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Functional amyloids formed by the protein FapC in Pseudomonas bacteria are key structural components
of Pseudomonas biofilms, which mediate chronic infections and also contribute to antimicrobial resis-
tance. Here, we combine kinetic experiments with mechanistic modelling to probe the role of surfaces in
FapC functional amyloid formation. We find that nucleation of new fibrils is predominantly heterogeneous
in vitro, being catalysed by reaction vessel walls but not by the air/water interface. Removal of such inter-
faces by using microdroplets greatly slows heterogeneous nucleation and reveals a hitherto undetected
fibril surface-catalysed “secondary nucleation” reaction step. We tune the degree of catalysis by varying
the interface chemistry of the reaction vessel and by adding nanoparticles with tailored surface properties
that catalyse fibril nucleation. In so doing, we discover that the rate of nucleation is controlled predomi-
nantly by the strength with which FapC binds to the catalytic sites on the interface, and by its surface
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area. Surprisingly, neither primary nucleation rate nor catalytic site binding strength appear closely corre-
lated to the charge and hydrophilicity of the interface. This indicates the importance of considering
experimental design in terms of surface chemistry of the reaction container while also highlighting the

Published on 03 August 2024. Downloaded on 7/15/2025 1:36:23 AM.

rsc.li/nanoscale

Introduction

Amyloid fibrils are linear polymeric structures formed by the
self-assembly of monomeric protein molecules. Although
usually held together by noncovalent interactions, they are
highly thermodynamically stable. Historically the formation of
amyloid fibrils via protein aggregation has been associated
with various diseases like Parkinson’s disease and Alzheimer’s
disease but more recently another type of protein aggregates
have been found that are utilized to gain functionality hence
coining the term functional amyloids." To date functional
amyloids have been found in many different organisms, from
humans to fungi and bacteria.> In bacteria, functional amy-
loids are found extracellularly in the biofilm where they add to
the stability of biofilm. Occurrence of functional amyloids in
biofilm renders the biofilm very hard to disassemble.* Note
that while these and other amyloids clearly have functional
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notion that fibril nucleation during protein aggregation is a heterogeneous process.

properties, and amyloids such as tau tangles are clearly
disease-associated, the functional and pathological properties
of the amyloid form of many other proteins remains unknown,
and not necessarily mutually exclusive.

The mechanisms of formation of different kinds of amyloid
have been extensively investigated in recent years using chemi-
cal kinetic modelling of data from aggregation experiments in
plate readers to obtain information about the molecular steps
involved.>'® Formation of the observed linear fibril structures
necessarily requires a rapid fibril elongation step, and a slow
initial fibril formation step. The latter is typically modelled as
a coarse-grained “primary nucleation” reaction involving the
direct association of multiple monomers to form the smallest
species capable of rapid fibril elongation. In addition to
primary nucleation and elongation, so-called “secondary pro-
cesses” have been frequently demonstrated to contribute to
amyloid formation. The simplest secondary process is frag-
mentation of existing fibrils, which increases the number of
growing fibril ends. The most prevalent is “secondary nuclea-
tion”, whereby monomers bind to the surfaces of existing
fibrils and react with one another to form new fibrils.""

Using chemical kinetic modelling it has been shown that
the functional amyloids from Pseudomonas and E. coli, formed
by FapC and CsgA respectively, aggregate via a nucleation—-
elongation dominated mechanism, with no significant involve-
ment of secondary processes, such as fragmentation or sec-
ondary nucleation."* Conversely, other functional amyloids

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0003-3055-607X
http://orcid.org/0000-0002-6562-7715
http://orcid.org/0000-0001-8449-8704
http://orcid.org/0000-0002-7879-0140
http://orcid.org/0000-0002-6096-2995
https://doi.org/10.1039/d4nr01496k
https://doi.org/10.1039/d4nr01496k
https://doi.org/10.1039/d4nr01496k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr01496k&domain=pdf&date_stamp=2024-08-24
https://doi.org/10.1039/d4nr01496k
https://rsc.66557.net/en/journals/journal/NR
https://rsc.66557.net/en/journals/journal/NR?issueid=NR016034

Published on 03 August 2024. Downloaded on 7/15/2025 1:36:23 AM.

Nanoscale

have been shown to aggregate in a secondary nucleation domi-
nated mechanism'? such as the phenol soluble modulins from
Staphylococcus aureus. We have recently demonstrated that the
lack of an observable rate for secondary processes as seen for
FapC and CsgA in standard in vitro experiments is a rare and
unique feature in protein aggregation since the majority of
aggregating proteins that have been analyzed using chemical
kinetics display a secondary process that is responsible for the
formation of the majority of new aggregates.® For the few pro-
teins for which there is no significant contribution from sec-
ondary processes, new aggregates are formed predominantly
via primary nucleation. This process does not involve any exist-
ing aggregates, although in most cases it likely does not
happen homogeneously in solution, but instead on an inter-
face which catalyzes the formation of a nucleus.

During biofilm formation, specialized nucleator proteins
have evolved to trigger aggregation,'®'* but the amyloid-
forming protein can encounter a multitude of different inter-
faces and surfaces that can potentially interfere with or con-
tribute to the aggregation process. These interfaces range from
biological surfaces such as lipid bilayers of cell membranes, to
extracellular matrix components of the human body, to sur-
faces of medical devices or non-medical related surfaces such
as air-water interfaces, plastics, metal, glass and hydrogel sur-
faces. In fact, several of these surfaces and interfaces have
been observed to affect the aggregation of amyloid forming
protein.'® a-Synuclein, a protein associated with Parkinson’s
disease pathology, has been shown to aggregate rapidly in the
presence of lipid mono- and bilayers due to these lipid layers
enabling both primary nucleation and elongation of protein-
lipid co-aggregates.*'” Its aggregation has also been shown to
be accelerated by hydrophobic surfaces'® and polystyrene
nanoparticles (NPs)."”” Indeed, NPs with various properties
have been found to accelerate aggregation of several other
proteins.'®* CsgA also aggregates rapidly in the presence of
lipid bilayers.”® Furthermore, the presence of an air-water
interface is essential for the aggregation of hydrophobins
(functional amyloids found in fungi), and lack of an air-water
interface abolishes aggregation.”* In fact, in most studies
where it has been specifically tested, fibril primary nucleation
has been found to be heterogeneous.>**® This is perhaps
unsurprising, given that primary nucleation in other contexts
such as crystallization and bubble formation is also almost
always heterogeneous.***

Here, we investigate the effects of various surfaces on the
aggregation mechanism of FapC.

Experimental section

All chemicals were purchased from Sigma-Aldrich.

Recombinant expression and purification of FapC

BL21 (DE3) E. coli cells were transformed with the pET 28a
vector containing the gene for FapC (residues 25-250) from the
Pseudomonas fluorescens strain UK4 without the signal
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sequence (residue 1-24) and with six residues His-tag at the
C-terminus. Cells were grown on LB-agar plates with kanamy-
cin at 37 °C and the colonies were transferred to LB medium
with kanamycin and grown to ODggo ~ 1. Protein expression
was induced by adding IPTG to a final concentration of 1 mM
followed by incubation for 3 h. Cells were harvested and resus-
pended in 20 mL 50 mM tris-HCI pH 8, 8 M guanidine hydro-
chloride pr. L culture, and lysed by sonication. Cell debris was
removed by centrifugation for 30 min at 5000g. The super-
natant was then loaded onto a His-trap column (Nickel NTA
resin, Qiagen, Netherlands). The column was washed with
increasing concentrations of imidazole (0, 30, 60 and 120 mM
in 50 mM tris-HCI pH 8, 8 M guanidine hydrochloride) and
eluted with 300 mM imidazole, 50 mM tris-HCI pH 8, 8 M gua-
nidine hydrochloride. The resulting fractions were analyzed by
SDS-PAGE following ethanol precipitation and the guanidine
hydrochloride was removed immediately before use, using a
PD10 desalting column (GE Healthcare, USA) equilibrated in
20 mM sodium phosphate pH 7 using the gravity protocol.

Aggregation in 96 well plates

Samples of desalted FapC were passed through a 0.22 pm filter
and diluted to the required concentrations. ThT was added to
the protein solutions to a final concentration of 40 pM and the
solutions were transferred to 96-well microtiter plates, sealed
to prevent evaporation, and placed in a Fluostar Omega plate
reader (BMG Labtech, Germany). The plates were incubated at
37 °C, quiescent conditions and the ThT fluorescence (exci-
tation 450 nm, emission 482 nm) was measured every 10 min.
The experiments were carried out in black Corning polystyrene
half-area microtiter plate with a non-binding surface (Corning
3881), black Corning polystyrene non-treated microtiter plate
(Corning 3661), a black Greiner COC polymer microtiter plate
(Greiner 655801), transparent ELISA microtiter plate with high
binding surface, black Thermo Fisher microtiter plate non-
treated (265301). When no specific plate is mentioned the
default black Corning polystyrene half-area microtiter plate
with a non-binding surface (Corning 3881) were used for aggre-
gation reaction in the plate reader. In samples where the air-
water interface was removed 30 pL mineral oil was carefully
pipetted on top of the reaction mixture in the 96 well plate prior
to incubation in the plate reader. To verify that ThT is an accurate
reporter on fibril mass concentration, the ThT fluorescence signal
after the plateau at the end of the aggregation reaction was
plotted against the initial FapC monomer concentration for mul-
tiple conditions (Fig. S3t1). It is well-established that the final
fibril mass concentration must always be linear in the initial
monomer concentration.**>° Fig. $31 also shows a linear relation-
ship, implying that the ThT fluorescence increase is proportional
to fibril mass concentration. Therefore, normalized, baseline-sub-
tracted ThT fluorescence kinetic curves are accurate represen-
tations of the kinetic curves for fibril mass concentration. Note
this was also previously confirmed in an earlier FapC study.'” The
high reproducibility of the kinetics when followed by ThT is
observable throughout the study, with low variability between
triplicate repeats used for each condition or initial protein con-
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centration. We also found repeats of entire concentration-series
kinetic experiments to be highly consistent with one another

(Fig. S27).
Aggregation with nanoparticles

Nanoparticles (NPs) with hydrophobic, positively charged and
negatively charged surface chemistries were synthesized as
described previously.”® In NP experiments, various amounts of
NPs were added to the reaction mixture to obtain different
surface ratios compared to the FapC molecule. ThT and freshly
desalted monomeric FapC was added to the 96 well plate
along with the NPs in different ratios of surface area compared
to the surface area of monomeric FapC protein. The plates
were incubated at 37 °C, quiescent conditions and the ThT
fluorescence (excitation 450 nm, emission 482 nm) was
measured every 10 min.

Microdroplet device fabrication

Microfluidic flowfocusing devices (Fig. S1t) were fabricated using
standard soft-lithography techniques.?” Briefly, the device design
was patterned on a silicon wafer using SU-8 negative photoresist
(MicroChem) to produce a negative mold. Microfluidic channels
were cast into poly(dimethylsiloxane) (PDMS; Dow Corning
Sylgard 184 Silicone Elastomer) on the silicon mold, and the
PDMS stamp was cured at 65 °C for 150 min before peeling off
the mold. Channel inlets and outlets were punched into the
PDMS stamp before oxygen plasma bonding it to a glass slide to
seal the channels. To make channel walls hydrophobic, the
device was flushed with the water repellent agent Aquapel (PPG
Industries) for 30 min before washing with isopropanol and then
blow-drying with a nitrogen stream.

Aggregation in microdroplets

Aggregation reactions were encapsulated into water-in-oil-
emulsions using a microfluidic device with flow focusing geo-
metry. The sample containing monomeric desalted FapC and
40 pM ThT was injected into the middle inlet on the chip at a
flow rate of 200 pL h™'. The carrier oil phase made of fluori-
nated FC-40 (Sigma) with 4% (w/v) triblock copolymer (ABA)
surfactant (where A is a perfluorinated poly(propylene oxide)
block and B a poly(ethylene oxide) block, synthesized as pre-
viously described®®) was injected into the outer inlet at a flow
rate of 300 pL h™" to generate droplets. Fluid flow rates were
controlled with a Cetoni neMESYS syringe pump (Cetoni
GmbH). Droplets were collected at the outlet into rectangular
50 x 500 pm borosilicate capillaries (CM Scientific), and the
capillaries were sealed with wax plugs to prevent sample evap-
oration. Before imaging the capillaries containing samples at
different FapC concentration were aligned on a glass slide for
incubation and imaging. The aligned capillaries were placed
on the automated motorized stage of a custom-built epifluores-
cence laser microscope and covered with a hot plate heated to
37 °C. This setup is similar to ones used previously.*® To track
the aggregation reaction within the droplets, fluorescent
images were acquired every 15 min using laser excitation at
445 nm (diode laser (MLD445, Cobolt)). Individual droplets
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were identified manually, and the average intensity of the
droplet area was extracted for all frames.

Kinetic modelling

The concentrations of free protein monomers and of fibrils are
denoted m(t) and P(t) respectively. The fibril mass concen-
tration (expressed in molar units as the concentration of
monomers that have aggregated into fibrillar form) is denoted
M(t). Closed rate equations can be written down describing
these quantities:*°

dp

e kam ()™ + kym ()™ M(2) (1)

M _ ok, mi)p(e),

& m(t) + M(t) = Mot (2)

where k., k,, k, are the rate constants for elongation, primary
nucleation, and secondary nucleation respectively. The contri-
bution of nucleation reactions to the accumulation of fibril
mass is negligible and has been ignored accordingly. n. and n,
are the reaction orders for primary and secondary nucleation
and are reflective of the number of monomers participating in
the rate-limiting steps of these reactions. Note fragmentation
can also be modelled using these equations by setting n, = 0
and interpreting k, as the fragmentation rate constant. These
equations were fitted using the online fitter AmyloFit*! to the
data generated in this study.

Interpreting reaction orders

Primary nucleation in vitro is generally heterogeneous and
catalyzed by interfaces. Like other catalyzed reactions, at high
enough substrate concentration, the catalytic site is fully occu-
pied at all times by substrate and the rate of product formation
can no longer be increased by adding more substrate. This is
referred to as “saturation”, and in the context of amyloid for-
mation was first discovered to occur in secondary nucleation.’
The kinetics can be more completely described using the
Michaelis-Menten model from enzymology:

dp _ k1m(t)n1

K

where n; > 2. AmyloFit does not provide this more detailed
kinetic model for primary nucleation; however, it is not strictly
necessary provided that the range of initial concentrations is
not too extensive (in this study, it varies by a factor of 4 only),
thus an effective reaction order is expected to capture the sat-
uration behaviour well over the samples’ concentration range.
K; is the geometric mean dissociation constant for individual
monomers from the catalytic sites and can also be interpreted
as a critical saturation concentration.”’ When initial mono-
meric protein concentration m(0) < Kj, i.e. the catalytic site
for nucleation is unsaturated, the rate reduces to k;m(¢)™ at all
times, and clearly fitting eqn (1) and (2) to such data will yield
n. = ny. When m(0) > K;, i.e. the catalytic site is fully saturated,
the rate reduces instead to k,K;"™ (except at late times when

This journal is © The Royal Society of Chemistry 2024
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primary nucleation is no longer important), and AmyloFit will
yield n, = 0. For intermediate values of m(0), the rate loses
some but not all its dependence on the monomer concen-
tration, and AmyloFit will yield apparent n. values 0 < n. < n,.
This is the usual origin of n. values <2. This fact can be used
to gain mechanistic insights when comparing the effect of
different surfaces on nucleation. Assuming no large difference
in n, values, lower fitted n. values <2 for the same range of
monomer concentrations indicate lower K; values, i.e. greater
saturation, or equivalently tighter binding of the monomeric
protein to the catalytic sites on the interface hosting the
heterogeneous nucleation.

Transmission electron microscopy

Aggregated FapC samples were collected following the ThT fibril-
lation kinetics assay. 5 pL of FapC fibrils that formed with and
without the presence of the different types of NPs were directly
placed on carbon coated formvar grid (EM resolutions, UK),
allowed to adhere for 2 min, and washed with MilliQ water fol-
lowed by negative staining with 0.2% uranyl acetate for 2 min.
Further, the grids were washed twice with MilliQ water and
blotted dry using filter paper. The samples were examined using
a Morgani 268 electron microscope (FEI Philips, USA), equipped
with CCD digital camera with a resolution of 1376 x 1032, and
operated at an accelerating voltage of 80 kV.

Results

FapC fibril primary nucleation is heterogeneous in vitro,
occurring on plate walls

The primary nucleation events occurring during in vitro aggre-
gation of FapC can be divided into (1) homogeneous primary
nucleation occurring in solution between monomeric FapC
molecules and (2) heterogeneous primary nucleation occurring
at an interface, Fig. 1.

Heterogeneous primary nucleation can happen at the air-
water interface or at the surface of the reaction container (or in
principle on solid impurities in solution, e.g. dust particles).
To identify whether the primary nucleation events that domi-
nate FapC aggregation are homogeneous or heterogeneous,
aggregation of FapC was carried out in a standard 96-well
plate and compared to aggregation carried out in microdro-
plets. The microdroplets are produced from a surfactant-stabil-
ized water-in-oil emulsion where the interface is effectively a
surfactant monolayer, ESI Fig. 1.1 The oil and surfactant used
are fluorinated, which minimizes interactions with proteins.*?
The very low noise level in the baseline compared to the differ-
ence between baseline and plateau in the microdroplet experi-
ments, alongside the visible smooth increase in signal at early
reaction times (Fig. 2B), indicates that Thioflavin T fluo-
rescence is sensitive enough to accurately report on fibril
aggregation kinetics at all times in microdroplets, in line with
earlier studies.*”

Due also to the smoothness of a surfactant monolayer
surface, we therefore expect heterogeneous primary nucleation
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Fig. 1 Schematic representation of possible mechanism of primary
nucleation. The conversion of protein monomers into aggregation
nuclei through primary nucleation can occur in different ways.
Homogeneous nucleation occurs in solution. Heterogeneous nucleation
occurs at an interface such as the air—water interface or the surface of
the reaction container. After their initial primary nucleation, the nuclei
can grow through addition of monomers at the growing ends, hence
elongation.
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Fig. 2 Aggregation in bulk in microtiter plate wells vs. aggregation in
microdroplets without interfaces present. (a): Aggregation of FapC in
microtiter plate at concentrations ranging from 50 to 200 pM at 37 °C.
Triplicates are used for each concentration. The data is well-fitted by a
nucleation—elongation kinetic model with n. = 1.33, k,k; = 1.34 X 103
M~ h™2, (b): Aggregation of FapC in microdroplets in a water in oil
emulsion at concentrations of 100, 150 and 200 pM at 37 °C. Kinetic
traces were recorded from several thousand microdroplets. After
removal of non-sigmoidal kinetic curves, this reduced to 500, 2255 and
2069 kinetic traces at 100, 150 and 200 pM; these were then averaged at
each concentration. The nucleation—elongation kinetic model with rate
parameters determined in (a) is overlaid, demonstrating a poor fit. (c):
Same data as (a). The secondary nucleation kinetic model with rate para-
meters determined in (d) is shown overlaid, demonstrating a poor fit. (d):
Same data as (b). The data is fitted to a secondary nucleation kinetic
model with n. = 1.33, n, = 1.72, k.k, = 414 M™™ h™2, k.k, = 1.0 x 10°
M2t h=2,

to be greatly reduced in rate or even eliminated in these micro-
droplets. Indeed, the removal of the air-water and container
wall interfaces with this strategy dramatically shown increased
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the reaction half-time (approx. 8 hours for 50 pM FapC in the
plate compared to approx. 25 hours for 50 pM FapC in the
microdroplets, Fig. 2). Moreover, although the data from the
96-well plate is well described by a primary nucleation and
elongation model, Fig. 2A, the same kinetic model with identi-
cal kinetic parameters is not at all consistent with the data
obtained in microdroplets, Fig. 2B. The kinetic data from the
microdroplets can instead be fitted to a secondary nucleation
dominated aggregation mechanism with 7, close to 2, Fig. 2D.
In other words, elimination of the interfaces present in a
96-well plate alters the dominating aggregation mechanism of
FapC. As expected, the primary nucleation rate is found to be
greatly reduced (by several hundred-fold) upon removal of the
air-water and plate wall interfaces, indicating that the main
cause of primary nucleation in the 96-well plate is hetero-
geneous primary nucleation on these interfaces. Note the
same secondary nucleation or fragmentation rate cannot be
assumed in plate reader and in microdroplet experiments,
because these rates are quite sensitive to the amount of agita-
tion due to e.g. plate reader movements during reading.** Such
agitation also affects the primary nucleation rate,*® but this
effect is small compared to the difference observed in the
present study between aggregation in plate readers and in
microdroplets.

Next, the identity of the specific interface causing the rapid
primary nucleation of FapC in plate readers was investigated.
The volume of the reaction mixture in each well in the 96 well
plate was varied from 50 to 200 pL thus changing significantly
the surface : volume ratio of air-water interface in the reaction
mixture, Fig. 3A and ESI Fig. 61 (and that of the plate bottom-
water interface, which is relevant if the plate base has a chemi-
cally different surface than the side walls). The geometry of the

Effect of changing plate well fill height
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Fig. 3 Investigating surface effects on aggregation of FapC (left
column: 150 pM; right column: 100 pM). (a): Aggregation of FapC with
volumes ranging from 50 pL to 200 pL loaded in the wells of a 96 well
plate. (b): Aggregation of FapC in a 96-well plate with mineral oil on top
to eliminate the air—water interface.
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plate wells ensures that the plate wall surface:volume ratio
changes relatively little by changing the fill height. No signifi-
cant changes with volume were seen in the aggregation kine-
tics (Fig. 3A) and the kinetic data from each volume could be
fitted to a nucleation-elongation model (Fig. S6). Although
the rate constants obtained from the kinetic fit to each volume
data set were not identical, the k,k, values are very Similar
(with a relative standard deviation of <20%) and no pattern
can be seen in the variation of the k,k, rates, Fig. S6.1 Next, we
used light mineral oil to overlay the reaction mixture in the
96-well plate to replace the air-water interface, Fig. 3B. Other
functional amyloids such as hydrophobins are known to be
highly dependent on the air-water interface.>* The aggregation
kinetics of FapC do not change when the air-water interface is
no longer present. No changes are seen in the ThT curves in
the presence and absence of mineral oil. The change in the
aggregation mechanism seen in the microdroplets compared
to the 96-well plates is hence not caused by removal of the air-
water interface, indicating that the rapid heterogeneous
primary nucleation in 96-well plates must occur at the plate
walls.

Primary nucleation rate depends strongly on 96-well plate
identity

We first explore the effect of the 96-well microtiter plate
surface on the aggregation. The aggregation kinetics in all the
different plates are faster than in microdroplets and can all be
fitted to a nucleation-elongation dominated aggregation
mechanism (Fig. 4), indicating that all surface chemistries
tested promote primary nucleation significantly more than
microdroplets. As argued in Methods, lower values of the reac-
tion order n. indicate greater saturation of the catalytic site for
primary nucleation when . < 2, assuming the critical nucleus
size does not drastically differ between different plates. This in
turn implies stronger binding of monomer to the catalytic site.
Since nucleation on solid surfaces occurs predominantly at
topographical defects,*>™*’ this is not in general the same as
the overall binding affinity of monomeric FapC to the plate
surface, which may be affected in different ways by surface
nanostructure. Relative FapC-catalytic site binding affinities in
different plates can thus be inferred from comparing their n.
values, but not generally from direct measurements of overall
FapC-plate binding affinities.

The standard plate used for FapC aggregation is the
Corning 3881 polystyrene plate with surface treatment to
create a nonionic hydrophilic surface to minimize molecular
interactions, Fig. 4A. As might be expected, this plate has the
highest n. (Table 1), indicating the lowest saturation of the
catalytic site. The plate is polystyrene (PS) with a hydrophilic
surface treatment (Table 2); however, the high-binding ELISA
plate is also polystyrene with a hydrophilic surface treatment,
and instead displays high catalytic site saturation (significantly
lower n.). Presumably the hydrophilic treatments of these
plates are quite different in either chemistry or nanostructure.
Similarly, the 3 investigated plates with hydrophobic surfaces
display a wide range of catalytic site saturations (Table 2).

This journal is © The Royal Society of Chemistry 2024
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nucleation—elongation model with n. = 1.33, k.k, = 1.34 x 10°> M~ h=2
and MRE = 0.00287. (b): Aggregation of FapC in a Corning 3661 plate.
The kinetic data is fitted to a nucleation—elongation model with n. =
0.874, kpk, = 335 M™™ h™2 and MRE = 0.00254. (c): Aggregation of
FapC in a Greiner plate. The kinetic data is fitted to a nucleation—elonga-
tion model with n. = 0.92, k.k, = 171 x 10> M™ h™2 and MRE =
0.00133. (d): Aggregation of FapC in a high-binding ELISA plate. The
kinetic data is fitted to a nucleation—elongation model with n. = 0.743,
knk, = 2.16 M~ h™2 and MRE = 0.00349. (e): Aggregation of FapC in a
Thermo Fisher 265 301 plate. The kinetic data is fitted to a nucleation—
elongation model with n. = 0.17, k,k, = 0.00924 M~ h~2 and MRE =
0.00211. (f): Effective rate of aggregation +/2k, k,m(0)™, see ref. 44 of
FapC at 125 pM plotted against the n. obtained from global fitting of
kinetic data from different plates.

Table 1 Microtiter plates used for FapC aggregation

Surface

Plate Plastic type treatment Surface nature
Corning 3881  Polystyrene + Nonionic hydrophilic
Corning 3661  Polystyrene — Hydrophobic
Greiner Cyclic olefin — Hydrophobic

copolymer (COC)
ELISA plate Polystyrene NA Hydrophilic
Thermo Fisher Polystyrene — Hydrophobic

Overall, there is thus no apparent correlation between catalytic
site binding affinity and the hydrophilic/hydrophobic nature
of the plate surface alone. However, low and high binding

This journal is © The Royal Society of Chemistry 2024
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Table 2 Kinetic parameters for FapC aggregation in different microtiter
plates

Aggregation rate

Representative +/2k;k,m(0)™
1

Plate ne kuke (M~ h™%) m(0) (M) (h™)

Corning 3881 1.33 1.34 x 10° 1.25x 107" 1.4%x107"
Corning 3661 0.874 33.5 1.25x107* 1.6 x 107"
Greiner 0.92 1.71x 10> 1.25x107* 3.0x107"
ELISA plate  0.743 2.16 1.25x107*  7.4x107?
Thermo Fisher 0.17 9.24 x 1073 1.25x107* 6.3 x1072

surface treatments appear successful at modulating FapC
binding strength to catalytic sites.

Aside from surface treatments, what correlations exist, if
any, between those details of plate surface chemistry made
public by the manufacturers and the degree of saturation of
the catalytic site for FapC primary nucleation? Of the non-
surface-treated plates, the Greiner plate, made of cyclic olefin
copolymer (COC) displays lower saturation than the Corning
3661 and Thermo Fisher plates, which are made of poly-
styrene, suggesting that COC surfaces may interact less
strongly with FapC than PS. However, despite the Corning
3661 and Thermo Fisher seemingly having identical surface
chemistry to one another, the Thermo Fisher plate has higher
catalytic site saturation. This implies that the Thermo Fisher
plate may differ in surface nanostructure, resulting in catalytic
sites whose geometry promotes stronger binding to FapC.

Surfaces catalyze the aggregation by binding reactants,
intermediates and/or products, and providing an alternative
pathway to nucleation of new fibrils with lower energy barriers.
The strength of the catalytic effect of a surface primary nuclea-
tion site is expected to reach a peak at an intermediate
binding strength of protein to this site. This peak represents a
trade-off between the speed of the initial binding step of this
alternative nucleation pathway, and the speed at which the
products of nucleation can detach from the catalytic sites.?*
From Table 2, we see that nucleation reaction order n. and
overall reaction rate obey exactly the relationship expected if n.
is indeed inversely proportional to the binding strength of
FapC to catalytic sites on the plate surface. In other words, the
effective aggregation rate +/2k k,m(0)™ (ref. 44) initially
increases to a maximum as n. decreases (Corning 3881 plate —
Greiner plate), before subsequently decreasing with n.
(—Corning 3661, ELISA plates — Thermo Fisher plate), Fig. 4F.
This supports our earlier assumption that unsaturated reaction
order n, is not greatly different in different plates and lends
strength to our argument that n. should be inversely pro-
portional to the degree of saturation and thus the catalytic site
binding affinity (see Methods).

The high-binding ELISA plate and the Thermo Fisher plate
show non-standard curve shapes especially at concentrations
lower than those shown in Fig. 4, where the rate of fibril mass
concentration growth changes discontinuously from zero to a
large value at times >10 hours. This could conceivably be due
to binding of aggregated protein to the plate surface, which
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could result in an initial lack of fluorescence increase, as the
sides of the well are less visible to the plate reader. This would
not be unexpected as these plates also display the strongest
saturation (lowest n.). To test this hypothesis, we reproduce in
Fig. S7t the data of Fig. 4D and E supplemented with
additional lower monomer concentrations. We find that a pro-
visional kinetic model that explicitly includes the binding of
fibrils to plate surfaces gives markedly improved fits, demon-
strating the plausibility of this proposed fibril sink in these
plates. To positively confirm this mechanism, orthogonal
experiments would in principle be needed; however, since this
point is peripheral to the present study, we leave such experi-
ments for future investigations.

Nanoparticles strongly catalyze FapC primary nucleation
provided monomer binding is not too strong

The effect of differences in plate surface structure cannot be
unambiguously separated from the effects of different surface
chemistries by testing different types of plates. To help address
this limitation, and to test additional surface chemistries, FapC
was incubated in the presence of nanoparticles (NPs) with hydro-
phobic, hydrophilic positively charged or hydrophilic negatively
charged surfaces, Fig. 5. In the presence of increasing amounts of
hydrophobic NPs the aggregation of 50 uM FapC is accelerated,
Fig. 5A. The aggregation data can still be well described by fitting
to a nucleation-elongation model, both when varying NP concen-
tration (Fig. 5A) and varying protein concentration, ESI Fig. 8,1
further demonstrating that hydrophobic interfaces accelerate
aggregation kinetics. Additionally, the parameter k,k. increases
linearly with hydrophobic NP surface ratio. The constant y-inter-
cept of this linear correlation gives the nucleation rate in the
absence of NPs, ie. on the plate interfaces. The rapid increase in
nucleation rate confirms that most primary nucleation occurs on
the NPs even at low NP concentrations, Fig. 5B. Note this slope is
equivalent to linear proportionality; the log-log axes are chosen
for convenience since the nanoparticle concentration spans
several orders of magnitude.

Similarly to hydrophobic NPs, the presence of negatively
charged NPs accelerated FapC aggregation kinetics linearly
with increasing NP amounts, Fig. 5C. The kinetic data in pres-
ence of the negatively charged NPs is well described by a
nucleation-elongation model, both when varying NP concen-
tration (Fig. 5C) and varying protein concentration, ESI Fig. 8.7
Interestingly, the k,k, parameter displays a similar relationship
to the surface ratio of negatively charged NPs as is seen for
hydrophobic NPs, Fig. 5D. This implies a similar nanocatalytic
effect on primary nucleation, despite the different NP surface
properties. n. is reduced in the presence of both hydrophobic
and negative NPs (ESI Fig. 87), consistent with the surfaces of
these NPs binding FapC more strongly than the plate walls.

The pH of 7 used in this study is close to the isoelectric
point of FapC (pI = 7.25), rendering it zwitterionic, although
carrying a small net positive charge. Thus, we expect it can
bind to both positive and negatively charged surfaces but
attain different bound conformations. Positively charged NPs
clearly alter the aggregation kinetics of FapC but only at higher
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Fig. 5 Aggregation kinetics of Fapc in the presence of NPs. (a):
Aggregation of 50 uM FapC in the presence of hydrophobic NPs with
different surface ratios compared to the surface ratio of FapC. The
kinetic data is fitted to a nucleation—elongation model with n. = 1.33 as
a global constant and k,k., varies for each concentration of NP, MRE =
0.00067. (b): The kinetic parameter k,k, from fitting 50 pM FapC in the
presence of varying amounts of hydrophobic NPs plotted as a function
of the surface ratio of the NPs compared to FapC on a log-log scale.
The linear regression for surface ratios up to 0.01 is also plotted and
exhibits curvature on logarithmic axes at lower surface ratios due to the
constant term. (c): Aggregation of 50 pM FapC in the presence of nega-
tive NPs with different surface ratios compared to the surface ratio of
FapC. The kinetic data is fitted to a nucleation—elongation model with
n. = 1.33 as a global constant and k,k. varies for each concentration of
NP, MRE = 0.00123. (d): The kinetic parameter k,k, from fitting 50 pM
FapC in the presence of varying amounts of negative NPs plotted as a
function of the surface ratio of the NPs compared to FapC on a log-log
scale. (e): Aggregation of 50 pM FapC in the presence of positive NPs
with different surface ratios compared to the surface ratio of FapC. The
kinetic data is fitted to a nucleation—elongation model with n. = 1.33 as
a global constant and k,k. varies for each concentration of NP, MRE =
0.00306. (f): The kinetic parameter k,k., from fitting 50 pM FapC in the
presence of varying amounts of positive NPs plotted as a function of the
surface ratio of the NPs compared to FapC on a log—-log scale. No clear
trend is seen.

concentrations than used for the other NPs, Fig. 5E. At this
point, the nucleation-elongation model no longer describes
the data well. However, the overall rate of aggregation is not
significantly accelerated or decelerated, and consequently no
clear trend can be seen in the k,k, parameter observed at
varying amounts of NPs, Fig. 5F. Fixed (and lower) amounts of
positively charged NPs do not significantly alter the kinetics
relative to no NPs, Fig. 5F and ESI Fig. 8.}
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However, higher amounts of positively charged NPs appear
to shift the aggregation kinetics to a first-order rate law (expo-
nential decay of monomer concentration). This is more con-
sistent with a coagulation or amorphous aggregation reaction
than with a fibril formation reaction. Given the zwitterionic
nature of FapC this could conceivably be electrostatically-
driven.

We verified this hypothesis using TEM images of FapC
aggregated in the presence of positive NPs, which showed the
presence of amorphous aggregates surrounding and connect-
ing the NPs, with few fibrils visible. By contrast, many fibrils
are visible in TEM images of FapC aggregated in the presence
of negative or hydrophobic NPs and for FapC aggregated in the
absence of NPs (Fig. 6). The lack of acceleration in the kinetics
even at low positive NP concentrations could be a consequence
of FapC-NP binding strong enough to inhibit rather than cata-
lyze primary nucleation, or of a bound FapC conformation not
conducive to subsequent fibril formation. This is characteristic
of amorphous or non-fibrillar aggregates, which can be viewed
as a kinetically trapped intermediate state relative to the more
thermodynamically stable fibrils.*’

Discussion

The surfaces in multi-well plates where primary nucleation
occurs in in vitro experiments are not usually biologically rele-
vant. However, since the same types of plates are typically
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used, the relative rates of primary nucleation compared across
different proteins may still retain some in vivo relevance. The
primary nucleation rate of FapC is pretty typical for a known
functional amyloid protein. Interestingly, at equivalent concen-
trations, in vitro primary nucleation rates differ little between
amyloids that have been positively identified as functional or
pathological, and even amyloids that do not aggregate at all in
biological contexts (detailed rates across known functional and
disease-associated amyloids can be found in Meisl et al).?
This implies that primary nucleation propensity has little to
do with the biological role of amyloids, or their role in disease.

The rates of secondary processes have been previously com-
pared across systems® at in vivo-relevant concentrations tai-
lored to each protein to identify its role in biology. Comparing
rates at a single concentration (we here use 100 uM) instead
gives us the innate propensity of these proteins to undergo
self-replication. We find that disease-associated amyloid-
forming proteins have on average a ten-fold higher rate under
these circumstances than for amyloids not known to be associ-
ated with disease, implying that it is not just a matter of con-
centration which proteins end up associated with disease.
Instead, pathological amyloids on average have an intrinsically
greater propensity for secondary processes. The rate of FapC
secondary nucleation is 2 orders of magnitude slower than the
self-replication rate of a typical pathological amyloid-forming
protein at 100 pM. However, its self-replication rate is not zero.
Our results show that even functional amyloids not linked
with diseases will exhibit secondary process-dominant kine-

Fig. 6 TEM images of FapC in the absence and presence of NPs. Top panel: Left: 50 pM FapC aggregated in the absence of NPs. Middle: 50 pM
FapC aggregated in the presence of high concentrations of negative NPs (500 : 1). Right: 50 uM FapC aggregated in the presence of high concen-
trations of hydrophobic NPs (100 : 1). Bottom panel: Left: 50 pM FapC aggregated in the presence of high concentrations of positive NPs (25:1).
Middle: 50 pM FapC aggregated in the presence of high concentrations of positive NPs (25 : 1). Higher magnification. Amorphous aggregates indi-
cated by arrows. Right: 50 uM FapC aggregated in the presence of low concentrations of positive NPs (1000 : 1).

This journal is © The Royal Society of Chemistry 2024
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tics, exactly like pathological amyloids, if the speed of other
fibril formation pathways is reduced enough, for example by
removing the interfaces promoting primary nucleation. Given
their long, thin shape, all fibrils will fragment to some degree,
and it is possible that this low intrinsic fragmentation rate is
responsible for the self-replication seen when primary nuclea-
tion is slowed enough. However, the high reaction order of the
secondary process observed in our data implies that the
mechanism of self-replication of FapC in the droplets is in fact
secondary nucleation rather than fragmentation. Remarkably,
for many other proteins for which a detailed investigation has
been conducted to determine the mechanism of self-replica-
tion in vitro, it has also been found to be secondary nucleation,
rather than basic fragmentation.

The knowledge that surfaces are key in primary nucleation
can also be used to speed up rather than slow down this
process. The strong catalytic effect of NPs on primary nuclea-
tion*® may be especially useful in kickstarting aggregation in
slowly nucleating systems such as tau,’®”" avoiding the need
to use extreme reaction conditions. Indeed, the same NPs have
been used to induce amyloid formation by human insulin
under physiological conditions.?® Normally, very low pH and
high temperatures are required for this protein to aggregate.
By promoting primary nucleation sufficiently, the location of
primary nucleation is moved from hard-to-control reaction
vessel interfaces to the NPs themselves. In combination with
mechanistic modelling and global fitting, this also affords the
possibility of probing the mechanism of primary nucleation of
other proteins in the future by tailoring the NP properties, and
without the need to use multiple plate types.

It has previously been shown that for several amyloid-
forming proteins that nucleate at the air-water interface or oil-
water interface, the rate of nucleation first rises and then falls
with the strength of binding to the interface (i.e. the adsorp-
tion free energy).>> We have shown that this also applies for
FapC, that instead nucleates on the plate wall, provided the
overall interface binding strength correlates strongly with the
binding strength to the catalytic sites for primary nucleation
that are located on the interface. We have further shown that
the efficacy of nanocatalysts at promoting FapC primary
nucleation is governed by the same principles, being a trade-
off between their ability to promote reactant binding and their
inability to release oligomeric or fibrillar products. Conversely,
addition of nanoparticles has often been found to inhibit
rather than promote aggregation.”’**>°>*® This can occur
when a significant fraction of monomeric protein is adsorbed
onto the surfaces of the nanoparticles, but the protein can
aggregate only slowly on these surfaces. There is tentative evi-
dence that this occurs in the present study with positive NPs,
at concentrations low enough that flocculation does not occur.
These principles must all be borne in mind when designing
nanocatalysts for the primary nucleation of other fibrils or
supramolecular structures from other kinds of monomeric
protein. In fact, because excessively strong binding to nano-
particles can induce their flocculation, it is even more impor-
tant to avoid this than with ordinary catalytic surfaces.
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