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Abstract. The aggregation of peptides into amyloid fibrils is linked to ageing-related diseases,
such as Alzheimer’s disease and type 2 diabetes. Interfaces, particularly those with large
nanostructured surface areas, can affect the kinetics of peptide aggregation, ranging from a
complete inhibition to strong acceleration. While a number of physiochemical parameters
determine interface effects, we here focus on the role of nanoparticle curvature for the aggregation
of the amyloidogenic peptides APso, NNFGAIL, GNNQQNY and VQIY VK. Nanoparticles (NPs)
provided a surface for peptide monomers to adsorb, enabling the nucleation into oligomers and
fibril formation. High surface curvature, however, destabilized prefibrillar structures, providing an
explanation for inhibitory effects on fibril growth. Thioflavin T (ThT) fluorescence assays as well
as dynamic light scattering (DLS), atomic force microscopy (AFM) and electron microscopy
experiments revealed NP size-dependent effects on amyloid fibril formation, with differences
between the peptides. While 5 nm gold NPs (AuNP-5) retarded or inhibited the aggregation of
most peptides, larger 20 nm gold NPs (AuNP-20) tended to accelerate peptide aggregation.
Molecular dynamics (MD) studies demonstrated that NPs’ ability to catalyze or inhibit oligomer
formation was influenced by the oligomer stability at curved interfaces which was lower at more
highly curved surfaces. Differences in the NP effects for the peptides resulted from the peptide
properties (size, aggregation propensity) and concomitant surface binding affinities. The results

can be applied to the design of future nanostructured materials for defined applications.
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Introduction

Nanostructured materials are abundant in nature, for instance as vesicles and biological

! or as nanoparticles in air pollutants,? cosmetics® and medical products.*

membranes in organisms,
Their high surface-to-volume ratio implies a significant impact of even small amounts upon
various biological processes.>® Of particular interest is the role of nanoparticles (NPs) for peptide
aggregation into amyloid fibrils.>*~'! Amyloid fibrils are formed via a nucleation-polymerization

mechanism, >3

and some intermediates are connected with neurodegenerative diseases, such as
Alzheimer’s disease, type 2 diabetes, or prion diseases.!* !¢ A comprehensive overview on the
impact of nanoparticles on amyloid peptide aggregation has recently been published.’

Earlier studies reported contradictory effects of NPs on amyloid fibril formation ranging from a
complete inhibition to strong acceleration of the process (Figure 1).>!7-2° These paradoxical effects
result from the diversity of NPs which are characterized by varying physicochemical properties,

21723 morphology and size.?*** NP size effects on

determined by their material,” surface chemistry,
amyloid peptide aggregation have been the subject of intense research.!2327-29-31.32 Experimental

studies identified an impact on the immediate peptide layer formed around NPs, the corona,*' and

18,26 t.27

particularly the peptide’s secondary structure and B-sheet content.”’ Gao ef al. reported an
acceleration of AP4o fibrillation by larger NPs whereas smaller NPs and nanoclusters retarded or
inhibited amyloid fibril formation.?® Theoretical studies using coarse-grained peptide models
described an influence of NP curvature on peptide adsorption energies and densities.?*?>3 The
adsorption energies increased with increasing NP size due to van der Waals attraction and
increasingly exposed surfaces.”* While these studies provided insights into peptide adsorption

affinities and peptide conformations at NPs of varying size, a comprehensive model of how the

complex processes of amyloid fibril formation are influenced by NPs is missing.
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Figure 1. Schematic representation of the contradictory influence of NPs on the kinetics of

amyloid fibril formation. Figure adapted from John et al.’

In addition to NP size, the impact of NPs on amyloid fibril formation also depends on the peptide

3435 and the physicochemical

itself, such as its intrinsic aggregation propensity and fibril flexibility,
environment, such as solution ionic strength, pH and temperature.’®*” These properties can be
tuned to better determine the potential impact of NPs on disease development or to design NPs
with inhibitory effects on amyloid formation.** Previous studies found that higher ionic strengths
or particular buffer conditions induced or accelerated peptide aggregation due to changes in the
strength of electrostatic interactions.*®*®% Due to the influence of all those parameters, it is not
unexpected that contradictory effects of NPs on amyloid peptide aggregation have been reported.

In this work, we used experimental techniques in conjunction with molecular dynamics (MD)
simulations to demonstrate that NP size does differentially affect fibril growth for several
amyloidogenic peptide motifs (amyloid beta peptide: AP4o; human islet amyloid polypeptide:
hIAPP, NNFGAIL; prion protein: SUP35, GNNQQNY; tau protein: VQIVYK).***! Thioflavin T
(ThT) fluorescence assays, atomic force microcopy (AFM), dynamic light scattering (DLS) and

electron microscopy experiments provided kinetic and structural information on the size-

dependent NP influence on amyloid fibril formation, while keeping the physicochemical
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environment constant. Small 5 nm gold NPs (AuNP-5) retarded or even inhibited the aggregation
of most peptides, while larger 20 nm gold NPs (AuNP-20) had either no influence or accelerated
peptide aggregation. The curvature effect of NPs on amyloid fibril formation was computationally
modelled via external potentials that forced fibrillar oligomers on a curved surface. We identified
that larger NPs provided an attractive surface for seed formation, while smaller NPs may have
interfered with the structure of larger oligomers and fibrils, inhibiting amyloid peptide aggregation.
The differential influence of NP size on the aggregation of the peptide motifs studied has been
attributed to differences in the peptides’ size and flexibility, aggregation propensity and

concomitant surface binding affinity, in a given environment.

RESULTS AND DISCUSSION

To explore the impact of NP size on amyloid peptide aggregation, gold NPs (AuNPs, citrate-
stabilized) of varying diameters (5 nm and 20 nm) were added to buffered peptide solutions. The
size and zeta-potential of the NPs (AuNP-5 and AuNP-20) were validated using UV-vis absorption
spectroscopy (AuNP-5: 5 nm; AuNP-20: 20 nm) and dynamic light scattering (DLS, AuNP-5:
7 nm (£2), {=-41 mV (£10); AuNP-20: 17 nm (+4) , { =-42 mV (+47)) (Table S1 and Figure S1
for NPs’ characterization). Peptide solutions were buffered in HEPES to ensure a consistent pH,
while keeping the citrate-coated AuNPs stable (Figures S2 and S3 and Table S2). This is a critical
step to separate surface effects from potential pH changes upon addition of NP solution. Amyloid-
forming peptides of varying size (six to 40 amino acids), sequence and overall net charge were
studied (Table 1) under consistent conditions (HEPES buffer, 100 mM, pH 7.4, 37°C) to identify
general patterns in the NP effects. The peptide concentrations were adjusted so that peptide

aggregation could be probed within a reasonable time frame, which differed between the peptides
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due to their differences in intrinsic aggregation propensity (Figure S4). At 1 mg/mL, only APao
aggregated under the study conditions (Figure S5).

Table 1. Overview of peptides studied with primary sequence and net charge at pH 7.4

(determined using online calculator®?).

Peptide with sequence  Charge, Partial charges
pH 7.4

APao -2.9 Positive: 1 xR, 2 x K,
(DAEFRHDSGYEVH Slightly positive: 3 x H,
HQKLVFFAEDVGSN Negative: 3x D,3xE
KGAIIGLMVGGVV)
NNFGAIL +0
GNNQQNY +0 -
VQIVYK +1 Positive: 1 x K

The kinetics of amyloid peptide aggregation in the presence and absence of NPs was primarily
probed using thioflavin T (ThT) fluorescence assays (Figure 2). The ThT dye is commonly used
to follow the aggregation kinetics of peptides as it changes its fluorescence properties upon binding
to B-sheet rich amyloid fibrils.**** AuNPs of 5 nm and 20 nm in diameter were added at constant
mass (20 png/mL) and constant overall surface area (3.1 cm?/mL). This enabled consideration of
the larger surface area at the same mass concentration of the smaller NPs and thus excluding the
possibility that NP size-dependent effects would solely result from differences in NP surface area.
The smaller NPs (AuNP-5) retarded or even inhibited the aggregation of ABs, GNNQQNY and
VQIVYK aggregation. While the effects were more significant at higher surface area for AP4o and
GNNQOQNY (Figure 2 a, b, e), a complete inhibition of the aggregation process was observed for
VQIVYK at both 3.1 cm?/mL and 12.4 cm?/mL AuNP-5 (Figure 2 f). Thus, while the surface area
and amount of NPs matter, a size-dependent effect of NPs on peptide aggregation was observed.
When comparing the different peptides, only VQIVYK has a small net positive charge (Table 1)

and thus likely binds stronger to the negatively charged citrate-coated NP surface, while
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GNNQQONY is uncharged and AP4o has an overall negative charge. The stronger the peptide-NP

surface attraction, the stronger are the expected effects on peptide aggregation.
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Figure 2. ThT fluorescence measurements to follow the aggregation kinetics of the peptides (a-b)
APao, (c-d) NNFGAIL, (¢) GNNQQNY and (f) VQIVYK. Peptide aggregation was probed at 37°C
in HEPES (100 mM, pH 7.4) buffer without and with gold NPs (AuNP-5, AuNP-20) present. In
addition, highlighted in light-grey background, A4 was studied at 27°C (b) and NNFGAIL in
water (d) to probe the effects of temperature and solution conditions. An increase in ThT
fluorescence indicates the aggregation of peptide monomers into fibrils. An overview of the half

times of aggregation (ti2, 50%) is summarized in the Supporting Information (Table S3).

As AP0 aggregation was not influenced by AuNP-5 at 5 pg/mL at 37°C, an additional
experiment at 27°C was performed (Figure 2 b). At lower temperature, peptide aggregation was

slower and NP surface effects became more relevant, as AuNP-5 now also retarded peptide
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aggregation at lower NP concentration. The larger NPs (AuNP-20) had slightly accelerating but
no significant effects on the aggregation of the peptides APBso, GNNQQNY and VQIVYK (Figure
2 a, b, e, f). In contrast, NNFGAIL aggregated much faster than the other peptides (Figure 2 c),
likely due to the high hydrophobicity and thus low solubility and high aggregation propensity
(Figure S4). Both AuNP-5 and AuNP-20 accelerated NNFGAIL aggregation while AuNP-5 led to
a lower yield of fibrils. As NNFGAIL immediately aggregated in the presence of AuNP-20 under
the studied conditions (Figure 2 c), peptide aggregation was additionally studied in water (Figure 2
d). In unbuffered aqueous solution, both AuNP-5 and AuNP-20 strongly accelerated NNFGAIL
aggregation; however, the effects of NPs could not be clearly distinguished due to pH changes
caused by the addition of NP solutions that were citrate-stabilized (Table S2). Thus, it is essential
to probe NP effects on peptide aggregation under buffered conditions, as done in this study. While
ABso, GNNQQNY, and NNFGAIL in water (Figure 2 a, b, d, e) present typical sigmoidal
nucleation-polymerization kinetics, VQIVYK and NNFGAIL in HEPES buffer (Figure 2 c, f)
show an exponential fibril growth, indicating immediate aggregation seeded by already formed
fibrils for NNFGAIL, and after a lag time for VQIVYK.* The presence of AuNP-5 most likely
inhibited the nucleation into oligomeric species and thus larger fibrils for ABso, GNNQQNY and
VQIVYK (Figure 2 a, b, e, f). While both AuNP-5 and AuNP-20 provided a seeding surface for
NNFGAIL, this was particularly apparent when studied in water and thus no electrostatic
contributions from buffer salt (Figure 2 c, d).346

Dynamic light scattering (DLS) measurements were used to follow A4 fibril growth in situ
without the presence of a fluorescence dye at 37°C (Figure 3 a, c, €). The method works best for
samples that only contain spherical particles of the same size that do not precipitate and follow

perfect Brownian motion. Amyloid fibrils do not satisfy these assumptions; however, the measured
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hydrodynamic diameter grows when fibrils form and elongate. While the DLS hydrodynamic
diameter of the peptide species increased in the 0-500 nm range in all cases, larger aggregates in
the 2000-4000 nm range were only observed without AuNP and with AuNP-20 present, indicating
an inhibition of the formation of mature peptide fibrils when AuNP-5 were present. In addition, a
larger portion of mature fibrils was measured when AuNP-20 were present, compared to the
sample without AuNPs. Despite the differences in time scale of aggregation between ThT
fluorescence (Figure 2) and DLS (Figure 3) due to differences in the experimental setups (e.g. no
shaking of DLS measurement cell), an inhibitory effect on AP0 aggregation by smaller NPs and

an accelerating effect by larger NPs was confirmed.

Y DLS Intensity (1-100), 37°C  AFM after 8 days, 25°C
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Figure 3. The kinetics of A4 aggregation was followed using (a, c, €) dynamic light scattering
(DLS) and independently (b, d, f) atomic force microscopy (AFM). Peptide aggregation was
studied in HEPES buffer (100 mM, pH 7.4) without and with 20 pg/mL gold NPs (AuNP-5,
AuNP-20) present. An increase in DLS hydrodynamic diameter indicates the formation of larger

peptide aggregates. Note that small amounts of any particles in a pure water or buffer solution
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scatter light very strongly (Figure S6); thus, the analysis is focused on the formation of larger
aggregates > 1000 nm in hydrodynamic diameter. AFM enabled the imaging of typical fibril
structures after eight days. Additional AFM and scanning electron microscopy (SEM) images can

be found in the Supporting Information (Table S4).

Atomic force microscopy (AFM, Figure 3 b, d, f) and scanning electron microscopy (SEM,
Table S4) images of AP4o samples that were incubated for eight days at 25°C show that amyloid
fibrils are formed both with and without NPs present. However, larger fibril structures were only
observed in the samples without any NP and with AuNP-20 present (Figure 3 b, d, f and Table
S4), while they were more prevalent in the sample with AuNP-20. Transmission electron
microscopy (TEM) characterization of APso, GNNQQNY and VQIVYK confirmed fibril
formation in all cases following significant incubation times of up to two months (Figure 4, Table
S5). While there were morphological differences between the peptides, TEM revealed more
flexible amyloid fibril clusters in the presence of AuNP-5, indicating a structural influence of NP
geometry on fibril morphology. The resulting AP4o fibrils varied between 11 and 14 nm in
diameter, with finer and more flexible, yet densely packed, fibrillar structures in the presence of
small diameter NPs. This trend was also observed for GNNQQNY in the presence of AuNP-5
(Figure 4). Thus, small NPs may additionally impact the peptide self-assembly as they are in the

same size regime as the peptide fibrils.
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Figure 4. TEM images of (a-c) AP4o and (d-f) GNNQQNY peptide fibrils deposited onto silicon
and air-dried after incubation in HEPES buffer without and with 20 pg/mL AuNP-5 and AuNP-20

for two months. Additional TEM images can be found in the Supporting Information (Table S5).

Molecular dynamics (MD) simulations were used to explain the influence of surfaces and
curvature on amyloid fibril formation. We started with simulations of the interaction of the
peptides at a planar citrate coated gold surface, using an atomistic gold model based on the GolP
(Gold-Protein) force field, as previously reported (Figures 5 and S7).>%%" These simulations

revealed that the conformational space sampled by the larger AB4o peptide was reduced if in contact

11
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with the surface, while the smaller NNFGAIL or GNNQQNY peptides were not restricted in
flexibility (see Schlitter entropy in Figure 5 e). The shorter peptides remained bound via their
N-terminus in most cases over the course of the simulations whereas the larger AP4o, with either a
B-sheet or an a-helix initial structure, desorbed or formed multiple interaction sites respectively,
via the N-terminus as well as the lysine side chain at position 28 (K28). Once additional peptides
were introduced into these systems, oligomeric structures were formed at the surface.® Peptide-
peptide interactions become more important, leading to more B-sheets (see Table S6 and Figure
S8) as well as cluster formation and phase separation rather than surface binding (see Figures 5 f-
g and S7 e-j). Models of the mechanistic influence of surfaces on peptide nucleation and

aggregation have previously been reported and summarized.>%-3%48

12
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I) Peptide monomers at citrate-coated gold surfaces II) Agglomeration of peptides
a) 1 x AB4o (2M4J structure) c) 1 x NNFGAIL (3DGJ) f) 5 x AB4g (2M43)

b) 1 x AR, (modified 11YT) d) 1 x GNNQQNY (20MM) g) 100 x GNNQQNY (20MM)

e) Schlitter entropy
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Figure 5. (I) MD simulation snapshots of peptide monomers of (a, b) ABso, (¢) NNFGAIL and (d)
GNNQQNY at citrate-coated (shown in yellow) gold surfaces. One bound peptide (a-d) was
simulated for 100 ns in multiple repetitions to study conformational changes. (e) The
conformational entropy was analyzed using the Schlitter method (C, atoms). The larger APaso
peptide had multiple interaction sites with the surface when bound while the smaller NNFGAIL
and GNNQQNY peptides were adsorbed via their N-terminus only, resulting in a reduction in
conformational space for the AP4o peptide when bound with gold compared to in solution. Both (a)
B-sheet (2M4J) and (b) a-helical (modified 1TYT) starting structures were studied for AP4o. (II)

When more peptide monomers were added and thus the peptide locally concentrated (f-g), peptide-
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peptide interactions became more important, inducing cluster formation, eventually resulting in

percolated clusters that bridge the periodic simulation box (see in g).

To understand how intrinsic differences in surface geometry affect the stability of NP-bound
peptide aggregates, additional MD simulations were performed. Peptide aggregates consisting of
five or ten monomers aligned in a parallel B-sheet were studied, using fibril structure information
from the PDB databank*!*>*° and representing the size range of critical nuclei for fibril growth.>!->?
NP curvature was implicitly modelled using spherical harmonic potentials acting on the peptides'
N-termini (see Methods section for details). The effective stiffness of the interface of the NP was
modeled by the choice of the force constant which we derived from the simulations of peptides at
planar citrate-coated gold surfaces (see Figure 5). These suggested that the peptide N-termini
favorably bind to the negatively charged citrates.”** Representations of the peptide oligomers of
AP0, NNFGAIL and GNNQQNY after 100 ns are shown in Figure 6 (for 10mers; see Figures S9

and S10 for Smers).

14
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Figure 6. Oligomers of (a) AB4o, (b) NNFGAIL and (c) GNNQQNY were studied when bound to
implicit nanoparticles of 5 nm (NP-5) and 20 nm (NP-20) diameter and when in solution (Control).
The relative RMSF (root-mean-square fluctuation, relative = minimum for each condition set to 0
to correct for the overall translational movement) of the peptides during the last 10 ns of simulation

time is shown. Higher RMSF values indicate larger structural changes. (d) The NP curvature effect
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on peptide aggregates was analysed by quantifying the average absolute forces on the N-termini
and the NP potential energy over the last 90 ns (10-100 ns) of simulation time. Relative differences
between NP-5 and NP-20 are shown. The absolute values are largely curvature independent and

determined by translational restraining and Brownian forces (see Table S8 for absolute values).

While the ABso aggregates (Figure 6 a) show only subtle differences in peptide structure between
the simulations in solution and those bound to implicit NPs, aggregates formed from the shorter
heptapeptides NNFGAIL and GNNQQNY (Figure 6 b-c) rearranged on the NP surface. This is
most likely due to the large, flexible structure of the APso peptide compared to the smaller
heptapeptides. We emphasize that peptide aggregation occurs on time scales of several hours under
experimental conditions, whereas simulations can only examine the initial changes in structure.
The B-sheet content of the peptides increased in most simulations compared to the starting structure
(see Table S7). NNFGAIL formed B-sheet double layers, indicating the stability of fibril oligomers
when bound to curved surfaces, especially with NP-20. Further analysis of the relative RMSF
(root-mean-square fluctuation) of the peptide aggregates confirmed a high structural stability
during the last 10 ns of simulation time, while larger structural rearrangements particularly within
the N-terminal region of AP4o were observed during the initial steps (Figure S9).

The curvature stress imposed on the aggregates has been investigated further by quantifying the
average absolute forces that act on the peptides’ N-termini and the resulting potential energies to
restrain the peptides on the implicit curved NP surfaces (Figure 6 d). Since both measures are
largely curvature independent and result from restraining of translational motion and Brownian
forces, the relative difference between the effects at NP-5 and NP-20 were calculated (see also
Table S8 for absolute values). While the difference between NP-5 and NP-20 was not significant

for APa4o, possibly due to AP4o’s large size, the forces on the N-termini of NNFGAIL and
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GNNQQONY aggregates were 0.5-3 pN higher for the NP-5 in all cases. Thus, peptide fibril
aggregates were energetically less favored at higher curved surfaces. The observed stress imposed
by the curvature can explain why similar CFGAILSS peptide motifs showed decreased B-sheet
formation at higher surface curvatures.?’ Finally, since stress imposed by the curvature drives
structural destabilization of the aggregates, and given its observed magnitude of only a few pN on
each peptide, structural adaptions such as loss of B-sheet content would require larger timescales
of microseconds or more which were computationally not feasible. Owing to the greater degree of
flexibility within the A4 tail, surface curvature destabilization was not sampled in our model
simulations. Differential curvature effects could affect stabilization of AP4o oligomers larger than
the 10mer used in our study.

It is important to emphasize that NP curvature, even when extreme, does not significantly affect
the adhesion strength and residence time of peptides on the surface of NPs. For example, in the
case of NFFGALIL, as a result of thermal fluctuations, the binding force observed in the equilibrium
simulations on planar citrate-coated gold withstands values of up to 48 kg Tnm! or about 200 pN.
In comparison, the excess force due to curvature coupling, i.e. the difference between 5 nm and 20
nm NPs, is two orders of magnitude smaller and is only in the low pN range. Hence, the absolute
surface force measured in our implicit NP simulations, being about 20 pN, is predominantly due
to spatially restraining the N-terminus and originates from Brownian forces (collisions with
solvent) and well as the reduction of translational entropy. Simulations of A4 monomers at
curved surfaces (implicit NPs with diameters of 5 nm, 20 nm, and 1 mm — as a planar model)
revealed that curvature did also not significantly impact the configurational entropy in our model

simulations (see Figure S11). Since reversible (un)binding events are rare on the timescale of our
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simulations, and since surface curvature is not expected to significantly affect (un)binding
frequencies, we effectively modelled the peptide N-terminus as covalently bound.

Our simulations demonstrated that surface curvature is capable of inducing stress towards
B-sheet rich peptide oligomers which in turn inhibits amyloid fibril formation. This NP inducible
stress depends on the degree of NP curvature as well as the intrinsic aggregation propensity and
binding affinity of the peptide to NP surfaces. The same material can result in a variety of
interactions with biomolecules, as previously observed for convex and concave curved surfaces of
carbon nanotubes.”® Arkin and Janke theoretically studied a wide range of curvatures for non-
grafted and end-grafted polymers on NPs.?® Our implicit NP curvature simulations modelled a
scenario where all peptide N-termini remained bound to the NP surface. However, in nature, the
impact of NPs also results from a competition between peptide-peptide and peptide-NP attraction,
with the latter being dependent on the NP surface and the specific properties of each peptide.’ The
surface binding affinity of a peptide is thus an additional contribution to the NP effect, and
differences in amino acid sequence and their affinity towards binding a NP of varying size might
lead to different structural motifs and outcomes.**

In this work, we have provided an initial model that explains the complex effects of surface
curvature on amyloid fibril formation. While larger NPs provided an attractive surface for seed
formation and oligomer growth, smaller NPs interfered with the structure of fibrils and destabilized
protofibril oligomers; thus inhibiting amyloid peptide aggregation. Moreover, peptide-NP
attraction needed to be in an intermediate range that enables conformational changes, influenced
by the peptide sequence and solution ionic strength, as has previously been reported.> By studying
multiple peptides, we illustrated that the NP size effect is not the same or universal for each peptide

but depends on the peptide-surface attraction. Too strong surface attraction can remove significant
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amounts of peptide from solution, leading to amorphous aggregates, thereby preventing fibril
formation. To compensate the adsorption potential resulting from such nanostructures, surfaces
may be tailored with coatings, as has been extensively reported.?!*>>%%% This is particularly

relevant for surfaces with designed function for applications in biomedicine and nanotechnology.>’

CONCLUSIONS

The curvature effects of nanostructures on peptide oligomer structure and subsequently amyloid
peptide aggregation presented in this study were rationalized based on experimental observations
and theoretical models. High NP curvature caused stress in fibril oligomer structures, destabilized
those and potentially caused inhibitory effects on fibril formation as well as changes in fibril
morphology, while low NP curvature provided a seed surface. Our findings may provide an
approach for the study of biomolecule conformations that are restrained on curved surfaces. In
nature, materials are often not ideally spherical or planar but typically small defects can lead to a
number of additional nanoscale substructures that will govern the interaction with biomolecules.
The complex self-assembly behavior of amyloidogenic peptides thus needs to be always

considered in the context of its surrounding physicochemical environment and present interfaces.

METHODS

Peptides and Buffer Preparation. The peptides amyloid beta (Aao, purity 98%), GNNQQNY
(99%), VQIVYK (99%) and NNFGAIL (98%) were synthesized and purified by the Core Unit of
Peptide Technologies at Leipzig University (Leipzig, Germany). In addition, AB4o (95%) was
obtained from Peptide 2.0 (Chantilly, VA), and NNFGAIL (96%) from Eurogentec (Seraing,

Belgium). Dimethyl sulfoxide (DMSO, >99.9%) was obtained from Merck (Darmstadt, Germany).

19


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sodium phosphate monobasic (>99.0%) was obtained from Sigma-Aldrich (St. Louis, MO).
HEPES (299.5%) and TRIS (=99.9%) were purchased from Carl Roth (Karlsruhe, Germany).
Ultrapure water (18.2 MQ cm) was used for all experiments (Sartorius, Gottingen, Germany, and
Merck, Darmstadt, Germany). Sodium hydroxide and hydrochloric acid were used to adjust the
pH to 7.40+0.05. HEPES buffer was used at a final concentration of 100 mM.

Gold Nanoparticle Synthesis. AuNP-5, AuNP-20. AuNPs (citrate coated) in sizes 5 nm
(AuNP-5, EM.GCS, batches 19070110, 019965 and 026755) and 20 nm (AuNP-20, EM.GC20,
batches 20060186, 021195 and 026158) were purchased from BBI Solutions (Cardiff, UK).
AuNPs were delivered as suspensions in water with no preservative residual chemical left from
manufacture. The solutions had an orange-red (AuNP-5, 63.2 pg/mL) and red (AuNP-20,
56.6 ng/mL) color.

AuNP-mix. AuNPs (citrate coated) were synthesized using a chemical reduction method (Frens
et al.)*® by heating up 10 L HAuCl4 (99.99% trace metals basis, 30 wt. % in dilute HCI, Sigma-
Aldrich, St. Louis, MO) in 29.99 mL ultrapure water (0.5 mM) to its boiling point. 840 pL
trisodium citrate (34 mM, 1 wt. %, >99%, ABCR, Karlsruhe, Germany) were quickly added to the
solution to yield a AuNP solution, as reported previously.”® The solution was stirred for 30
minutes. A dark red solution of AuNP-mix (92 pg/mL) was obtained.

Experimental details of the characterization of the AuNPs by dynamic light scattering (DLS),
zeta potential measurements and UV-vis absorption spectroscopy are provided in the Supporting
Information (Table S1 and Figure S1).

Thioflavin T Fluorescence Assays. Fibrillation kinetics were measured using fluorescence
spectroscopy. Thioflavin T (ThT, Sigma-Aldrich, St. Louis, MO) was used as a fluorescent dye

which shows increased fluorescence intensity at 482 nm when bound to fibrils showing the cross-
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B-structure.** ThT was diluted in DMSO to obtain a stock solution that was stored at -20°C and
protected from light. The final concentration of ThT in the assay was 20 uM. All peptides were
first dissolved in pure DMSO (50 uL per 1 mL final volume) before the stock solution was diluted
in HEPES buffer (100 mM, pH 7.4) or water. The nanoparticle solutions were added as a final
step. The total sample volume in each well was 150 puL. Each experiment was repeated at least in
triplicate. Note that the described order of the addition of components to the sample is important.
When the peptide stock solution was added last, peptide aggregation started immediately due to a
temporarily high peptide concentration exposed to both buffer and nanoparticles, which should be
avoided.

Black polystyrene 96 well microplates with solid, flat bottom (Nunc, Thermo Fisher Scientific,
Waltham, MA) were used. All empty wells were filled with water to avoid drying of the most outer
wells over time. The ThT fluorescence was recorded using a Tecan infinite M200 microplate
reader (Tecan, Méannedorf, Switzerland) with excitation and emission wavelength set to 440/9 nm
and 482/20 nm, respectively. The fluorescence intensity was measured every five minutes with
two seconds of shaking (2 mm linear shaking amplitude) prior and after each measurement. The
experiments were performed at 27 and 37°C.

The NNFGAIL experiment in water (Figure 2d) was performed in black polystyrene 96 well
microplates with solid, clear bottom and non-binding coating (Greiner Bio-One, Kremsmiinster,
Austria) with ThinSeal™ adhesive sealing films (Astral Scientific, Taren Point, Australia). The
ThT fluorescence was recorded using a CLARIOstar plate reader (BMG Labtech, Ortenberg,
Germany) with excitation and emission wavelength set to 440/10 nm and 480/10 nm, respectively.
The microplate was agitated for 40 seconds before each measurement cycle (five minutes) using

double orbital shaking (300 rpm). The experiment was performed at 37°C. Note that experiments
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with NNFGAIL in HEPES buffer using this set-up led to consistent accelerating effects of the NPs
on NNFGAIL aggregation.

Averaged data of the repetitions with standard error bars were smoothed using parameters that
removed signal noise and plotted with OriginPro 2021 (OriginLab Corp., Northampton, MA). The
highest fluorescence intensity measured for each peptide was normalized to zero. For the
NNFGAIL experiment in water (Figure 2d), initial fluorescence values were set to 0, to be
consistent with the instrument sensitivity of all other experiments. Half times of aggregation were
determined as times at which the half-maximum fluorescence (#;2, 50%) was reached, in respect
to the baseline fluorescence intensity.

Dynamic Light Scattering (DLS) to Follow Peptide Aggregation. DLS is based on the
autocorrelation of a measured intensity of time curve of backscattered laser radiation. Larger
particles move slower and thus, the exponential decay of the autocorrelation is slower as well. The
particle size is reconstructed from these information.®® Measurements were performed on a
Zetasizer Nano ZSP instrument (Malvern Instruments, Malvern, UK) in polystyrene disposable
cuvettes at 37°C. APso peptide (1 mg/mL, 50 uLL. DMSO per 1 mL solution) without and with
AuNP-5 or AuNP-20 present (20 pg/mL) was studied in HEPES buffer (0.1 M, pH 7.4). Samples
were continuously incubated without shaking in the measurement cell over time. DLS was
recorded at a wavelength of 4 = 633 nm and at a scattering angle of 173° for a duration of 180 s.
Dispersant was water (viscosity 0.8872 mPas, refractive index 1.330, and dielectric constant 78.5)
and sample material was protein (refractive index 1.45, absorption 0.001). Data were plotted with
OriginPro 2021 (OriginLab Corp., Northampton, MA).

Atomic Force Microscopy (AFM). Silicon wafers (G3390, Plano, Wetzlar, Germany) were

used as substrates to measure peptide fibrils. The wafers were cleaned in ethanol (99.8%, Carl
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Roth, Karlsruhe, Germany), gently shaken and dried under a stream of nitrogen gas prior to use.
AP0 samples were deposited onto the substrates by dropping 5 pLL sample solution on the silicon
wafers for five minutes before the wafers were gently rinsed with 1 mL ultrapure water and dried
under a stream of nitrogen gas. AP0 samples (1 mg/mL, 50 uL DMSO per 1 mL solution) without
and with AuNP-5 or AuNP-20 present (20 pg/mL) were incubated at 25°C in HEPES buffer (0.1
M, pH 7.4). Samples were shaken every 5 min for 4 s (200 rpm), similar to the ThT fluorescence
assay, and 1:9 v/v diluted samples (100 pL sample, 900 nL. HEPES buffer) were measured at
multiple time points. AFM measurements were performed on a Dimension Icon instrument
(Bruker, Billerica, MA) with an OTESPA R3 tip (Bruker, Billerica, MA) in tapping mode at room
temperature in air. The nominal spring constant of the cantilevers was 26 N/m and the nominal
frequency 300 kHz. AFM images were processed using Nanoscope 8.15r3 and Gwyddion 2.51
(http://gwyddion.net/).*! For processing, rows on the images were aligned, the base flattened and
the background levelled using a polynomial fit, if needed.

Transmission electron microscopy (TEM). The morphologies of ABs, GNNQQNY and
VQIVYK fibrils were verified using TEM. Sample solutions from ThT fluorescence
measurements (different concentration to the ones presented in the manuscript) were diluted 1:38
with pure water after two months (incubated in a fridge to enable a slow formation and/or growth
of fibrils after ThT measurement). 1 pL droplets of these solutions were applied on formvar coated
copper grids, allowed to dry for at least 1 hour and negatively stained with 1% uranyl acetate in
pure water. Transmission electron micrographs were recorded using a Zeiss SIGMA electron
microscope (Zeiss NTS, Oberkochen, Germany) equipped with a STEM detector and Atlas

Software. TEM images were processed using ImageJ 1.52a (https://imagej.nih.gov/ij/).5?
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MD Simulations of Planar Citrate-Coated Gold Surfaces. The interaction of amyloidogenic
peptides with citrate-coated gold surfaces was simulated using GROMACS 4.5.7.%" The MD
simulations were performed following a method previously published.’ Input structures for
NNFGAIL (PDB: 3DGJ),* GNNQQNY (PDB: 20MM),>® Ao (B-sheet, PDB: 2M41)* and AP
(B-sheet, PDB: 2NAO)®® were selected from the Protein Data Bank (PDB). An a-helical structure
of ABa2 (PDB: 11YT)® was adapted for Ao to simulate an alternative secondary starting structure.
The peptides GNNQQNY and NNFGAIL became unstructured as monomers. N- and C-termini of
the peptides were charged.

A planar, ten atoms thick, in Xy continuous, gold surface was used to approximate the spherical
nanoparticles. This approximation is particularly appropriate to study the effect of larger AuNPs
(e.g. AuNP-20), as the curvature seen by a pair of peptides is very low.” The Au(111) parameters
are based on the GolP (Gold-Protein) force field*” and were used in an adapted form to correct for
the citrate adsorption on the gold surface as previously described.>’ Force field parameters for the
adsorbed citrate anions were used from Brancolini et al.”®"!

Periodic boundary conditions were applied. Peptides, water and ions were described with the
OPLS/AA force field.”>” Simulation parameters were used as previously published.’ The Particle
Mesh Ewald method (PME) with a grid of 0.12 nm, a fourth order spline interpolation and a

7475 and a Lennard-Jones

Coulomb cut-off at 1.1 nm was used to describe electrostatic interactions
cut-off distance of 1 nm with a smooth switch off at 0.9 nm was used to describe van der Waals
interactions. Interactions were updated every fifth step with a time step of 2 fs. Centre of mass
motion was removed for the system (except gold) at every step. All bonds were constrained to

their equilibrium values using the LINCS algorithm.”® Explicit water (Simple Point Charge, SPC)"’

was constrained using the SETTLE algorithm.”®
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All systems were built in an orthorhombic simulation box (8.12 x 6.446 x 15 nm?) with the gold
frozen during the simulations. The cell size was chosen so that periodic image interactions from
neighboring boxes are prevented, unless this was intended (Figure 5 f-g). The systems were
solvated and 150 mM sodium chloride was added as a physiological salt and to electro-neutralize
the solutions. A steep concentration gradient was used to add positively charged sodium ions with
a maximum close to the negatively charged citrate-coated gold surface. This was achieved using a
slab geometry with Ewald summation correction to prevent electric fields through the box.”” After
energy minimization using a steepest-deepest algorithm, the systems were run in a NVT ensemble.
The velocity rescale algorithm was applied to couple the temperature to 300 K.%°

Simulations of the peptides GNNQQNY and NNFGAIL with up to 30 randomly placed
monomers each were previously reported.>® Starting from these simulations, the peptide
GNNQQNY was further investigated at very high concentrations to mimic a local concentration
of the peptide. Peptide monomers were added in steps (30+5 for 10 ns, 35+5 for 20 ns, 40+5 for
20 ns, 45+5 for 20 ns, 50+5 for 20 ns, 55+5 for 20 ns, 60+5 for 20 ns, 65+5 for 20 ns, 70+30 for
150 ns in triplicate) until reaching 100 peptide molecules (details in Table 2). The peptides APao
and A4, each with B-sheet and o-helix starting structures, were simulated with five randomly
placed peptide monomers outside the gold-citrate layer (each once for 200 ns). From the above
simulations, three surface-bound peptide monomers were chosen for the peptides GNNQQNY,
NNFGAIL, and Aa4o (a-helix and B-sheet). The surface bound peptides were simulated three times
with different starting velocities (repetitions) for 100 ns to study their conformational flexibility,
i.e. each peptide (GNNQQNY, NNFGAIL, AB4o a-helix, AP4o B-sheet) was simulated nine times

(three different starting configurations, each with three different starting velocities). In addition,
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each system was run in water without gold surface for 100 ns in triplicate. All simulations are
summarized in Table 2.

Table 2. Overview of MD Simulations with Planar Citrate-Coated Gold Surfaces.

Peptide and sequence Starting configuration and structure  Peptide concentration/®! Simulation length

APao DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
5 peptides @ Au / B-sheet 2M4J4° 12 mM / 53 mg/mL 1 x 200 ns
5 peptides @ Au / o-helix 11YT® 12 mM / 53 mg/mL 1 x 200 ns
1 peptide @ Au / B-sheet 2M4J4 2.4 mM/10.5 mg/mL 3x3x 100 ns
1 peptide in solution / B-sheet 2M4J# 2.8 mM /12 mg/mL 3 x 100 ns
1 peptide @ Au / a-helix 11YT®’ 2.4 mM/10.5 mg/mL 3 x3x 100 ns
1 peptide in solution / a-helix 1TYT® 2.8 mM /12 mg/mL 3 x 100 ns
Aﬁ42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
5 peptides @ Au / B-sheet 2NAO%8 12 mM /55 mg/mL 1 x 200 ns
5 peptides @ Au / a-helix 11YT® 12 mM / 55 mg/mL 1 x 200 ns
NNFGAIL NNFGAIL
1 peptide @ Au / unstructured!®! 2.4 mM/ 1.8 mg/mL 3x3x100ns
1 peptide in solution / unstructured 2.7 mM /2.0 mg/mL 3 x 100 ns
GNNQQNY GNNQQONY
30+5 peptides @ Au / unstructured!! 85mM/ 71 mg/mL 1x10ns
35+5 peptides @ Au/ unstructured 97mM/ 81 mg/mL 1 x20ns
40+5 peptides @ Au / unstructured 109 mM/ 91 mg/mL 1 x20ns
45+5 peptides @ Au / unstructured 121 mM / 102 mg/mL 1x20ns
50+5 peptides @ Au / unstructured 134 mM / 112 mg/mL 1x20ns
55+5 peptides @ Au / unstructured 146 mM / 122 mg/mL 1x20ns
60+5 peptides @ Au / unstructured 158 mM / 132 mg/mL 1x20ns
65+5 peptides @ Au / unstructured 170 mM / 142 mg/mL 1 x20 ns
70+30 peptides @ Au / unstructured 243 mM / 203 mg/mL 3x250ns
1 peptide @ Au / unstructured 2.4 mM /2.0 mg/mL 3x3x100ns
1 peptide in solution / unstructured 2.7 mM /2.3 mg/mL 3 x 100 ns

[a] Peptide concentrations were calculated based on the total volume of water molecules in the simulation box, when no or only one peptide molecule
was present.

[b] Some peptide concentrations are higher than in the experimental studies. These simulations were performed to investigate how the peptides behave
when locally concentrated. Further, these simulations were used to extract the configuration of bound monomers for subsequent simulations. The box
size was kept constant for all simulations with gold.

[c] The structures for GNNQQNY (PDB: 20MM)®° and NNFGAIL (PDB: 3DGJ)*! were obtained from the Protein Data Bank. However, as monomers, the
peptides were used in unstructured form.

The conformational entropy of the peptides (C, atoms) at the gold surface (@Au) and in solution
was determined based on the Schlitter formula using the GROMACS tools g covar and
g anaeig.’! Minimum distances between the gold surface and the amino acid C, atoms of the
peptides were determined for the last 10 ns of simulation time using the GROMACS tool pairdist,
revealing which AP4o residues were bound most closely to the surface. The secondary structure
content of the peptides was analyzed using the DSSP tool (Define Secondary Structure of Proteins,

do_dssp) for the last 10 ns of simulation time.??** Averaged data of the repetitions are presented.
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Molecular Dynamics Simulations (MD) with Implicit NPs. a) Model. The curvature effect
inherently imposed by NPs was modelled via external potentials that were implemented in the
Gromacs 4.5.7 software.®"¢” The implicit NP was constructed such that its surface exactly crosses
the center of the simulation box (Figure 7). The NP itself was not subject to periodic boundary
conditions (PBC). It should be emphasized that the AuNPs in the experiments were citrate capped
and that physisorption of peptides mainly took place via N-terminal binding to the negatively
charged citrates adhered on the NP rather than the gold surface itself.>® The relatively soft nature
of such a physisorption is modelled by applying a spherical harmonic potential,
E(r-rg) = 1/2-k-(r-ro)*, with k being a force constant (500 kJ nm™ mol™), 7y the effective radius of
the NP, and 7 the position of the N terminal heavy atom with respect to the NP center. The
remainder of the protein experiences the excluded volume imposed by the NP via a flat bottom
potential, E(r-rg) = 1/2-k-(r-rp)* if r < rp and E(r) = 0 otherwise. Finally, the implicit NP was kept
transparent for water and (counter) ions to mimic the hydrophilic nature of the particle's surface
(citrates, surface charge, ions and water). The NP radius 9 was simulated at 2.5 nm and 10 nm to

study the respective NP-5 (diameter 5 nm) and NP-20 (diameter 20 nm).

N—terminus

Figure 7. Schematic illustration of implicit NP simulations. NP (yellow) curvature was varied by
changing the radius 7. A peptide B-sheet (green) is adsorbed to the NP surface with its N-terminus.
A spherical harmonic potential E(r-r9) was used to model the interactions between peptide

N-terminus and NP surface. The red line represents the adsorption (attractive potential) of the

27


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

peptide N-terminus to the surface, whereas the black line mimics the repulsion of the protein when
reaching into the excluded volume (» < r9).

The value of the force constant k of the NPs was estimated from the observed height fluctuations
Ah of the peptide N-terminus in the simulations of planar citrate-coated gold surfaces. To this aim,
we constructed the probability distribution P(A4) from the trajectory of the simulations of the
NFFGAIL peptide. The concomitant free energy profile is the Boltzmann inverse of P(Ah), which
is given by F(Ah) = -kg-T-In P(Ah). Since the form of P(A#) is close to a Gaussian distribution, its
Boltzmann inverse is an harmonic function of the form F(Ah) = k-x*> + c;'x + c2, with k being the
force constant of interest (Figure 8). We identified & to be roughly 1200 kg T nm™ or about 3000
kJ nm2 mol™!. However, this value most likely provided an upper-bound since we cannot access
the detailed nature of the electric double layer of NPs within experiments, i.e. additional ions or
citrate layers, as well as the surface charge of gold NPs due to free electrons. Since the presence
of additional electrostatic screening is expected to substantially “soften' the apparent surface, we
chose a more conserve value of 500 kJ nm™ mol™! to better describe the anticipated surface of NPs
in experiments. It is important to emphasize that the excess force due to curvature coupling, i.e.
the difference between 5 nm and 20 nm NPs, is only in the low pN range and is thus two orders of
magnitude smaller than the instantaneous forces acting on the N-terminus due to the presence of
thermal fluctuations (about 200 pN at Az = 0.05 nm in Figure 8). The forces acting on the absorbed
peptides due to curvature coupling are thus very subtle and unlikely to lead to significant unbinding
on the time scales of molecular simulations. Consequently, peptides can be modeled as covalently

bound within our simulations.
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Figure 8. Probability distribution P(Ak) of the observed height fluctuations Ak of the peptide
N-terminus in the simulations of planar citrate-coated gold surfaces of the NFFGAIL peptide.

b) MD Simulations. Simulation parameters were chosen as described above for the citrate-
coated gold surfaces and are repeated here for completeness: Periodic boundary conditions were
applied. Peptides, water and ions were described with the OPLS/AA force field.”>”® Simulation
parameters were used as previously published.’ The Particle Mesh Ewald method (PME) with a
grid of 0.12 nm, a fourth order spline interpolation and a Coulomb cut-off at 1.1 nm was used to
describe electrostatic interactions’*”* and a Lennard-Jones cut-off distance of 1 nm with a smooth
switch off at 0.9 nm was used to describe van der Waals interactions. Interactions were updated
every fifth step with a time step of 2 fs. Centre of mass motion was removed at every step
independently for “peptides” and “water & ions” in simulations with NP curvature present, or for
the whole “system” in simulations without NP curvature present (and in 3 repetitions of AP4o
simulations with NP curvature present). All bonds were constrained to their equilibrium values
using the LINCS algorithm.”® Explicit water (Simple Point Charge, SPC)’” was constrained using
the SETTLE algorithm.” The systems were solvated and 150 mM sodium chloride was added as

a physiological salt and to electro-neutralize the solutions. After energy minimization using a
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steepest-deepest algorithm, the systems were run in a NVT ensemble. The velocity rescale
algorithm was applied to couple the temperature to 300 K.5°

The stability of preformed B-sheets of the peptides AP4o, NNFGAIL, and GNNQQNY (5mer
and 10mer) were simulated at NP-5 (5 nm diameter) and NP-20 (20 nm diameter) surfaces. The
peptide B-sheets were positioned close to the NP surface (central nitrogen atom of each oligomer
was placed on implicit curvature surface). The simulation box sizes were chosen large enough so
that the peptides did not cross the periodic box in the dimension of the curvature potential, with a
minimum distance of 2 nm between peptide solute and box. Each simulation was run for 100 ns in
triplicate (see Table 3 for details). Input structures for APso (B-sheet, PDB: 2M4])*, NNFGAIL
(PDB: 3DGJ)*! and GNNQQNY (PDB: 20MM)*® were selected from the Protein Data Bank
(PDB). N- and C-termini of the peptides were charged. VMD was used to visualize the simulations
and GROMACS tools were used for analysis.?* Data were plotted with OriginPro 2017 and 2019
(OriginLab Corp., Northampton, MA).

Table 3. Overview of MD Simulations with Implicit NPs.

Peptide B-sheet size NP diameter  Simulation length
APao Imer (1x1) 5Snm 3 x 100 ns
20 nm 3x 100 ns
1 mm 3x 100 ns
solution 3x 100 ns
Smer (5x1) 5 nm 4 x 100 ns
20 nm 4 x 100 ns
solution 3x 100 ns
10mer (10x1) 5nm 4x 100 ns
20 nm 4 x 100 ns
solution 3 x 100 ns
NNFGAIL Smer (5x1) 5 nm 3 x 100 ns
20 nm 3x 100 ns
solution 3x 100 ns
10mer (10x1) 5 nm 3x 100 ns
20 nm 3x 100 ns
solution 3 x 100 ns
GNNQQONY  Smer (5x1) 5 nm 3 x 100 ns
20 nm 3x 100 ns
solution 3 x 100 ns
10mer (10x1) 5 nm 3x 100 ns
20 nm 3x 100 ns
solution 3 x 100 ns
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The conformational entropy of the ABso 1mer (C, atoms) for the curvature model and in solution
was determined based on the Schlitter formula using the GROMACS tools g covar and
g anaeig.’! Average absolute forces on the peptide N-termini and curvature potential energies
were extracted from the simulations. Differences in absolute forces and potential energies between
the NP-5 and NP-20 (difference = value for 5 nm — value for 20 nm) during the last 90 ns of
simulation time (10-100 ns) were determined. Root-mean-square fluctuations (RMSF, g rmsf) of
the peptide residues were calculated in comparison to their respecting starting configurations for
both the whole simulation trajectories and for the last 10 ns of simulation time. Relative RMSF
values were corrected for the overall movement of the peptides by setting the RSMF minimum to
0 in each sequence. This enabled a comparison of the relative changes in structures between the
simulation in solution and those bound with an NP-5 and NP-20. The B-sheet (and B-bridge)
secondary structure content of the peptide aggregates was analyzed using the DSSP tool (Define
Secondary Structure of Proteins, do_dssp) for the last 10 ns of simulation time.*>%3 Averaged data

of the repetitions are presented.
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Supporting Information. Supporting methods (characterization of nanoparticles by dynamic light
scattering, zeta potential measurements and UV-vis absorption spectroscopy; stability of gold
nanoparticles in buffer solutions; prediction of peptide aggregation propensities; scanning electron
microscopy), supporting results (characterization of nanoparticles by dynamic light scattering, zeta
potential measurements and UV-vis absorption spectroscopy; stability of NP in buffer solutions;

prediction of peptide aggregation propensities; Thioflavin (ThT) fluorescence assays; DLS, AFM
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and SEM of amyloid fibrils; Transmission electron microscopy (TEM) images; supporting MD

simulation results, including Figures S1—S11 and Tables S1—S8), supporting references.

This material is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Authors

*E-mail: herre.risselada@uni-goettingen.de

*E-mail: bernd.abel@iom-leipzig.de

Author Contributions

The study was designed by TJ, LLM, HRJ and BA. Experiments were performed by TJ (ThT
fluorescence assays, DLS, UV-vis), JA (ThT fluorescence assays), JP (DLS, AFM, SEM) and MK
(TEM). Nanoparticles were synthesized by CE (AuNP-mix). Experimental data were analyzed by
TJ, JA and JP. Computer simulations were performed and analyzed by TJ and HRJ. The results
were discussed and interpreted by TJ, JA, CE, DH, LLM, HRJ and BA. The manuscript was written

by TJ and advanced by all authors.

Funding Sources

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation, project number 189853844, SFB-TRR 102, B1, A6 and Z1). TJ thanks the Friedrich-
Ebert-Stiftung for a PhD fellowship, and the Australian Government, Department of Education

and Training, and Scope Global for the support through an Endeavour Research Fellowship.

Notes

The authors declare no competing financial interest.

32


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ACKNOWLEDGMENT
The authors greatly acknowledge Dr. Jan Griebel (Leipzig, Germany) and Nadja Schonherr
(Leipzig, Germany) for nanoparticle size and zeta-potential characterization, and Dr. Sven

Rothemund (Leipzig, Germany) for peptide synthesis.

ABBREVIATIONS

AP amyloid beta, AFM atomic force microscopy, AuNP gold nanoparticle, DLS dynamic light
scattering, DMSO dimethyl sulfoxide, DSSP define secondary structure of proteins, GolP Gold-
Protein, HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), hIAPP human islet
amyloid polypeptide, MD molecular dynamics, NP nanoparticle, PBC periodic boundary
conditions, PDB protein data bank, PME Mesh Ewald method, RMSF root-mean-square
fluctuation, SEM scanning electron microscopy, SPC simple point charge, SUP35 protein
(translation termination factor eRF3), TEM transmission electron microscopy, ThT thioflavin T,
TRIS buffer (tris(hydroxymethyl)aminomethane), UV-vis ultraviolet—visible spectroscopy, ( zeta

potential.

REFERENCES

(1)  Terakawa, M. S.; Lin, Y.; Kinoshita, M.; Kanemura, S.; Itoh, D.; Sugiki, T.; Okumura, M.;
Ramamoorthy, A.; Lee, Y. H. Impact of Membrane Curvature on Amyloid Aggregation.
Biochim.  Biophys. Acta -  Biomembr. 2018, 1860 (9), 1741-1764.

https://doi.org/10.1016/j.bbamem.2018.04.012.

(2)  Zhiqiang, Q.; Siegmann, K.; Keller, A.; Matter, U.; Scherrer, L.; Siegmann, H. C.
Nanoparticle Air Pollution in Major Cities and Its Origin. Atmos. Environ. 2000, 34 (3),

443-451.

33


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(3) Miiller, R. H.; Radtke, M.; Wissing, S. A. Solid Lipid Nanoparticles (SLN) and
Nanostructured Lipid Carriers (NLC) in Cosmetic and Dermatological Preparations. Adv.
Drug Deliv. Rev. 2002, 54 (1), S131-S155. https://doi.org/10.1016/s0169-409x(02)00118-

7.

(4) Zhang, M.; Mao, X.; Yu, Y.; Wang, C.-X.; Yang, Y.-L.; Wang, C. Nanomaterials for
Reducing Amyloid Cytotoxicity. Adv. Mater. 2013, 25 (28), 3780-3801.

https://doi.org/10.1002/adma.201301210.

(5) John, T.; Gladytz, A.; Kubeil, C.; Martin, L. L.; Risselada, H. J.; Abel, B. Impact of
Nanoparticles on Amyloid Peptide and Protein Aggregation: A Review with a Focus on
Gold Nanoparticles. Nanoscale 2018, 10 (45), 20894-20913.

https://doi.org/10.1039/C8NR04506B.

(6)  Brancolini, G.; Bellucci, L.; Maschio, M. C.; Di Felice, R.; Corni, S. The Interaction of
Peptides and Proteins with Nanostructures Surfaces: A Challenge for Nanoscience. Curr.

Opin. Colloid Interface Sci. 2019, 41, 86—94. https://doi.org/10.1016/j.cocis.2018.12.003.

(7)  Shemetov, A. A.; Nabiev, 1.; Sukhanova, A. Molecular Interaction of Proteins and Peptides

with Nanoparticles. ACS Nano 2012, 6 (6), 4585-4602. https://doi.org/10.1021/nn300415x.

(8)  Wheeler, K. E.; Chetwynd, A. J.; Fahy, K. M.; Hong, B. S.; Tochihuitl, J. A.; Foster, L. A.;
Lynch, I. Environmental Dimensions of the Protein Corona. Nat. Nanotechnol. 2021, 16

(6), 617-629. https://doi.org/10.1038/s41565-021-00924-1.

(9) Gladytz, A.; Abel, B.; Risselada, H. J. Gold-Induced Fibril Growth: The Mechanism of

Surface-Facilitated Amyloid Aggregation. Angew. Chemie - Int. Ed. 2016, 55 (37), 11242—

34


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(10)

(1)

(12)

(13)

(14)

(15)

available under aCC-BY-NC-ND 4.0 International license.

11246. https://doi.org/10.1002/anie.201605151.

Gladytz, A.; Wagner, M.; Haupl, T.; Elsner, C.; Abel, B. Structure-Making Effects of Metal
Nanoparticles in Amyloid Peptide Fibrillation. Part. Part. Syst. Charact. 20185, 32 (5), 573—

582. https://doi.org/10.1002/ppsc.201400222.

Wang, S. T.; Lin, Y.; Todorova, N.; Xu, Y.; Mazo, M.; Rana, S.; Leonardo, V.; Amdursky,
N.; Spicer, C. D.; Alexander, B. D.; Edwards, A. A.; Matthews, S. J.; Yarovsky, L.; Stevens,
M. M. Facet-Dependent Interactions of Islet Amyloid Polypeptide with Gold Nanoparticles:
Implications for Fibril Formation and Peptide-Induced Lipid Membrane Disruption. Chem.

Mater. 2017, 29 (4), 1550-1560. https://doi.org/10.1021/acs.chemmater.6b04144.

Jarrett, J. T.; Lansbury, P. T. Amyloid Fibril Formation Requires a Chemically
Discriminating Nucleation Event: Studies of an Amyloidogenic Sequence from the
Bacterial ~ Protein  OsmB.  Biochemistry 1992, 31 (49), 12345-12352.

https://doi.org/10.1021/bi00164a008.

Cohen, S. I. A.; Vendruscolo, M.; Welland, M. E.; Dobson, C. M.; Terentjev, E. M.;
Knowles, T. P. J. Nucleated Polymerization with Secondary Pathways. I. Time Evolution
of the Principal Moments. J.  Chem. Phys. 2011, 135 (6), 065105.

https://doi.org/10.1063/1.3608916.

Knowles, T. P. J.; Vendruscolo, M.; Dobson, C. M. The Amyloid State and Its Association
with Protein Misfolding Diseases. Nat. Rev. Mol. Cell Biol. 2014, 15 (6), 384-396.

https://doi.org/10.1038/nrm3810.

Ke, P. C.; Sani, M. A.; Ding, F.; Kakinen, A.; Javed, I.; Separovic, F.; Davis, T. P.;

35


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Mezzenga, R. Implications of Peptide Assemblies in Amyloid Diseases. Chem. Soc. Rev.

2017, 46 (21), 6492—6531. https://doi.org/10.1039/c7cs00372b.

(16) Hamley, I. W. The Amyloid Beta Peptide: A Chemist’s Perspective. Role in Alzheimer’s
and Fibrillization. Chem. Rev. 2012, 112 (10), 5147-5192.

https://doi.org/10.1021/cr3000994.

(17) Mahmoudi, M.; Lynch, L.; Ejtehadi, M. R.; Monopoli, M. P.; Bombelli, F. B.; Laurent, S.
Protein-Nanoparticle Interactions: Opportunities and Challenges. Chem. Rev. 2011, 111 (9),

5610-5637. https://doi.org/10.1021/cr100440g.

(18) Kim, Y.; Park, J.-H.; Lee, H.; Nam, J.-M. How Do the Size, Charge and Shape of
Nanoparticles Affect Amyloid B Aggregation on Brain Lipid Bilayer? Sci. Rep. 2016, 6 (1),

19548. https://doi.org/10.1038/srep19548.

(19) Cabaleiro-Lago, C.; Szczepankiewicz, O.; Linse, S. The Effect of Nanoparticles on
Amyloid Aggregation Depends on the Protein Stability and Intrinsic Aggregation Rate.

Langmuir 2012, 28 (3), 1852—-1857. https://doi.org/10.1021/1a203078w.

(20) Zhang, W.; Christofferson, A. J.; Besford, Q. A.; Richardson, J. J.; Guo, J.; Ju, Y.; Kempe,
K.; Yarovsky, I.; Caruso, F. Metal-Dependent Inhibition of Amyloid Fibril Formation:
Synergistic Effects of Cobalt-Tannic Acid Networks. Nanoscale 2019, 11 (4), 1921-1928.

https://doi.org/10.1039/c8nr09221d.

(21) John, T.; Greene, G. W.; Patil, N. A.; Dealey, T. J. A.; Hossain, M. A.; Abel, B.; Martin, L.
L. Adsorption of Amyloidogenic Peptides to Functionalized Surfaces Is Biased by Charge

and Hydrophilicity. Langmuir 2019, 35 (45), 14522-14531.

36


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

https://doi.org/10.1021/acs.langmuir.9b02063.

(22) Mahmoudi, M.; Kalhor, H. R.; Laurent, S.; Lynch, 1. Protein Fibrillation and Nanoparticle
Interactions: Opportunities and Challenges. Nanoscale 2013, 5 (7), 2570-2588.

https://doi.org/10.1039/¢3nr33193h.

(23) Mohammad-Beigi, H.; Hosseini, A.; Adeli, M.; Ejtehadi, M. R.; Christiansen, G.; Sahin,
C.; Tu, Z.; Tavakol, M.; Dilmaghani-Marand, A.; Nabipour, I.; Farzadfar, F.; Otzen, D. E.;
Mahmoudi, M.; Hajipour, M. J. Mechanistic Understanding of the Interactions between
Nano-Objects with Different Surface Properties and a-Synuclein. ACS Nano 2019, 13 (3),

3243-3256. https://doi.org/10.1021/acsnano.8b08983.

(24) Lopez, H.; Lobaskin, V. Coarse-Grained Model of Adsorption of Blood Plasma Proteins
onto Nanoparticles. J. Chem. Phys. 2015, 143 (24), 243138.

https://doi.org/10.1063/1.4936908.

(25) Li, B.; Zhang, R.; Shi, X. Aggregation of Amyloid Peptides into Fibrils Driven by
Nanoparticles and Their Curvature Effect. Phys. Chem. Chem. Phys. 2019, 21 (4), 1784—

1790. https://doi.org/10.1039/c8cp07211f.

(26) Sukhanova, A.; Poly, S.; Bozrova, S.; Lambert, E.; Ewald, M.; Karaulov, A.; Molinari, M.;
Nabiev, I. Nanoparticles With a Specific Size and Surface Charge Promote Disruption of
the Secondary Structure and Amyloid-Like Fibrillation of Human Insulin Under
Physiological Conditions. Front. Chem. 2019, 7, 480.

https://doi.org/10.3389/fchem.2019.00480.

(27) Shaw, C. P.; Middleton, D. A.; Volk, M.; Lévy, R. Amyloid-Derived Peptide Forms Self-

37


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(28)

(29)

(30)

G

(32)

(33)

available under aCC-BY-NC-ND 4.0 International license.

Assembled Monolayers on Gold Nanoparticle with a Curvature-Dependent [B-Sheet

Structure. ACS Nano 2012, 6 (2), 1416—1426. https://doi.org/10.1021/nn204214x.

Arkin, H.; Janke, W. Polymer Adsorption on Curved Surfaces. Phys. Rev. E 2017, 96 (6),

062504. https://doi.org/10.1103/PhysRevE.96.062504.

Gao, G.; Zhang, M.; Gong, D.; Chen, R.; Hu, X.; Sun, T. The Size-Effect of Gold
Nanoparticles and Nanoclusters in the Inhibition of Amyloid-p Fibrillation. Nanoscale

2017, 9 (12),4107-4113. https://doi.org/10.1039/C7NR0O0699C.

Grigolato, F.; Arosio, P. The Role of Surfaces on Amyloid Formation. Biophys. Chem.

2021, 270, 106533. https://doi.org/10.1016/5.bpc.2020.106533.

Lundqvist, M.; Stigler, J.; Elia, G.; Lynch, 1.; Cedervall, T.; Dawson, K. A. Nanoparticle
Size and Surface Properties Determine the Protein Corona with Possible Implications for
Biological Impacts. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 (38), 14265-14270.

https://doi.org/10.1073/pnas.0805135105.

Moore, K. A.; Pate, K. M.; Soto-Ortega, D. D.; Lohse, S.; van der Munnik, N.; Lim, M.;
Jackson, K. S.; Lyles, V. D.; Jones, L.; Glassgow, N.; Napumecheno, V. M.; Mobley, S.;
Uline, M. J.; Mahtab, R.; Murphy, C. J.; Moss, M. A. Influence of Gold Nanoparticle
Surface Chemistry and Diameter upon Alzheimer’s Disease Amyloid-f Protein

Aggregation. J. Biol. Eng. 2017, 11 (1), 5. https://doi.org/10.1186/s13036-017-0047-6.

Farrow, M. R.; Camp, P. J.; Dowding, P. J.; Lewtas, K. The Effects of Surface Curvature
on the Adsorption of Surfactants at the Solid-Liquid Interface. Phys. Chem. Chem. Phys.

2013, 75 (28), 11653—-11660. https://doi.org/10.1039/c3cp50585e.

38


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(34) Conchillo-Sol¢, O.; de Groot, N. S.; Avilés, F. X.; Vendrell, J.; Daura, X.; Ventura, S.
AGGRESCAN: A Server for the Prediction and Evaluation of “Hot Spots” of Aggregation
in Polypeptides. BMC Bioinformatics 2007, 8 (1), 65. https://doi.org/10.1186/1471-2105-8-

65.

(35) Gsponer, J.; Vendruscolo, M. Theoretical Approaches to Protein Aggregation. Protein Pept.

Lett. 2006, 13 (3), 287-293. https://doi.org/10.2174/092986606775338407.

(36) John, T.; Dealey, T. J. A.; Gray, N. P.; Patil, N. A.; Hossain, M. A.; Abel, B.; Carver, J. A.;
Hong, Y.; Martin, L. L. The Kinetics of Amyloid Fibrillar Aggregation of Uperin 3.5 Is
Directed by the Peptide’s Secondary Structure. Biochemistry 2019, 58 (35), 3656-3668.

https://doi.org/10.1021/acs.biochem.9b00536.

(37) Buell, A. K.; Galvagnion, C.; Gaspar, R.; Sparr, E.; Vendruscolo, M.; Knowles, T. P. J.;
Linse, S.; Dobson, C. M. Solution Conditions Determine the Relative Importance of
Nucleation and Growth Processes in a-Synuclein Aggregation. Proc. Natl. Acad. Sci. U. S.

A. 2014, 111 (21), 7671-7676. https://doi.org/10.1073/pnas.1315346111.

(38) Marek, P. J.; Patsalo, V.; Green, D. F.; Raleigh, D. P. lonic Strength Effects on Amyloid
Formation by Amylin Are a Complicated Interplay among Debye Screening, Ion
Selectivity, and Hofmeister Effects. Biochemistry 2012, 51 (43), 8478-8490.

https://doi.org/10.1021/b1300574r.

(39) Brudar, S.; Hribar-Lee, B. The Role of Buffers in Wild-Type HEWL Amyloid Fibril
Formation Mechanism. Biomolecules 2019, 9 (2), 65.

https://doi.org/10.3390/biom9020065.

39


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(40) Eisenberg, D.; Jucker, M. The Amyloid State of Proteins in Human Diseases. Cell 2012,

148 (6), 1188-1203. https://doi.org/10.1016/j.cell.2012.02.022.

(41) Wiltzius, J. J. W.; Sievers, S. A.; Sawaya, M. R.; Cascio, D.; Popov, D.; Riekel, C.;
Eisenberg, D. Atomic Structure of the Cross-f Spine of Islet Amyloid Polypeptide

(Amylin). Protein Sci. 2008, 17 (9), 1467-1474. https://doi.org/10.1110/ps.036509.108.

(42) Bachem peptide calculator. Peptide Calculator. Accessed 17 May 2021 2021.

https://doi.org/https://www.bachem.com/knowledge-center/peptide-calculator/.

(43) Levine, H. Thioflavine T Interaction with Synthetic Alzheimer’s Disease B-amyloid
Peptides: Detection of Amyloid Aggregation in Solution. Protein Sci. 1993, 2 (3), 404—410.

https://doi.org/10.1002/pro.5560020312.

(44) Xue, C.; Lin, T. Y.; Chang, D.; Guo, Z. Thioflavin T as an Amyloid Dye: Fibril
Quantification, Optimal Concentration and Effect on Aggregation. R. Soc. Open Sci. 2017,

4 (1), 160696. https://doi.org/10.1098/rs0s.160696.

(45) Cremades, N.; Dobson, C. M. The Contribution of Biophysical and Structural Studies of
Protein Self-Assembly to the Design of Therapeutic Strategies for Amyloid Diseases.

Neurobiol. Dis. 2018, 109, 178—190. https://doi.org/10.1016/j.nbd.2017.07.009.

(46) Bogunia, M.; Makowski, M. Influence of Ionic Strength on Hydrophobic Interactions in
Water: Dependence on Solute Size and Shape. J. Phys. Chem. B 2020, acs.jpcb.0c06399.

https://doi.org/10.1021/acs.jpcb.0c06399.

(47) lori, F.; Di Felice, R.; Molinari, E.; Corni, S. GolP: An Atomistic Force-Field to Describe

the Interaction of Proteins with Au(111) Surfaces in Water. J. Comput. Chem. 2009, 30 (9),

40


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(4%)

(49)

(50)

(1

(52)

(53)

available under aCC-BY-NC-ND 4.0 International license.

1465—-1476. https://doi.org/10.1002/jcc.21165.

Grigolato, F.; Colombo, C.; Ferrari, R.; Rezabkova, L.; Arosio, P. Mechanistic Origin of
the Combined Effect of Surfaces and Mechanical Agitation on Amyloid Formation. ACS

Nano 2017, 11 (11), 11358-11367. https://doi.org/10.1021/acsnano.7b05895.

Lu, J.-X.; Qiang, W.; Yau, W.-M.; Schwieters, C. D.; Meredith, S. C.; Tycko, R. Molecular
Structure of B-Amyloid Fibrils in Alzheimer’s Disease Brain Tissue. Cell 2013, 154 (6),

1257-1268. https://doi.org/10.1016/j.cell.2013.08.035.

Sawaya, M. R.; Sambashivan, S.; Nelson, R.; Ivanova, M. L; Sievers, S. A.; Apostol, M. L;
Thompson, M. J.; Balbirnie, M.; Wiltzius, J. J. W.; McFarlane, H. T.; Madsen, A. O.;
Riekel, C.; Eisenberg, D. Atomic Structures of Amyloid Cross-Beta Spines Reveal Varied

Steric Zippers. Nature 2007, 447 (7143), 453-457. https://doi.org/10.1038/nature05695.

Fawzi, N. L.; Okabe, Y.; Yap, E. H.; Head-Gordon, T. Determining the Critical Nucleus
and Mechanism of Fibril Elongation of the Alzheimer’s AB1-40 Peptide. J. Mol. Biol. 2007,

365 (2), 535-550. https://doi.org/10.1016/j,jmb.2006.10.011.

Nasica-Labouze, J.; Mousseau, N. Kinetics of Amyloid Aggregation: A Study of the
GNNQQNY Prion Sequence. PLoS Comput. Biol. 2012, § (11), e1002782.

https://doi.org/10.1371/journal.pcbi.1002782.

Jana, A. K.; Tiwari, M. K.; Vanka, K.; Sengupta, N. Unraveling Origins of the
Heterogeneous Curvature Dependence of Polypeptide Interactions with Carbon
Nanostructures.  Phys. Chem. Chem. Phys. 2016, 18 (8), 5910-5924.

https://doi.org/10.1039/C5CP04675K.

41


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(54) Shao, Q.; Hall, C. K. Binding Preferences of Amino Acids for Gold Nanoparticles: A
Molecular ~ Simulation  Study.  Langmuir 2016, 32  (31), 7888-7896.

https://doi.org/10.1021/acs.langmuir.6b01693.

(55) Bliimmel, J.; Perschmann, N.; Aydin, D.; Drinjakovic, J.; Surrey, T.; Lopez-Garcia, M.;
Kessler, H.; Spatz, J. P. Protein Repellent Properties of Covalently Attached PEG Coatings
on Nanostructured SiO(2)-Based Interfaces. Biomaterials 2007, 28 (32), 4739-4747.

https://doi.org/10.1016/j.biomaterials.2007.07.038.

(56) Wagner, J.; Dillenburger, M.; Simon, J.; Oberlénder, J.; Landfester, K.; Mailaender, V.; Ng,
D. Y. W.; Muellen, K.; Weil, T. Amphiphilic Dendrimers Control Protein Binding and
Corona Formation on Liposome Nanocarriers. Chem. Commun. 2020, 2-5.

https://doi.org/10.1039/d0cc02486d.

(57) Wei, G.; Su, Z.; Reynolds, N. P.; Arosio, P.; Hamley, I. W.; Gazit, E.; Mezzenga, R. Self-
Assembling Peptide and Protein Amyloids: From Structure to Tailored Function in
Nanotechnology. Chem. Soc. Rev. 2017, 46 (19), 4661-4708.

https://doi.org/10.1039/C6CS00542].

(58) Frens, G. Controlled Nucleation for the Regulation of the Particle Size in Monodisperse
Gold Suspensions. Nat. Phys. Sci. 1973, 241 (105), 20-22.

https://doi.org/10.1038/physci241020a0.

(59) Vijayakumar, S.; Ganesan, S. Preparation and Stability of Gold Nanoparticles. Indian J.

Phys. 2012, 86 (11), 989-995. https://doi.org/10.1007/s12648-012-0161-8.

(60) Bhattacharjee, S. DLS and Zeta Potential - What They Are and What They Are Not? J.

42


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Control. Release 2016, 235, 337-351. https://doi.org/10.1016/j.jconrel.2016.06.017.

(61) Necas, D.; Klapetek, P. Gwyddion: An Open-Source Software for SPM Data Analysis.

Cent. Eur. J. Phys. 2012, 10 (1), 181-188. https://doi.org/10.2478/s11534-011-0096-2.

(62) Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W. NIH Image to ImagelJ: 25 Years of Image

Analysis. Nat. Methods 2012, 9 (7), 671-675. https://doi.org/10.1038/nmeth.2089.

(63) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E. GROMACS 4: Algorithms for Highly
Efficient, Load-Balanced, and Scalable Molecular Simulation. J. Chem. Theory Comput.

2008, 4,435-447.

(64) wvan der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A. E.; Berendsen, H. J. C.

GROMACS: Fast, Flexible, and Free. J. Comput. Chem. 2005, 26, 1701-1718.

(65) Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: A Package for Molecular

Simulation and Trajectory Analysis. J. Mol. Model. 2001, 7,306-317.

(66) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R. GROMACS: A Message-Passing

Parallel Molecular Dynamics Implementation. Comput. Phys. Commun. 1995, 91, 43-56.

(67) Pronk, S.; Pall, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apostolov, R.; Shirts, M. R.; Smith,
J. C.; Kasson, P. M.; Van Der Spoel, D.; Hess, B.; Lindahl, E. GROMACS 4.5: A High-
Throughput and Highly Parallel Open Source Molecular Simulation Toolkit. Bioinformatics

2013, 29 (7), 845-854. https://doi.org/10.1093/bioinformatics/btt055.

(68) Wilti, M. A.; Ravotti, F.; Arai, H.; Glabe, C. G.; Wall, J. S.; Bockmann, A.; Giintert, P.;
Meier, B. H.; Riek, R. Atomic-Resolution Structure of a Disease-Relevant AB(1-42)

Amyloid Fibril. Proc. Natl. Acad. Sci. 2016, 113 (34), E4976-E4984.

43


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

https://doi.org/10.1073/pnas.1600749113.

(69) Crescenzi, O.; Tomaselli, S.; Guerrini, R.; Salvadori, S.; D’Ursi, A. M.; Temussi, P. A.;
Picone, D. Solution Structure of the Alzheimer Amyloid B-Peptide (1-42) in an Apolar
Microenvironment: Similarity with a Virus Fusion Domain. Eur. J. Biochem. 2002, 269

(22), 5642-5648. https://doi.org/10.1046/5.1432-1033.2002.03271 .x.

(70) Brancolini, G.; Corazza, A.; Vuano, M.; Fogolari, F.; Mimmi, M. C.; Bellotti, V.; Stoppini,
M.; Corni, S.; Esposito, G. Probing the Influence of Citrate-Capped Gold Nanoparticles on
an  Amyloidogenic  Protein. ACS  Nano 2015, 9 (3), 2600-2613.

https://doi.org/10.1021/nn506161j.

(71) Brancolini, G.; Polzi, L. Z.; Corni, S. Computational Strategies for Protein-Surface and
Protein-Nanoparticle Interactions. J. Self-Assembly Mol. Electron. 2015, 2 (1), 1-26.

https://doi.org/10.13052/jsame2245-4551.211.

(72) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development and Testing of the OPLS
All-Atom Force Field on Conformational Energetics and Properties of Organic Liquids. J.

Am. Chem. Soc. 1996, 118 (45), 11225-11236. https://doi.org/10.1021/ja9621760.

(73) Jorgensen, W. L.; Tirado-Rives, J. The OPLS Potential Functions for Proteins. Energy
Minimizations for Crystals of Cyclic Peptides and Crambin. J. Am. Chem. Soc. 1988, 110

(6), 1657-1666. https://doi.org/10.1021/j200214a001.

(74) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen, L. G. A Smooth

Particle Mesh Ewald Method. J. Chem. Phys. 1995, 103, 8577-8593.

(75) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N -log( N ) Method for Ewald

44


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

available under aCC-BY-NC-ND 4.0 International license.

Sums in Large Systems. J. Chem. Phys. 1993, 98 (12), 10089—-10092.

https://doi.org/10.1063/1.464397.

Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M. LINCS: A Linear Constraint

Solver for Molecular Simulations. J. Comput. Chem. 1997, 18, 1463—1472.

Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J. Interaction Models
for Water in Relation to Protein Hydration. In The Jerusalem Symposia on Quantum

Chemistry and Biochemistry; Pullman, B., Ed.; Reidel: Dordrecht, 1981; pp 331-342.

Miyamoto, S.; Kollman, P. A. SETTLE: An Analytical Version of the SHAKE and
RATTLE Algorithm for Rigid Water Models. J. Comput. Chem. 1992, 13 (8), 952-962.

https://doi.org/10.1002/jcc.540130805.

Yeh, 1.; Berkowitz, M. L. Ewald Summation for Systems with Slab Geometry. J. Chem.

Phys. 1999, 111 (7), 3155-3162. https://doi1.0org/10.1063/1.479595.

Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling through Velocity Rescaling. J.

Chem. Phys. 2007, 126, 14101.

Schlitter, J. Estimation of Absolute and Relative Entropies of Macromolecules Using the
Covariance =~ Matrix. =~ Chem.  Phys.  Lett. 1993, 215 (6), 617-621.

https://doi.org/10.1016/0009-2614(93)89366-P.

Kabsch, W.; Sander, C. Dictionary of Protein Secondary Structure - Pattern-Recognition of
Hydrogen-Bonded and Geometrical Features. Biopolymers 1983, 22 (12), 2577-2637.

https://doi.org/10.1002/bip.360221211.

Touw, W. G.; Baakman, C.; Black, J.; Te Beek, T. A. H.; Krieger, E.; Joosten, R. P.; Vriend,

45


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.01.450782; this version posted July 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

G. A Series of PDB-Related Databanks for Everyday Needs. Nucleic Acids Res. 2015, 43

(D1), D364-D368. https://doi.org/10.1093/nar/gkul028.

(84) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular Dynamics. J. Mol. Graph.

1996, 74 (1), 33-38. https://doi.org/10.1016/0263-7855(96)00018-5.

46


https://doi.org/10.1101/2021.07.01.450782
http://creativecommons.org/licenses/by-nc-nd/4.0/

