIS-tag — GSGGSG —mGFP— GSGGSGENLYFQSWGPG —

NbSyn2
2.3.2 Characterization. Size-exclusion chromatography

coupled with multi-angle light scattering (SEC-MALS; mini-
DAWN TREOS, Wyatt) was used to determine the molecular
weight and the oligomeric state of puried NbSyn2-GFP. The
protein sample, at a nal concentration of ∼1 mg mL−1 in PBS
(pH 7.4), was injected (100 mL) onto a Superdex 75 10/300 GL
column (GE Healthcare) and eluted at a ow rate of 0.5
mL min−1. Signals for ultraviolet absorbance (280 nm), differ-
ential refractive index, and light scattering were recorded.
Molecular weight calculations were performed using ASTRA
soware (v.6.1, Wyatt). Characterization of the puried protein
is in Fig. S2.†
2.4 a-Synuclein bril preparation

De novo a-synuclein brils were prepared by incubating 500 mL
of 100 mM a-synuclein monomer in 20 mM sodium phosphate
buffer with 150 mM NaCl in a 1.5 mL Eppendorf tube that was
incubated at 37 °C for 14 days. The solution was shaken at
1200 rpm with a 1 mm diameter glass bead using a Eppendorf
ThermoMixer. All subsequent bril solutions were prepared by
seeding fresh monomer solutions with 5%monomer equivalent
of the original bril sample. 500 mL of 100 mM a-synuclein
monomer, in a 1.5 mL Eppendorf tube was incubated at 37 °C in
20 mM sodium phosphate buffer with 150 mM NaCl for 3 days.
The solution was shaken at 1200 rpm with a 1 mm diameter
glass bead. In order to prepare the seeds, a-synuclein brils
were sonicated for 5 minutes (25 minute cycle, 2 s sonication,
8 s break) on ice using a MS72 probe sonicator at 10%
amplitude.
2.5 Bulk thioavin T aggregation kinetics

Bulk aggregation kinetics of a-synuclein amyloid brils were
performed in a FLUOstar Omega uorescence microplate
reader (BMG Labtech, Germany). All aggregation experiments
were performed in 20 mM sodium phosphate buffer with
150 mM NaCl at pH 7.4. Amyloid aggregation was monitored
under quiescent conditions at 25 °C by exciting the sample at
440 nm and recording the emission at 480 nm every 10 minutes.
a-Synuclein amyloid brils were grown at 50 mM monomer
concentration with 5% sonicated amyloid seeds. Aggregation
was monitored for two of the six wells by addition of 100 mM
Thioavin T (ThT) and brils were grown until a plateau was
reached. Half the wells were incubated with 200 nM proteinase
K (PK) for 30 minutes. 100 mM PMSF was added to all wells as
a PK inhibitor and incubated overnight. 50 mM monomer was
added to each well and 100 mM ThT to all ThT-free wells and the
monitoring of the aggregation reaction was resumed until
a plateau in ThT uorescence is reached.
20670 | RSC Adv., 2025, 15, 20668–20681
2.6 Capillary occulation assay

Capillary occulation assays were performed using square glass
capillaries of 0.4 mm inner diameter and walls of 0.2 mm
(VitroCom, Mountain Lakes, NJ, USA). Homogenized a-synu-
clein amyloid seeds of 25 mM equivalent monomer concentra-
tion in 20 mM sodium phosphate buffer, 150 mM NaCl and
50 mM ThT, were mixed with 20 nM PK, loaded into a capillary
and monitored for 18 h at 5 min intervals. The capillary was
imaged using a Zeiss Axio vert. A1 microscope (Zeiss, Germany)
with a 10× objective lens equipped with a CFP lter cube (model
no. 424931, ex. 436/20, beam splitter 455, emission 480/40),
illuminated using a Visitron Cool LED pE100 (Visitron
Systems, Germany) operating at 440 nm. Flocculation was
quantied from relative standard deviation of ThT intensity
across the area of the inner capillary.
2.7 Quartz crystal microbalance with dissipation
experiments

a-Synuclein bril seeds were immobilized on a QCM-sensor by
chemical modication with 2-iminothiolane (Traut's reagent).27

a-Synuclein brils at 100 mM equivalent monomer mass were
treated with 2-iminothiolane at 0.15mgmL−1 for 5 minutes prior
to being incubated with an UV–ozone activated QCM gold-sensor
for 1 h. The sensors were rinsed in buffer and then incubated
with 1 vol.% mPEG-thiol in buffer for 30 min. Sensors were
rinsed with miliQ water and dried prior to being inserted into the
instrument. All treatment of brils in the QCM instrument were
performed at 20 mM sodium phosphate buffer with 150 mM
NaCl.

We measured the elongation of amyloid brils by injecting 3
cell volumes (60 mL) of monomeric protein solutions at 50 mM in
20 mM sodium phosphate buffer with 150 mM NaCl and 1 mM
PMSF into different sensor chambers and monitored the third
overtone frequency. PMSF was added to ensure that residual
active PK was inhibited. PMSF was added to the a-synuclein
solutions from a 0.2 M stock dissolved in ethanol, leaving
a residual volume fraction of 0.5% ethanol. Fibril “shaving” was
achieved by injecting 3 cell volumes of 20 nM PK and subse-
quent incubation. Proteinase was washed out by ushing the
cell with at least 20 cell volumes of buffer. To inhibit remaining
proteinase, 3 cell volumes of 5mMPMSF were injected then and
incubated for at least 10minutes. The cell was then ushed with
at least 20 cell volumes of buffer.

Human serum Protein (HsP) binding experiments were
performed by injecting 3 cell volumes of 1% HsP solution into
the sensor chamber and monitoring the third overtone
frequency. Fibril elongation experiments in complex medium
were measured by injecting 3 cell volumes of 1%Hsp + 50 mM a-
synuclein into the sensor chamber and monitoring the third
overtone frequency.

NbSyn2-GFP binding experiments were performed by
injecting 3 cell volumes of 5 mM protein in PBS buffer into the
sensor chamber and monitoring the third overtone frequency.
Fibrils were treated with PK and subsequently PMSF treated in
accordance with above.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.8 Characterization of a-synuclein bril modication by PK

200 mL a-synuclein brils at 50 mM equivalent monomer
concentration were split into two. One sample was incubated
with 200 nM PK for 30 minutes. Both samples were subsequently
centrifuged at 16 900 RCF for 30 minutes to form bril pellets.
The supernatant was removed and the brils were re-suspended
in 20mMsodium phosphate buffer with 150mMNaCl and 5mM
PMSF. This washing process was repeated three times so as to
remove any active PK. The brils were pelleted again and re-
suspended in 100 mL 8 M urea with 5 mM PMSF and sonicated
using a Vial Tweeter powered by an ultrasonic processor UP200St
(200 W, 26 kHz; Hielscher Ultrasonic, Teltow, Germany). The
samples were sonicated for 10 minutes using a 2 s on to 8 s off
scheme. The samples were then incubated for three days to
depolymerize before being buffer exchanged to 20 mM sodium
phosphate buffer with 150 mM NaCl and 5 mM PMSF using
a Amicon Ultra Centrifugal Filter, 3 kDa MWCO.

Samples were desalted prior to Matrix-Assisted Laser Desorp-
tion Ionization Time of Flight (MALDI-TOF) analysis using C18
ZipTip, employing the protocol provided by the supplier. Samples
were analyzed on an Ultraex II MALDI-TOF/TOF mass spec-
trometer (Bruker). Samples were prepared for spotting by mixing
0.5 mL of sample with 0.5 mL of a-cyano-4-hydroxy-trans-cinnamic
acid (saturated solution in 70% acetonitrile, 0.1% TFA). The
spectrum was calibrated using peptide standard II (Bruker).

Samples were prepared for SDS-PAGE by mixing with
NuPAGE™ LDS Sample Buffer and heated to 90 °C for 10
minutes. SDS-PAGE was run using NuPAGE™ Bis-Tris Mini
Protein Gels, 4–12%, 1.0 mm and NuPAGE™MES SDS Running
Buffer, running at 200 V for 40 min. The gel was stained by
Coomassie blue dye overnight (InstantStain™ 15 Min,
MinKem-En-Tec Nordic A/S) and destained by deionized water
wash for 24 hours.
2.9 Kinetic models

Five kinetic models were created to model the QCM-D results,
assuming different monomer–bril interactions. The null
model (Model 0), describes amyloid bril elongation of non-
modied brils. Model A is the simplest model, which
describes amyloid bril elongation without the repulsive
charges of the fuzzy coat. No surface binding or secondary
nucleation takes place in this model. In addition to elongation,
Model B also allows monomers to bind to the surface when no
disordered anks are present. In Model C, surface binding
enables secondary nucleation and subsequent growth. Aer
every PK degradation step new nucleation viable binding sites
become available. Model D assumes that protolaments can be
proteolytically fragmented by PK degradation, leading to the
generation of new growth-competent bril ends. Formal
descriptions of the models are provided in the SI.
3 Results
3.1 Flocculation of shaven brils inhibits growth in bulk

In order to investigate the signicance of the fuzzy coat (disor-
dered anks) on the kinetic parameters of a-synuclein amyloid
© 2025 The Author(s). Published by the Royal Society of Chemistry
growth, we performed bulk ThT aggregation experiments. We
grew brils both in the presence of ThT and without, to identify
if the bril–ThT interaction was modied by PK treatment. We
grew brils until a plateau was obtained in ThT-containing
samples in quiescent conditions to maximize bril length. This
maximizes the ratio of surface area to the number of ends, prior
to protease treatment. We then introduced PK in half the wells,
to “shave” the fuzzy coat of the brils. PK is subsequently
inhibited by the addition of PMSF to all wells. Aer “shaving”
with PK and subsequent inhibition of the PK, we add fresh
monomer to all wells and ThT to wells, where ThT was absent in
the initial growth step. Growth rates aer the addition of fresh
monomer are similar for all samples, however the increase in
ThT uorescence intensity of shaven brils ceases rather
abruptly, and the ThT uorescence decreases aerwards
(Fig. 1A). In order to investigate whether the observed apparent
cessation of bril growth stems from a genuine decrease of the
elongation rate constant, decreased ThT sensitivity or rather
from increased higher order assembly of shaven brils, we
compared the colloidal behavior of unmodied and shaven
brils in a microscopic capillary assay. The brils were sub-
jected to probe sonication right before the measurement, in
order to start from a homogeneous uorescence and therefore
bril distribution, whereby no granularity of the uorescence
signal was observed with our microscope.

We nd that the ThT intensity of the shaven brils decreases
by over 50% within the shaving phase (100 min). Additionally
we nd that the shaven brils are more prone to higher order
assembly (occulation) than non-shaven brils, inducing larger
spatial variability in ThT intensity across the micro capillary,
compared to the sample without PK treatment (Fig. 1B). We
quantify the degree of occulation through the spatial standard
deviation of uorescence intensity of the entire eld of view of
the capillary. This higher order assembly is likely to affect the
accessibility of the bril ends for monomer. The strong
tendency of shaven a-synuclein brils to undergo higher order
assembly is unsurprising, given the highly negatively charged
and disordered C-terminal tail is removed, which otherwise
provides electrostatic and steric repulsion of other molecules. It
is reasonable to assume that removal of the fuzzy coat not only
affects the higher order assembly of brils and interactions with
small molecules, such as ThT, but surface interactions with the
monomeric protein as well, as charges are removed and the
hydrophobic core becomes more accessible. These various
effects conspire to render a quantitative comparison of the
intrinsic elongation rates of intact and shaven brils in such
bulk solution assays very challenging. In addition, we cannot
fully exclude residual activity of the inhibited PK in such a bulk
solution assay.
3.2 PK incubation degrades the majority of the fuzzy coat

In order to characterize the extend of degradation of the fuzzy
coat, we depolymerized both untreated and shaven brils by
chemical denaturation. The released monomers, were subse-
quently investigated by both SDS-PAGE and MALDI-TOF
(Fig. S3†). The SDS-PAGE analysis reveals that the released
RSC Adv., 2025, 15, 20668–20681 | 20671

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01654a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
8/

20
26

 8
:2

2:
14

 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
monomers of the shaven brils are a uniform species, charac-
terized by a single band. The band corresponds to approxi-
mately 9.9 ± 0.3 kDa, whereas the released monomer from
untreated brils are the same size as the monomer control –
14.4 ± 0.3 kDa. The MALDI-TOF spectrum of the released
monomer from shaven brils shows peaks at 5.5, 8.1 and 11.7
kDa. The difference between SDS-PAGE and MALDI-TOF anal-
ysis can be explained by the differential sensitivity and resolu-
tion of these two methods for molecular species of different size
and charge. The MALDITOF peak intensities at 5.5 and 8.1 kDa
are relatively low and these species may not be visible on the gel.
The monomer control reveals a species of approximately 14.5
kDa, as expected. In the absence of a high resolution structure,
it is difficult to ascertain precisely what fraction of the fuzzy coat
is susceptible to being removed. However, similar solution
conditions have generally revealed that the structured core is
composed of residues 33–97 (PDB: 6a6b). Assuming the brils
generated here are structurally similar, we can estimate the
degree of fuzzy coat degradation as:

MWaSyn � MWshaven

MWaSyn �MW33-97

¼ 14:46� 9:9 kDa

14:46� 6:17 kDa
¼ 55% (1)
Fig. 1 Time course of ThT fibril growth assay and capillary flocculation
growth with and without PK. The dashed line indicates addition of monom
both added and inhibited before the addition of fresh monomer outside
data is gathered, is not shown in this graph. ThT is added to samples lab
technical repeats. (B) Sample images of capillaries from ESI Video 1 and 2
throughout the experiment. (D) Change in relative spatial standard devia
time.

20672 | RSC Adv., 2025, 15, 20668–20681
The same calculations show the MALDI-TOF peaks correspond
to 100%, 76% and 33% fuzzy coat degradations respectively.
3.3 QCM-D reveals accelerated growth following PK
incubation

In order to investigate the elongation behavior of shaven a-
synuclein brils without complications from bril occulation
and altered ThT-sensitivity, we employed QCM-D measure-
ments. The QCM-D instrument is sensitive to attachment of
mass to the sensor surface, where the addition of mass
decreases the sensor oscillation frequency (DF). Changes in
structure and material properties of the surface-bound layer,
such as viscoelasticity, can be inferred from changes in energy
dissipation to the environment (DD). To characterize amyloid
elongation, we monitored multiple recurring growth phases of
a-synuclein brils immobilized on a QCM-D sensor (Fig. 2A–C).
Upon injection a rapid change in frequency and dissipation is
observed. This effect originates from the viscosity and density
change of solution, as the a-synuclein solution contains 0.5 v/
v% ethanol (from addition of the PK inhibitor PMSF, see
Methods). Such a water–ethanol mixture is expected to have an
assay from ESI Video 1 and 2.† (A) ThT fluorescence of amyloid fibril
er to all samples. PK treatment is notated by color-coded arrows. PK is
the plate-reader instrument. However, the treatment time, where no
eled “w/o ThT” along with additional monomer. Numbering indicates
† at time 0 and 180 min. (C) Normalized intensity of ThT-fluorescence
tion of ThT-fluorescence intensity across the capillary as a function of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 QCM-D analysis of a-synuclein fibrils and PK exposure, showing the 3rd overtone. All QCM-D traces represent individual measurements.
(A) Flow-scheme for B. Each a-synuclein injection is color-coded to the respective frequency and dissipation legend-colors in B. (B) Frequency
and dissipation change of three subsequent growth phases of a-synuclein fibrils on the same sensor. Black arrows indicate the injection time of
each solution as labeled in the legends. Color-coded arrows indicate the start of buffer rinse. The initial rapid change of frequency and dissipation
upon injection is reversible and is caused by viscosity and density differences in the solutions. (C) Slope of frequency and dissipation change (i.e.
growth rate) of B. (D) Flow-scheme for E. a-synuclein and PK injections are color-coded to the respective frequency and dissipation legend-
colors in E. (E) Frequency and dissipation change of three growth phases of a-synuclein fibrils on the same sensor and a single PK degradation
phase, between the first and second growth phase. Stars mark the total number of shaving phases prior to the injection. (F) Slope of frequency
and dissipation change (i.e. growth rate) of E.
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approximately 10% higher viscosity than pure water.28 The
viscosity-induced shi in frequency and dissipation is revers-
ible when returning to pure buffer conditions (Fig. 2B). During
periods of incubation with monomer solution, the frequency
and dissipation change linearly in time, demonstrating that
both dissipation and frequency changes report on bril growth.
Amyloid growth rates are expected to be constant throughout
each growth phase, as monomer is not signicantly depleted in
the cell within the time of the measurements at the monomer
concentrations employed.29 However, during the last growth
phase the rate of the frequency response decreases throughout
the measurement, while the rate of dissipation change remains
constant. This behaviour can be explained by brils growing
beyond their persistence length30 and increasingly extend away
from the sensor surface into the solution where the mass
sensitivity decreases. The dissipation response appears to be
less affected by this phenomenon compared to the frequency
response.

In order to investigate the effect of the fuzzy coat using the
QCM-D, we must demonstrate that surface-immobilized brils
© 2025 The Author(s). Published by the Royal Society of Chemistry
are “shaven” similar to brils in solution. To this end we have
studied binding of a nanobody (a NbSyn2-GFP construct).
NbSyn2 binds to residues 137–140 and has been demonstrated
to be unable to bind to C-terminally truncated a-synuclein
brils.31 We incubated untreated and shaven brils with
NbSyn2 and nd that PK incubation of a-synuclein brils
indeed abolishes the nanobody binding (Fig. 3A), suggesting
that the majority of accessible C terminal ends are degraded by
PK-incubation. Therefore, we conclude that the effect of PK on
the brils does not differ signicantly between brils sus-
pended in solution or immobilized on a QCM-D sensor.

To investigate the effect of the fuzzy coat on bril growth, we
utilized an experimental scheme of a single standardized
growth phase prior to a shaving step followed by two subse-
quent growth phases (Fig. 2D). In all growth phases we inject
full length WT a-synuclein. During bril shaving we observe
a fast release of mass, which decays as the PK-degradable
material, the fuzzy coat, is removed and becomes increasingly
unavailable. The frequency response during monomer incuba-
tion, post shaving, is approximately 80% accelerated by
RSC Adv., 2025, 15, 20668–20681 | 20673
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Fig. 3 QCM-D analysis of NbSyn2 binding to amyloid fibrils, showing
the 3rd overtone. All QCM-D traces represent an individual
measurement. (A) NbSyn2 binding to shaven fibrils (solid) and
untreated fibrils (dotted) when exposed to solutions at time 200 s. (B)
NbSyn2 binding to untreated fibrils (solid) and fibril growth by incu-
bation with a-synuclein (dashed) when exposed to solutions at time
200 s. (C) DF-plot of data from B, with linear fits in black dashes. The
slope of NbSyn2 binding is −0.20, while the slope of amyloid fibril
growth is −0.43.
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frequency and 35% by dissipation and demonstrates the same
slow decrease in frequency response as the growth experiments
of intact brils. This behavior occurs in both post shaving
growth phases, however in the last growth phase the dissipation
response is accelerated by 80%. It is not immediately obvious
whether the accelerated deposition of mass to the sensor
surface originates from monomer binding to the exposed bril
core or accelerated bril elongation. However, the dissipation
response is constant throughout the majority of the measure-
ment, suggesting that the signal is dominated by bril growth
20674 | RSC Adv., 2025, 15, 20668–20681
rather than monomer binding, which would be expected to
saturate as the shaved bril surface becomes increasingly
covered. In addition, the ratio of dissipation to frequency
response during the growth phases is greater than what we nd
during the shaving phase (approximately −0.3 × 10−6/Hz and
−0.15 × 10−6/Hz respectively), indicating that the material
properties of the removed mass by PK treatment is different
from the predominant mass contribution during monomer
addition post-shaving. It is reasonable to expect that the mate-
rial properties of monomer attached to the shaven bril surface
would be more similar to those of the fuzzy coat than to those of
the bril core. These results therefore suggest that monomer
binding is not contributing signicantly to the response of
incubation with monomer post shaving.
3.4 QCM-D can discriminate between bril growth and
protein binding

To characterize the origin of the accelerated growth following
bril shaving, we must elucidate if binding of protein to the
bril surface can be distinguished from amyloid elongation. To
this end, we studied the characteristic QCM-D responses from
bril growth and protein binding or adsorption. Plotting DD
versus DF is commonly used to obtain structural information of
adsorbed molecules, classically referred to as a DF plot.32,33

When we plot amyloid bril growth and NbSyn2 binding in
such a manner, we obtain signicantly different slopes,
showing twice the dissipation response of bril growth
compared to binding (Fig. 3B and C). This would suggest that
protein binding to bril surfaces distinctly differs from bril
growth in regards to material properties, and bril growth and
protein binding to bril surfaces can be distinguished in
a single measurement.

To further demonstrate this, we exposed a-synuclein amyloid
brils to 1% Human Serum Protein (HsP) that binds to the
brils causing a decrease in frequency of −12 Hz, while the
dissipation increases only 0.3$10−6 giving a distinctly different
response from bril growth (Fig. 4A, the HsP binding is not non-
specic binding to the sensor surface, see Fig. S4†). As a result,
when brils are exposed to a solution with both 1% HsP and 50
mM a-synuclein, bril growth can be monitored through the
dissipation response, which remains constant throughout the
measurement. Meanwhile, the frequency response has contri-
butions from both protein (HsP) binding to the brils as well as
bril growth.

The DF plot demonstrates that HsP binding is characterized
by a single phase, while bril growth features two phases
(viscosity induced frequency and dissipation change—the
injection phase—and bril growth) and the mixture of HsP and
a-synuclein shows three distinct phases (the injection phase,
a HsP binding dominated phase and a bril growth dominated-
phase). The bril growth-dominated phase is characterized by
a linear relationship between DD and DF. The DD–DF slope in
both conditions are similar (−0.20 10−6/Hz ± 0.001 for pure a-
synuclein and −0.21 10−6/Hz ± 0.0003 for a-synuclein + HsP),
showing that the measurement is dominated by the same type
of material deposition in these phases. Employing this linear
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 QCM-D analysis of a-synuclein growth and binding with HsP, showing the 3rd overtone. All QCM-D traces represent individual
measurements. (A) Frequency and dissipation change of QCM-D sensors with immobilized a-synuclein fibrils when exposed to solutions at time
0. Pure a-synuclein and pure HsP are measured on the same sensor in that order. (B) DF plot of data from A. Linear fits to the data of fibril growth
are shown as dashed lines. (C) De-convoluted HsP binding and fibril growth of the “a-synuclein + HsP” sample in A. The pure fibril growth and
HsP binding samples fromA are plotted for comparison using the same line-styles as in A. The deconvoluted fibril growth response is obtained by
converting the dissipation response in A to a frequency response, using the DF slope fitted in B. The deconvoluted HsP binding is obtained by
subtracting the deconvoluted fibril growth response from the raw data. (D) Time-resolved DF plot obtained from numerical derivatives of A.
Dashed lines note when the pump is shut off.
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relationship, we can disentangle the HsP binding and bril
growth signals (Fig. 4C). As such we can conclude that the
dissipation response of the HsP + a-synuclein incubation,
which is constant throughout the entire measurement, reports
almost exclusively on the addition of brillar material. The DD/
DF relationship can be plotted in the time-domain from the
numerical derivatives, which provides insight into the duration
of each of the phases. From this analysis we nd that the pure a-
synuclein incubation reports solely on bril growth approx.
200 s aer the start of the injection of the monomer solution.
The HsP + a-synuclein converges to pure bril growth aer 5
minutes of incubation.

By comparing the different overtones, we nd a frequency
overtone dependency of the bril growth response, while no
such dependency is present for HsP binding (Fig. S6†). This
nding suggests that a large contribution to the frequency shi
during bril growth originates from liquid contributions,
whereas the HsP binding frequency response is dominated by
the dry mass,34 consistent with the DD to DF ratio of each
mechanism. Our observations agree with earlier ndings that
the QCM frequency response can be attributed in large parts to
water trapped in the bril matrix.29
© 2025 The Author(s). Published by the Royal Society of Chemistry
To demonstrate that a-synuclein monomer binding can be
discerned during bril growth, we have measured amyloid
elongation of a-synuclein at pH 5.5, where the protein is close to
its isoelectric point and surface binding of monomer can be
expected, as secondary nucleation is strongly enhanced under
these conditions.35,36 While no clear bi-phasic behavior is
evident in the raw data, the DF-plot reveals a low DD to DF phase
in the early time steps of the pH 5.5 growth phase, which
becomes exacerbated aer PK treatment (Fig. S7†). The time-
resolved DF-plots show a lower dissipation response during
the rst 200 seconds of the incubation period before the DF-
response converges to the signature of amyloid elongation.
Compared to injections at pH 7.4, where the elongation signa-
ture is achieved within 1 minute of incubation, it is therefore
clear from the DF-plots that some non-brillar mass deposition
occurs, likely monomer attachment to the bril surface
(Fig. S7†).

3.5 Proteinase K treatment increases the number of bril
ends

By employing the above described approach we can demon-
strate that the material properties of the growth signal following
RSC Adv., 2025, 15, 20668–20681 | 20675
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PK incubation, as indicated by the QCM-D signal, are similar to
that of the intact brils (Fig. S8†) and show that the material
deposited to the surface is mostly brillar in nature in all
growth phases. We nd no indication that monomer binding
accounts for a signicant fraction of the deposited material in
any of the measurements as the DF response is effectively
continuous between each growth phase (ignoring the short
injection phases). Furthermore, we nd that the frequency
dependence on overtones are comparable between the shaven
and non-shaven brils, further demonstrating that the nature of
the depositedmaterial is similar between the samples (Fig. S9†).

To further understand the role of the bril surface in the
observed behavior and the nature of the PK modication, we
studied brils grown over extensive incubation periods. We
employed a single standardization growth step followed by
several shaving and growth steps, incubating the brils for 15
hours with monomer per shaving step (Fig. 5A). Post shaving,
the long brils demonstrate a signicantly enhanced elonga-
tion rate sustained increasingly as the brils have grown.
During the nal growth phase the accelerated growth is sus-
tained for over 10 hours. DF analysis of the growth phases
reveals that, while some structural reorganization of the bril
matrix may occur in the early time points of the growth phases,
the dominant source of added mass originates from amyloid
bril elongation (Fig. 5D). It is notable that the accelerated
growth rate is additive, suggesting that the source of accelerated
growth must be the bril surface, rather than any structural
modication of the bril ends.

Each shaving step, i.e. incubation with PK, is maintained
until a constant low rate of frequency increase is reached,
thereby ensuring that the accessible disordered regions are
mostly degraded. The remaining release of mass at low constant
rate is likely to originate from bril shortening from the ends,
where the accessibility of the bril core to PK is highest. By
investigating the DF plots of PK incubations, we nd that the
DD to DF relationship of the shaving phase converges towards
a dissipation insensitive reaction, as the brils are grown for
longer periods of time prior to shaving (Fig. 5G). This is
consistent with the observation that PK treatment predomi-
nantly removes non-core material, which does not signicantly
contribute to dissipation, but also slowly shortens the brils
from the end. For longer brils, the PK treatment is increasingly
dominated by the removal of non-core material as the surface-
to-end ratio is increased. We nd a linear relationship
between the frequency response of mass added through bril
elongation and the frequency response of the shaving reaction
(Fig. 5H) in agreement with removal of the entire available fuzzy
coat and bril shortening not signicantly contributing to the
degradation response. The shaven material corresponds to 16.2
± 2.7% of the frequency response of the grown brils. This,
however, does not mean that the PK necessarily degrades 16%
of the bril, which would only correspond to approximately
30% of the fuzzy coat (PDB 6a6b). The frequency response of
bril growth has a signicant liquid contribution, which is
demonstrated by the high DD to DF ratio and overtone depen-
dency. However, this is not the case for the shaven material,
which has a low DD to DF ratio and no signicant overtone
20676 | RSC Adv., 2025, 15, 20668–20681
divergence (Fig. S10†). If the liquid contribution of the full bril
accounts for at least 50% of the frequency response, it follows
that the PK treatment removes at least 56% of the fuzzy coat –
consistent with the ndings in solution:

jfcoatj��fdryfib
��þ ��fliq:fib

�� ¼ 0:16 (2)

��fdryfib
��#

��fliq:fib
��/

jfcoatj��fdryfib
��# 0:32 (3)

0:32

1�MW33-97

�
MWaSyn

¼ 56% (4)

In summary, we nd little evidence of binding of monomeric
protein to the bril surfaces contributing signicantly to the
mass deposition in any experiment at pH 7.4, a cumulative
acceleration of growth rates with each shaving step, as well as
a linear correlation between the shaven mass and accumulated
bril surface. The observed accelerated bril growth can thus
only be rationalized by the formation of new growth-competent
bril ends on the sensor surface.
3.6 Kinetic models show that the increase in growth rate can
be explained by partial proteolytic bril fragmentation

To further investigate the bril growth, as measured by QCM-D,
we constructed kinetic models of the frequency response to
bril growth and modication by several different molecular
level scenarios (Fig. 6). The models make different assumptions
on the nature of interactions between the full length monomers
and amyloid brils (shaven and unshaven), and how those
interactions translate into changes in growth rate. The null
model (Model 0) describes elongation of non-modied amyloid
brils, assuming that the growth rate of brils is conserved
between different growth periods. Model A is the simplest
model, which includes amyloid bril elongation without the
repulsive charges of the fuzzy coat. The growth rate is acceler-
ated following the removal of the fuzzy coat, but rapidly returns
to baseline as the recruited full length monomer reintroduces
charges to the bril ends. Model B extends model A by allowing
monomers to bind to the surface of shaven brils. Monomer
binding leads to an acute increase in surface-associated mass
(on a similar timescale to NbSyn2 binding to intact a-synuclein
brils—Fig. 3), and an initial increase in apparent bril elon-
gation rates. In Model C, surface binding enables secondary
nucleation and subsequent growth on the shaven bril surface.
Aer every PK degradation step new nucleation-viable binding
sites become available, resulting in a sustained increase in
growth rate in subsequent growth phases. Notably, bril growth
accelerates throughout the growth phase, as new brils
nucleate. Model D assumes that protolaments can be proteo-
lytically fragmented by PK degradation leading to an increase in
the number of bril ends during the shaving period as the newly
accessible proto-lament ends are capable of recruiting
monomers.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 QCM-D analysis of amyloid fibril growth for extended time-intervals (+500min) with shaving steps prior to incubation periods beyond the
initial normalization period. The 3rd overtone is shown here. All QCM-D traces represent individual measurements. (A) Flow-scheme used for the
measurement. (B) Frequency and dissipation change for all a-synuclein growth phases. Starsmark the total number of shaving phases prior to the
injection. (C) Slope of frequency and dissipation change (i.e. growth rate) of B. (D) DF-plot of data from B. (E) Frequency and dissipation change
for all PK degradation phases. (F) Slope of frequency and dissipation change (i.e. growth rate) of E. (G) DF-plot of data from E and HsP binding data
from Fig. 4B. (H) Accumulated frequency shift during PK degradation phases plotted against accumulated frequency shift during prior growth
phases.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 20668–20681 | 20677
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Fig. 6 Kinetic models showing the expected growth rates in QCM-D experiments for different scenarios of amyloid fibril aggregation. (A)
Different models. Model 0: fibril elongation with disordered flanks. Model A: fibril elongation without flanks. Model B: fibril elongation without
flanks and surface binding of a-synuclein. Model C: fibril elongation without flanks and branched growth of new fibrils off the surface. Model D:
Fibrils may get broken up by PK during the shaving phase, which creates additional fibril ends. (B) Expected frequency changes corresponding to
amyloid fibril growth and shaving phases for the different models. Note that the absolute values on the y-axis are not expected to correspond to
the same values as found in experiments, as they depend on the initial surface concentration of fibrils. (C) Expected slopes of B.
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The null model captures the qualitative behaviour of bril
growth without any shaving phases (Fig. 2A and 6B). Both
models A and B predict increased rates of mass addition only
for very short periods of time, which is not what we observe in
our experiments. Rather the accelerated growth rates are
maintained for many hours. Acceleratedmass association to the
sensor surface for times extending beyond tens of minutes are
only expected in the kinetic models, where the formation of new
bril ends occurs (Model C and D). Model C demonstrates
accelerating growth rates throughout the growth phases,
whereas our measurements demonstrate constant or deceler-
ating growth rates throughout a single growth phase. Finally,
only model D captures the immediate acceleration in bril
growth rates aer PK treatment, which is observed in our
experiments, suggesting that the additional bril ends aremade
available during the PK degradation phase.
4 Discussion

In this work, we have studied the growth behavior of proteinase
K-treated a-synuclein amyloid brils. Using bulk solution
measurements we demonstrate several challenges with
biochemical analysis of PK-treated brils by traditional
methods. Shaven brils demonstrate low colloidal stability
resulting in extensive occulation. Furthermore, shaving of the
brils strongly alters their ThT sensitivity. QCM-D has been
demonstrated to be a well adapted label-free methodology for
the study of amyloid bril growth and has been employed for
this purpose for over een years.30 Here we demonstrate that
QCM-D can discriminate between protein binding to the bril
surface and bril elongation, using several protein systems.
This enables not only measurements of bril elongation rates in
20678 | RSC Adv., 2025, 15, 20668–20681
complex media, as demonstrated here for HsP/a-synuclein
mixtures, but provides detailed insights into the nature of
deposited material. Utilizing this experimental platform we
demonstrate that shaven brils are fully capable of recruiting
intact monomer.

It has been speculated that intrinsically disordered sequence
regions can facilitate molecular interactions and recognition
through dynamically sampling a large spatial region and
therefore increasing the probability of encounter, a process
dubbed y-casting.17 In the case of a-synuclein, it has been
proposed that monomers are recruited to the bril end through
interactions with the fuzzy-coat.37,38 Our nding that removal of
the fuzzy coat does not inhibit nor decrease the elongation rate
of brils indicates that the fuzzy coat of a-synuclein brils does
not play a signicant role in recruitment of monomers to the
bril end under the conditions of our experiments.

The highly negatively charged C-terminal regions and
slightly positively charged N-terminal regions of a-synuclein
brils are suspected to decorate the bril surface as a polymer
brush.39,40 The graing of charged polymer brushes to colloids
increases their colloidal stability against association.41 It has
been shown that the higher order association of a-synuclein
amyloid brils strongly depends on pH and ionic strength.35

Furthermore, electrostatic and steric repulsion between the
bril surface and monomer at neutral pH are suspected to
largely prevent monomer-dependent secondary nucleation on
the bril surface.35,36 Upon shaving of the brils, repulsion
between brils decreases, which results in a decrease in
colloidal stability as demonstrated here. The electrostatic and
steric repulsion between the bril surface andmonomer should
also decrease. However, we nd that the primary signal related
to mass deposition at pH 7.4 originates from bril elongation,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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independently of the presence of the fuzzy coat, suggesting that
monomer binding is inhibited even without the presence of the
polymer brush. It may be the case that the residual fuzzy coat
still acts as a sufficient polymer brush to inhibit the monomer
interaction at neutral pH, since the presented protocol only
removes approximately half of the fuzzy coat—which would also
leave approximately half of the surface-accessible charges
remaining. However, we nd that at pH 5.5—close to the
isoelectric point and where secondary nucleation has been
demonstrated to play an important role35,36—removal of the
fuzzy coat indeed leads to increased monomer binding, sug-
gesting that the polymer brush effect of the fuzzy coat is
decreased upon shaving. Combined, this may suggest that
monomeric protein binding to the bril surface, at neutral pH,
is limited by electrostatic repulsion between the monomers
themselves, rather than by properties of the bril surface.

In this work we demonstrate that proteolytic treatment of a-
synuclein brils can increase the apparent growth rate in an
additive manner. We demonstrate by kinetic modelling, that
these observations can only be rationalized by the formation of
new bril ends. Since the QCM-D instrument is a surface-based
biosensor, the detected mass can only originate from material
anchored to the surface. Hence, any secondary brils must
adhere to the surface of the sensor in order to be detected. As
the sensor surface itself has been passivated with a self-
assembled monolayer of PEG, the newly formed bril ends
are likely to adhere to the surfaces of the initial population of
seed brils. It follows that secondary brils detected here must
effectively be anchored to the hydrophobic core of the shaven
brils by non-covalent forces without detaching. This observa-
tion is similar to ndings in Ab42, where daughter brils
formed through secondary nucleation have been observed to
adhere to the bril surface for extended periods of time.42

However, in these measurements, we do not observe
continued acceleration of mass addition rates to the sensor
surface during long incubation periods with monomer solu-
tions post-shaving. Instead we nd a sudden increase in growth
rates following each shaving step. If the increase in the number
of growing bril ends were caused by monomer-dependent
secondary nucleation, new brils ends should constantly be
formed during incubation with monomer and therefore an
acceleration, rather than a slowing down of mass deposition
would be expected—as observed over long incubation periods
(Fig. 5C and 6C). It appears that new bril ends are only created
during the incubation with PK. Thus, the experimental results
combined with the kinetic models suggest that the proteolytic
modication of brils itself can act as a source of secondary
growth sites. Monomer-dependent secondary nucleation of a-
synuclein is strongly enhanced at mildly acidic pH,35–37

presumably restraining exponential amplication of brils by
secondary nucleation to environments such as endosomes and
lysosomes.43 However, our ndings, that secondary bril ends
may originate from proteolytic modication of a-synuclein
brils even at neutral pH, suggests an alternative pathway for
amyloid amplication in the cellular environment.

It is intriguing to speculate that changes in cohesive prop-
erties of a-synuclein brils upon proteolytic truncation of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
fuzzy coat, such as colloidal stability and formation of strongly
adhering secondary daughter brils, may play an important role
in disease and formation of LBs. Flocculation and higher order
assembly of brils and further growth by elongation and
secondary pathways could indeed form structures similar to
LBs, with a dense core and radiating laments.8 However, our
study does not investigate if LB-like structures form from these
conditions. It may be the case that the fuzzy-coat generally could
inhibit and slow down the aggregation of proteins44 and
formation of toxic inclusion bodies, and hence be an evolved
protective feature.

The QCM-D platform proves to be particularly useful for
studying amyloid brils. By demonstrating the ability to discern
protein-bril interactions and bril growth in a quantitative
manner, we enable detailed studies of brils in more complicated
chemical environments than have been previously performed on
the platform. In addition, since the instrument is based on a ow
cell setup, bril modications can be monitored and terminated
effectively in real time, enabling detailed control of bril modi-
cations. By not relying on reporter-molecules, such as uorescent
dyes, the instrument provides a reliable response to growth or
binding of molecules to modied brils, where changes in ThT
sensitivity can otherwise be an experimental barrier. The QCM-D
platform is, therefore, advantageous for studying relative binding
affinities to species commonly found in LBs, such as lipids and
other proteins. Systematic study of PTMs and bril binding
affinities may allow for a bottom-up approach to the study of LB
formation, not easily available through other experimental in vitro
platforms.

5 Conclusion

In summary, we have illustrated that the surface-based bio-
sensing technique QCM-D can provide insights into amyloid
growth mechanisms of modied brils which may be unavail-
able in bulk measurements due to occulation, changes in dye
sensitivity and persistent modifying agents. We demonstrate
that dissipation-frequency (DF)-plots allow the discrimination
of addition/removal of mass originating from bril core and
noncore regions as well as surface binding of proteins.
Combining our QCM-D results with kinetic modelling, we show
that proteolytic truncation of the disordered anking regions of
brils does not abolish their ability to elongate through the
addition of unmodied monomer. Furthermore, such proteol-
ysis leads to the generation of additional growth-competent
ends at neutral pH, where monomer-dependent secondary
nucleation is otherwise inefficient, and hence suggests the
existence of a new secondary pathway with potential relevance
for the proliferation of amyloid pathology in vivo.
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