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Introduction

The transformation of normally soluble peptides and proteins
into intractable amyloid deposits has been associated with over
50 debilitating diseases, including Alzheimer’s, Parkinson’s,
and type-II diabetes. Amyloid diseases have a high global
presence and are a significant socioeconomic burden that poses
major challenges for public health in the 21st century. This has
resulted in an explosion of research to better understand the
structures and mechanisms of protein aggregation and amyloid
formation in an effort to develop novel, specific, and highly
effective drugs for amyloid disorders."*! In particular, a
detailed knowledge of reactive species structure at different
stages of amyloid formation is essential to optimise the design of
therapeutic compounds.

Over 36 proteins, with little structural or sequence similari-
ties, are known to form disease-related amyloid fibrils.”) While
these fibrils share a common cross (3-sheet architecture, their
supramolecular morphologies vary widely and can range from
small protofilaments to extensive cable or rope-like structures.’
The toxic species in amyloid diseases are generally believed to be
the small, intermediate oligomers rather than the full-grown
fibrils.l*! Recently this view has been expanded by a study which
showed that only a small but critical concentration of amyloid
fibrils are needed to catalyse the formation of toxic oligomeric
species from monomeric peptide molecules.' There are several
excellent reviews that describe the vigorous and innovative
research investigating the pathogenicity and different therapeutic
approaches to amyloid formation.!">~"! A possible therapeutic
strategy against amyloid diseases could be the application of
specific mutant or truncated variants that prevent the nucleation
of the fibrils or assist in their dissociation. Another approach
is the development of small molecules capable of pre-
venting amyloid fibrillogenesis through different interfering

mechanisms,™ such as native-structure stabilisers, monomer

sequesters, protein-aggregation inhibitors, peptide mimics, and
molecular chaperones. A major impediment to the development
of effective anti-aggregation compounds is their inability to cross
the blood—brain barrier. A suggested solution to this predicament
is the utilisation of bio-inert nanoparticles as efficient therapeutic
agents or drug delivery vehicles.”) However, aggregation pro-
cesses are multiplex and protein specific, therefore it is crucial to
have a molecular-level understanding of the protein structure and
behaviour at different stages of amyloid formation in order to
design compounds that will not only inhibit the development or
induce destruction of oligomers and fibrils (treatment), but also
hamper the formation of fibrils that catalyse the nucleation of the
toxic oligomers (prevention).

While advances in experimental techniques are constantly
probing ever-smaller length-scales and ever-shorter timescales,
computational modelling is still widely recognised as an invalu-
able and complementary approach to systematically investigate
the detailed mechanisms of nanoscale biological phenomena at
atomistic and electronic resolutions.!'®'* Despite the exponen-
tial increase in computer power!'* there is no single molecular
modelling approach, with the electronic structure calculations
and classical all-atom and coarse-grained molecular dynamics
(MD) simulations commonly used separately or in combination
to describe complex biomolecular events at different length and
timescales. Indeed, a multiscale modelling approach is required
to obtain a comprehensive physicochemical description of
multistage protein aggregation processes and, further, to design
fibril inhibiting compounds and/or external stimuli. At the same
time, all-atom biomolecular simulations remain the most com-
monly used technique to study the amyloid protein structure
at the level of individual molecules, intermediate aggregates,
and pre-formed fibrils.'"*'® This is because all-atom MD
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Amyloid Modelling

simulations have proven invaluable in elucidating the confor-
mational space and dynamics of peptides and proteins, mem-
brane transport, and ligand binding phenomena, to name a
few.!'7 2% In the context of this review, for example, we recently
used atomistic simulations to clarify how small molecules
(photoacids) bind to an all-atom model of the insulin fibril
surface in order to identify a possible new means to track fibril
formation by insulin.*') More recently, we used a combination
of electronic structure calculations and classical MD simula-
tions to elucidate the mechanisms by which metal-phenolic
networks are able to inhibit fibril formation by the Alzheimer’s
disease implicated amyloid-@ protein, which enabled us to shed
light on this recently discovered phenomenon.**!

It must be noted, however, that despite the consistent growth
of modelling applications and some evident success in employ-
ing simulations to understand the elusive process of amyloid
fibril formation, there are still methodological challenges that
must be carefully considered. Specifically, in-silico emulated
biomolecular behaviour is governed by the accuracy of the
underlying potential energy function, or forcefield, which
describes all inter-atomic interactions in classical molecular
mechanics simulations.!”*?°! Special challenges are related to
identifying the existing forcefields suitable for the simulation of
inherently disordered proteins, many of which have the amyloid
fibril forming capacity. Hence, we and others have systemati-
cally evaluated forcefields for several proteins such as insulin®*
and human amylin'**~®! and reported significant biases of some
forcefields commonly used for biomolecular simulations, which
can be especially ‘influential” when modelling inherently disor-
dered proteins. Furthermore, the adequate sampling of the
protein’s conformational space not only depends on the force-
field, it also relies on the ability of the employed approach to
explore the potential energy landscape in order to have a realistic
representation of the molecular transitions during various stages
of the amyloid fibril formation process. Therefore, sampling
methods are commonly tested alongside the choice of forcefield
in an attempt to reproduce scarcely available experimental data
or to test the simulation settings against one another.!?*-427-8]
In recent years we have applied several emerging sampling
methods, such as bias-exchange metadynamics and replica
exchange methods, to evaluate the extent to which they can
access the conformational space of amyloid forming proteins,
including insulin®**! and amylin.!**!

The main focus of the present review, however, is on our
efforts to better understand the effects of local environment on
the structure, dynamics, and self-assembly mechanisms of the
amyloidogenic apolipoprotein C-II (apoC-II) and its peptide
derivatives. Apolipoproteins belong to a family of proteins that
are known to readily form amyloid fibrils, including apolipo-
protein (apo) A-I, apoA-II, apoA-1V, apoC-II, apoC-III, apoE,
serum amyloid A, and o-synuclein.*%*"1 ApoC-1I is a 79 amino
acid protein with an important physiological role as activator of
lipoprotein lipase and is a well characterised member of the
apolipoprotein group, both experimentally and computation-
ally. Its amphipathic nature allows it to circulate in the blood-
stream while bound to very-low-density lipoproteins. Lipid-free
apoC-I1, as well as several other apolipoproteins, readily aggre-
gate in vitro to form distinct fibrils with all the hallmarks of
amyloid.®** Amyloid fibrils of apoA-I, apoA-II, and apoC-II
have been found in atherosclerotic lesions, co-localised with the
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Fig. 1. ApoC-II B-strand-loop—p-strand structural model proposed from
FRET, AFM, X-ray diffraction, and H/D exchange experiments and refined
using MD simulations. For clarity, each chain is shown in a different colour.
Adapted with permission.*®! Copyright 2011 Elsevier.

amyloid marker, serum amyloid P, and have been associated with
the progression of cardiovascular disease.**) A recent in vivo
study demonstrated apoC-II as the main protein component in a
new type of hereditary renal amyloidosis.**! Furthermore,
an epidemiological study showed apoC-II is associated with
cardiovascular disease, stroke, and myocardial infarction. 3!

Lipid-Free ApoC-11 Amyloid Fibril: Structure and Dynamics

In lipid-depleted conditions, apoC-II readily self-assembles into
homogeneous fibrils with a ‘twisted-ribbon’ morphology that
exhibits all the features of amyloid, including increased
B-structure character, red—green birefringence in the presence
of Congo Red, and increased fluorescence in the presence of
thioflavin T.?! Several experimental characterisation techni-
ques, including fluorescence resonance energy transfer (FRET),
atomic force microscopy (AFM), X-ray diffraction, and hydro-
gen/deuterium exchange were complemented by molecular
dynamics (MD) simulations to propose a first all-atom structural
model for the apoC-IT amyloid fibril with a three-layered, ‘letter-
G-like’, B-strand—loop—B-strand arrangement.*® Our fully sol-
vated all-atom MD simulations showed that the model contained
a stable cross-B-core with a flexible connecting loop devoid of
persistent secondary structure (Fig. 1). The simulation trajecto-
ries revealed that the charged residue clusters in the fibril rear-
range to minimise the effects of same-charge interactions
inherent in parallel in-register models. Our structural model for
apoC-II fibrils suggested that apoC-II monomers fold and self-
assemble to form a stable cross-f-scaffold containing relatively
unstructured connecting loops. In a later study, our MD simu-
lations confirmed that the core fibrillar region residues 5676
favoured a parallel cross-B arrangement.”*”!

One important feature of this ‘letter-G-like’ model is the
presence of a buried ion-pair between residues K30 and D69, as
depicted in Fig. 1. These residues are present in a lipid binding
region and the highly conserved a-helical lipoprotein lipase-
activating region, respectively. The demonstrated formation of
the buried K30-D69 charge pair within apoC-II fibrils recon-
ciled the observed dual abilities of apoC-II to form a class A
amphipathic helix and cross-f3 structure in lipid and lipid-free
environments, respectively. Mutation studies of these residues
indicated the ion-pair plays a significant role in the fibril
formation process.’’ %! In our combined experimental and
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Fig.2. Molecular dynamics simulations of D69K fibrils.>*) MD snapshots of the equilibrium conformations are coloured on the basis of secondary structure
elements (yellow for B-strand, white for coil, and cyan for turn) of the (a) WT and (d) D69K tetramer. The central B-core structure and arrangement of ionic
residues K30 and E27 (shown as Liquorice) near residue 69 are shown from side and top views of the WT (b and c¢) and D69K (e and f) fibrils, respectively.

Reprinted with permission.*! Copyright 2015 American Chemical Society.

computational study we described the effects of D69K mutation
on the structural properties of full-length apoC-II amyloid
fibrils.®®’ The MD simulations indicated reduced B-strand
content for a model D69K apoC-II tetramer compared with
the wild-type (WT) tetramer and confirmed an expansion of the
cross-f spacing that contributed to the formation of a stable
charge pair between K69 and E27 (Fig. 2). The computational
results corroborated the experimental data that indicated more
rapid fibril formation and increased B-sheet spacing in D69K
apoC-II fibrils compared with the WT fibrils.

In a follow up study, we showed that the buried charged
residues form both intra- and inter-subunit ion-pair interactions
that stabilise the fibril.*®) Mutations of the ion-pair to K30D
reduced the fibril stability and prevented fibril formation
by K30D apoC-II under standard conditions. In contrast,
co-incubation of K30D apoC-II with other mutants, i.e. mixtures
of K30D apoC-II with wild-type, D69K, or double mutant
(K30D/D69K) apoC-II, promoted the incorporation of K30D
apoC-II into hybrid fibrils with increased stability. The MD
simulations showed that an increase in the number of inter-
subunit ion-pair interactions accompanied the increased stabil-
ity of the hybrid fibrils. These results demonstrate the important
role of both intra- and inter-subunit electrostatic interactions in
stabilising apoC-II amyloid fibrils, a process that may be one of
the key factors in determining the general ability of proteins to
form amyloid fibrils.

ApoC-II Peptide Derivatives: Structure and Dynamics

ApoC-II contains two well protected regions between residues
19-37 and 57-74, identified by hydrogen/deuterium exchange
and NMR experiments, which contain the sequences believed
to be facilitating the fibril formation of apoC-IL.*) It has been
shown that the synthetic apoC-I1(56—76) readily formed fibrils,
albeit with a different morphology compared to the analogous
full-length apoC-I1."*" Further truncating the synthetic pep-
tides narrowed this fibril-forming region to residues 60—70 and
these residues were postulated to be the key driver behind fibril

formation by apoC-II. This discovery culminated in several
computational studies on monomeric and oligomeric apoC-II
that complemented the experimental efforts of our collabora-
tors. Below we describe over a decade of our theoretical—
experimental exploration of the structure, dynamics, and fibril-
forming propensity of these amyloidogenic peptides under
various conditions, including variation of pH,** muta-
tions,*' 1 varying lipid concentration,*** cyclic peptide
isomer,[*>*¢! presence of nanoparticles,*”! and more recently
external electromagnetic fields.!**!

Mutation

Our mutation studies of the apoC-II peptide derivates show the
important role of individual residues in fibril formation kinetics,
dynamics, and stability.”*' ™1 For example, while wild-type
apoC-II(56-76) and (56-76)Met60GIn peptides both readily
assembled into fibrils with similar fibrillation rates, methionine
oxidation resulted in slower fibril formation kinetics and a less
flexible structure; however, fibril formation was not completely
inhibited. Mutation of Met60 to Val, (56—76)Met60Val, caused
an even slower fibril formation kinetics and a tendency of
the mutant to explore a wider conformational space. Interest-
ingly, this mutation exhibited totally different aggregation
kinetics compared with the full-length apoC-II with the same
mutation. Our simulation studies showed that the behaviour of
apoC-11(56-76) is different to that of the full length apoC-II and
this suggests two things: that the mechanism for fibril formation
may likewise be different, and that smaller peptide derivatives
do not necessarily serve as predictive models for fibril formation
of the full length proteins.!*"]

In addition, our experimental partners have shown that when
the smaller apoC-I1(60—70) peptides are synthesised with the
same Met60 mutation, they also exhibit different fibrillation
kinetics to that of the longer apoC-II(56—76) variant, as deter-
mined by thioflavin T fluorescence.'**! The oxi-Met and
Met60GlIn apoC-I1(60—-70) peptides displayed a lower rate of
fibrillation, while the wild-type and Met60Val peptides formed
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Fig. 3. The most favourable structures of (a) wild-type (black), (b) oxidised Met (red), (c) Met60Val (green), and (d) Met60Gln
(blue) apoC-11(60-70) peptides. The peptide structure is shown as a ribbon and the relative aromatic ring orientations are shown in
the CPK representation. Adapted with permission.**! Copyright 2010 Royal Society of Chemistry.

fibrils faster. To help understand these observations, our MD
simulations revealed that all apoC-II(60—70) peptides adopted
conformations resembling a (-hairpin structure, albeit with
some notable differences. The formation of a strong hydropho-
bic core, as exhibited in a B-hairpin structure, was identified to
be favourable for inter-peptide interactions and subsequent fibril
formation. The oxidised and Met60Gln apoC-I1(60—70) mono-
mers displayed increased structural flexibility and a broad range
of aromatic side-chain orientations, while the fibril-forming
wild-type and Met60Val peptides exhibited more entropically
restricted B-hairpin conformations with the aromatic side-
chains positioned on the opposite faces of the hairpin structure
(Fig. 3). These differences were suggested to explain the distinct
fibrillation kinetics observed for these mutated variants experi-
mentally, indicating that the aromatic residues play a critical
role in the fibrillation mechanism of the apoC-II(60-70)
peptide.[**!

pH and Lipids

The fibrillation kinetics of the shorter apoC-11(60—70) peptide
was investigated at different pH and in the presence of
lipids.*****] Our MD simulations revealed distinct pre-
ferences in apoC-11(60—70) secondary structure pertaining to the
change in pH and the presence of lipids, thus identifying specific
fibril-favouring or fibril-disrupting conditions. The conforma-
tional differences were then compared with the peptide behav-
iour at the same experimental conditions. At fibril-favouring
conditions (neutral and low pH) the peptide preferentially
adopted B-hairpin structures, with the aromatic residues Tyr63
and Phe67 lying on the opposite faces of the hairpin, while under
fibril-disruptive conditions (lipid-rich) significantly different
conformations were preferred by the peptide, with the aromatic
residues Tyr63 and Phe67 orientations at the same face of the
hairpin.

Lipid concentration has been shown to strongly influence the
structure and aggregation propensity of apoC-II(60—70) pep-
tide.**! The MD results showed a progressive reduction in the
solvent accessible surface area of apoC-II(60—70) with increas-
ing lipid concentration, accompanied by increased lipid—peptide
contacts. The peptide exhibited reduced conformational flexi-
bility due to the persistent lipid—peptide interactions. A signifi-
cant change in the secondary structure of apoC-II(60-70)
peptide was also observed with increasing lipid concentration.
At lower concentrations (1-3 lipids per peptide), the peptide
adopted extended B-strand conformations, caused by contacts
with the lipids which reduced the intramolecular interactions
within the peptide. In contrast, a higher lipid concentration
(4-6 lipids per peptide) had a restraining effect on the peptide’s
flexibility by trapping it in a particular conformation. Such

behaviour was deemed to be inhibiting the fibril formation,
because of the lipid-induced inability of the peptide to adopt
fibril competent conformations. This observation concurred
with the experimental finding which revealed that the 4:1
lipid-to-peptide ratio is sufficient to cause fibril inhibition in
apoC-I11(60-70).

Cyclic Peptides

Cyclic peptides and their derivatives have been receiving
growing attention as potentially powerful and highly specific
fibril inhibitors (1°°! and references therein), but also as mole-
cules that are capable of decreasing the cytotoxicity of fibril
aggregates.”') What makes cyclic peptides so appealing is their
resistance to enzymatic degradation, i.e. they are slow to
metabolise compared with their non-cyclic equivalents. How-
ever, cyclic peptides are prone to aggregation due to hydro-
phobic interactions and this can reduce their fibril inhibitory
efficacy. An excellent review discusses the latest strategies for
designing cyclic peptides, specifically the importance of peptide
amino sequence and/or conformational similarity to amyloid
fibrils.">")

To explore if cyclicity could be exploited to inhibit apoC-II
fibril formation, we investigated if a cyclic apoC-I1(60-70)
derivate, cyc(60-70), reduced the fibrillogenic nature of its
linear-peptide analogue when in a co-mixture.l*>**) Cyc(60—
70) was formed by disulfide cross-linking of cysteine residues
added to the termini of the linear apoC-II(60—70). This cyclic
peptide did not self-associate into fibrils, however, substoichio-
metric concentrations of cyc(60-70) significantly delayed fibril
formation by the fibrillogenic linear peptides apoC-11(60-70)
and apoC-I11(56-76).1*°! Reduction of the disulfide bond or
scrambling the amino acid sequence within cyc(60-70) signifi-
cantly impaired its inhibitory activity, suggesting that the
mechanism of aggregation inhibition is sequence specific. The
solution structure of cyc(60—70) was solved using NMR spec-
troscopy, revealing a well defined amphipathic structure. MD
simulations were employed to refine the structure of cyc(60-70)
and compare to its scrambled variants. The simulations identi-
fied a flexible central region within cyc(60—70), while the
‘scrambled’ cyc(60—70) exhibited an increased formation of
intramolecular hydrogen bonds and a reduction in the overall
flexibility of the peptide. Our structural studies suggested that
the inhibitory activity of cyc(60—70) is mediated by an elongated
structure with inherent flexibility and distinct amphipathic
(hydrophobic and hydrophilic) surfaces, enabling cyc(60-70)
to interact transiently with fibrillogenic peptides and inhibit
fibril assembly.

Understanding the mechanisms by which these cyclic mole-
cules block the formation of amyloid fibrils can help design
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specific therapeutic agents to prevent amyloidosis. With this in
mind, we employed a MD-based umbrella sampling approach
together with electronic structure calculations to elucidate the
mechanisms of inhibition and affinity between cyc(60—70) and
apoC-11(60—70) peptide.[**) Our results showed that cyc(60—70)
induced increased flexibility in apoC-I1(60—70), suggesting that
cyc(60—-70) inhibits fibrillation of the linear analogue by desta-
bilising the apoC-I11(60-70) structure, rendering it incapable of
adopting fibril competent conformations. In contrast, cyc(60—
70) itself became less flexible upon binding to apoC-11(60-70),
which was mediated by hydrophobic interactions between the
aromatic rings of the peptides. This cyclic-linear peptide
complex effectively created a ‘cap’ around the fibril-forming
region of apoC-II(60-70) and generated an outer hydrophilic
shell that discouraged further apoC-I1(60-70) self-assembly.
Our potential of mean force simulations in solution together
with under vacuum DFT calculations of the cyclic—linear
peptide binary complex showed that apoC-1I(60-70) has a
stronger binding affinity for the hydrophobic face of cyc(60—
70) compared with the hydrophilic side (Fig. 4). This suggested
the amphipathic ‘Janus’-like character of cyc(60—70) to be an
important feature of potential molecular candidates for fibril
inhibition, a property to be exploited in the design of specific
inhibitors of amyloid fibril formation.

Electromagnetic Fields

The upsurge of electronic ‘smart’ devices has caused human
exposure to electromagnetic fields (EMF) to be inescapable.
This has resulted in an increased concern about potential health
effects of this omnipresent exposure. We have been contrib-
uting to research in this area through our previous modelling of
insulin exposure to various electric fields!®* > and more
recently, through our involvement into the Australian Center of
Electromagnetic Bioeffects Research (ACEBR).® High-level
fields of specific frequency can excite certain vibrational
modes of proteins and other biomolecules, causing structural
changes that can lead to misfolding and ultimately, aggregation
of proteins into insoluble amyloid fibrils.°>**37->%1 On the
other hand, experimental studies have suggested that EMFs
may be used as a therapeutic tool for the breakdown of fibrils
implicated in Alzheimer’s disease.’? Therefore, an improved
understanding of the effects of radiofrequency radiation on
biomolecules and their implications in disease processes at the
molecular level is required. Such knowledge will not only assist
in setting reliable safety standards for proliferating mobile
electronic devices but will also help clarify whether EMF
exposure can have any positive health related effects, specifi-
cally in certain neurodegenerative processes. We have chosen
to investigate the effects of radiofrequency radiation on the
amyloidogenic apoC-11(60—-70) peptide, well studied by us and
others both theoretically and experimentally, thus providing
ample benchmarking opportunities for assessing any potential
EMF effects on its behaviour.

To identify and systematically characterise molecular-level
effects of EMF on the behaviour of apoC-I11(60-70) peptide we
performed explicit solvent MD simulations where we varied the
electric field strength from a commonly used high strength
field of 0.7 V nm ' 2% to a relatively low intensity field of
0.0007 V nm ™~ ".*¥! This approach enabled us identify the lowest
field strength at which we can reproducibly detect and charac-
terise the field effects on the structure and dynamics of the
peptide model and relate the changes to the fibril forming
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Fig. 4. Conceptual association pathway for linear apoC-11(60-70) inter-
acting with its cyclic analogue cyc(60-70). The four most populated clusters
are shown with respect to their relative interaction enthalpies, potential of
mean force (PMF) dissociation free energies (for clusters c1 and ¢4 only) and
hydrophobic contact area. The respective cluster populations are also shown
below each representative complex with dots indicating multiple possible
structures. The connecting dashed lines demonstrate possible pathways,
while the arrows point in the direction of stronger bound complexes. The
hydrophobic residues of cyc(60—70) are represented as a red surface, and
hydrophilic residues in blue. The cyc(60-70) structure is shown with its
hydrophobic face on the right and hydrophilic face on the left. The apoC-II
(60-70) and cyc(60-70) conformation is shown in ribbon representation
in grey and black, respectively. Reprinted with permission. Copyright
2013 PloS One Todorova et al.[*¢!

capacity of the peptide identified through our previous
work.[*>7*47) Our simulations showed field strengths lower
than 0.004 V nm ™' had no tangible effects on the peptide
conformation. ApoC-II(60-70) adopted amyloid-prone hairpin
structures similar to those in ambient conditions (Fig. 5b). The
intermediate field-strength range (0.04—-0.004 V nm™ 1 caused a
significant increase in peptide dynamics, which resulted in an
increased population of structures with fibril-inhibiting char-
acteristics, such as the separated N- and C-termini and coloca-
tion of the aromatic residues at the same peptide face. In the high
strength field (> 0.04 V nm™') simulations, apoC-II(60—70)
experienced peptide dipole alignment along the applied field
direction, which resulted in elongated structures and disrupted
the inherent B-hairpin conformation known to be the intermedi-
ate state for fibril formation (Fig. 5a). These findings suggested
that intermediate-strength electromagnetic fields could be con-
sidered for designing alternative treatments of amyloid diseases,
while the very high and low field strengths could be employed
for engineering well ordered fibrillar aggregates (e.g. biocom-
patible materials) for other medicinal or non-medicinal applica-
tions. We are currently investigating the effects of high
frequency EMF in the 1.0-10 GHz range (suggested for the
new mobile telecommunication technologies, e.g. 5G net-
work!®) on the structure and dynamics of the apoC-II-derived
peptide at the lowest field intensity level at which the effects
were theoretically measurable.
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Fig. 5. All-atom computer model of an amyloid peptide in solution under
the influence of varying strength electromagnetic fields (EMF).%3¢]
(a) ApoC-II peptide adopting an elongated conformation due to the peptide
dipole alignment along the electric field direction at fields higher than
0.04 V nm'. (b) ApoC-II peptide adopts native-like conformation while
exposed to fields < 0.04 V nm " in strength. The peptide conformation is
shown as a ribbon (purple) and atomic structure in CPK representation.
Water molecules near the peptide are shown explicitly in grey CPK
representation and the overall solution is coloured blue. Yellow arrows
represent the peptide dipole moment and black arrows represent the direc-
tion of the applied electric and magnetic field respectively. Reprinted with
permission. Copyright 2016 Loughran et al.>!

Nanomaterials

The proliferation of nanotechnology in every industry has made
nanomaterials ubiquitous in the natural world, including plants,
animals, humans, and the environment. While some nanoma-
terials have been shown to be beneficial or functional in nano-
medicine and technology, others can be detrimental to our health
and the environment, with many having unforeseen and unin-
tended consequences.[®"*%?) Operating in the nano-world, these
materials require a nanoscale description of their interactions
with the surrounding molecules to ensure their programmability
and safety.[®* Several reviews summarise the plethora of
research describing the common modes in which nanostructured
materials interact with biological molecules such as membranes,
DNA, and peptides/proteins, and, within our current focus, their
possible role in protein aggregation.[**®! Despite the extensive
number of studies in this field there is still a lot to learn about
nanomaterial interactions with biological matter. Specifically in
relation to amyloid formation, nanomaterials may inhibit or
promote cytotoxicity at three different stages of the fibrillation
process: (1) by disruption of the nucleation phase, i.e. the for-
mation of fibril seeds, (2) by influencing the elongation/fibril
growth ability, and (3) by altering the amount of toxic species
present and or forming.[®”) Nanomaterials of varying composi-
tion, functionalisation, shape, and size have been shown to affect
the fibrillation of amyloidogenic peptides and proteins in many
different ways. Factors such as shape, size, and surface
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chemistry, including concentration and composition of surface
functionalisation (and charge), have been shown to impact the
ability of nanoparticles to inhibit or promote aggregation.
Considerable research has been undertaken recently to explore
how these factors specifically affect fibril formation ({4 °" and
references therein).

Graphitic Nanomaterials

One of the most studied and prevalent types of nanomaterials
present in the environment are carbonaceous nanomaterials.
Through the process of combustion, they are continually ejected
in large volumes into the atmosphere as airborne particles. In the
laboratory they can be synthesised at the smallest scale, in the
form of clusters or flakes with nanometric dimensions and
amazing mechanical, thermal, and optical properties. Graphitic
nanomaterials are characterised by trivalent carbon atoms with
the sp? hybridisation placed in a two-dimensional lattice. While
this lattice can adopt many structures, arguably the three most
commonly known nano-carbon morphologies are spherical
fullerenes, tubular carbon nanotubes, and flat graphite and
graphene surfaces. These unique structures give graphitic
nanoparticles distinct properties which are desirable in appli-
cations ranging from electronics, catalysis, chemical sensing,
biosensors, drug and vaccine delivery, and many more. Full-
erenes, particularly C60, can neutralise free radicals in solution.
This makes them an attractive therapeutic for the treatment of
Alzheimer’s disease as oxidative stress has been implicated in
the pathogenesis of this terrible disease.l’”) Carbon nanotubes
(CNTs) have been considered for many uses in vivo including as
biosensors, as site-specific drug delivery vehicles, or for direct
interaction with disease-related biomolecules involved in
amyloidosis.””"! However, it remains unclear how these largely
hydrophobic nanomaterials can potentially affect any undue and
undesirable amyloid formation due to non-specific peptide/
protein adsorption and aggregation in proximity of hydrophobic
surfaces.’"* To clarify this we again used our well studied
apoC-II(60-70) as a prototype peptide for benchmarking the
effects of 0D, 1D, and 2D carbon nanomaterials on its capacity
to aggregate.

Classical MD and electronic structure calculations (linear
scaling DFT)"*! were employed to investigate the effects of
carbonaceous nanoparticles of differing size and curvature on the
structure, dynamics, and binding affinity of the amyloidogenic
apoC-11(60-70) peptide.*”! Our results showed that the binding
affinity of apoC-II(60-70) peptide to C60, nanotubes, and
graphene decreases with increasing nanoparticle curvature
(Fig. 6). Strong binding to graphene and nanotubes was facili-
tated by the large contact area available for m-stacking between
the aromatic residues of the peptide and the extended graphitic
surfaces. The highly curved fullerene surface exhibited reduced
efficiency for m-stacking, however it contributed to an increase in
conformational lability of apoC-11(60-70), which prevented it
from adopting fibril-favouring structural features, such as a stable
B-hairpin. This finding is in line with the previous studies of
oxidised apoC-I1(60-70), where increased structural flexibility
and dynamics were shown to be the key factors prohibiting this
peptide to form fibrils, confirmed experimentally.'*>**! In con-
trast, the nanotube and graphene surfaces promoted extended,
entropically restricted fibril forming peptide conformations.

Advanced sampling MD simulations were also applied to
study the effects of graphitic carbon nanomaterials on the
structure, and the dissociation pathway of a previously identified
preformed dimer of the amyloidogenic apoC-II(60-70)
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Fig.6. Electron density difference maps of representative frames from the clustering analysis shown by an isosurface with isovalues of Ap = +0.005
and —0.005 e A >, Red represents charge accumulation and blue represents charge depletion. The aromatic rings are coloured yellow for clarity. The
respective structures’ -stacking arrangement, aromatic contact area, and binding energy differences relative to the strongest bound state (face-to-face
 arrangement on graphene, in (c) are also shown together with close-up insets of specific features to aid interpretations of the results for (a) C60,

(b) nanotube, and (c) graphene. Reprinted with permission. Copyright 2013 PLoS Comp. Biol. Todorova et al.

peptide.l’> Similarly to our monomeric peptide study, the
calculated free energy of dissociation showed that the apoC-II
(60-70) dimer weakly bound to C60 nanoparticles but strongly
interacted with elongated carbon nanotubes and graphene. The
significant curvature of the C60 surface contributed to the
weaker peptide complex binding to the nanoparticle due to an
increase in the peptide dynamics, which resulted in dissociation
of the dimer from the C60 surface. In contrast, stronger inter-
actions were observed between the elongated carbon nanoma-
terials and the apoC-II(60—70) dimer and this resulted in a
separation of the dimer complex with one monomer strand
remaining adsorbed on the surface of the nanomaterial during
an in-silico pull-off experiment. This demonstrated that the
interaction between the bound peptide and flat graphitic surfaces
is stronger than the inter-peptide interactions between the

[47]

peptide strands within the dimer complex. The study suggested
that flat surface carbon nanomaterials present favourable bind-
ing substrates for aromatic-rich peptides, and thus have the
ability to act as templates to mediate peptide self-assembly and
fibril growth, while the highly curved C60 particle can act as an
inhibitor of fibril formation.

Like graphene, its allotropes have also attracted much atten-
tion in the past several years, with the most intriguing allotrope
being graphene oxide (GO). Unlike its counter-parts, GO is not
constrained by complicated production techniques and its syn-
thesis procedures have been well established.’) GO has the
chemical formula of C;40;(OH);(COOH), 5,l””! which can be
visualised as two epoxy groups, two hydroxy groups on both
sides of the basal plane, and one carboxy group on the edge
for every 20 carbon atoms. Due to its oxygen containing
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Fig. 7. Representative structures of monomeric and fibrillar IAPP interacting with Au(111) (a,c) and Au(100) (b,d) facets. Adapted with permission.

Copyright 2017 American Chemical Society.

functionalised surface, GO sheets show excellent hydrophilic-
ity, are relatively easy to disperse in water, and can be easily
transported and handled, relative to plain graphene sheets. GO
has a large and highly functionalisable surface which allows for
non-covalent interactions with biological molecules via electro-
statics, hydrogen bonding, and m—m stacking. Several experi-
mental studies identified GO nanoparticles as potential
inhibitors of fibril formation.!”®”* Despite some computational
efforts,®#!) the mechanisms of interactions of GO with biolog-
ical milieu is not well understood. The lack of consistent
parameters for modelling GO nanoparticles and the variation
in oxidation of GO has commanded the need for improved
characterisation of GO nanomaterials. Recently, we investi-
gated how varying the size and oxidation of GO flakes can affect
their structural and dynamic properties in an aqueous solu-
tion.’® Our all-atom modelling of the GO nanoflakes of
different sizes suggested that the curvature and roughness of
relatively small (3 x 3 nm) GO flakes were not affected by their
degree of oxidation, while the larger (7 x 7 nm) flakes exhibited
an increase in surface roughness as their oxidation increased.
The degree of oxidation induced a well structured first hydration
layer, which manifested in identifiable hydrophobic and hydro-
philic patches on GO. Our simulations provided improved
models and understanding of GO nanoflake structure, which
can be used in future as a guide for the rational design of
functional graphitic nanoparticles for modulation of the amyloid
formation.

Gold Nanomaterials

Owing to the unique size-dependent chemical, physical, and
optical properties and relative ease in functionalisation, gold
nanoparticles (AuNPs) are showing vast potential for applica-
tion in several biomedical industries (see Yeh et al.l** and
references therein). The implications of AuNPs in fibril for-
mation in particular have been described at length in a recent
review.[®™ There is also a growing research interest in under-
standing the complex physicochemical phenomena occurring at
the Au—bio interface, and the following perspective outlines the
current successes and challenges associated with the multiscale
computational treatment of Au-bio interfacial systems.!'!

We recently applied computer simulations to investigate the
facet-dependent conformational changes of another amyloido-
genic protein, human amylin, on AuNPs, and their role in fibril
formation.® Human amylin (IAPP) is responsible for glycemic
regulation in our body, however, like the other amyloid proteins,
it can self-assemble and form fibrils which are involved in the
pathogenesis of type II diabetes.’®*! We have recently explored
the conformational preferences of IAPP in solution'”*! which
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provided some background for studying the effects of AuNP on
its conformation and surface induced aggregation. The AuNPs
used for this study experimentally were 2, 5, and 10 nm in
diameter. To emulate the surface of the larger nanoparticles, we
modelled the most featured facets present on gold, the Au(111)
and Au(100) facet individually. Each facet was capped with
citrate molecules at the experimentally determined concentra-
tion and immersed in physiological solution composed of
explicit solvent and salt. The mechanisms of interactions of
monomeric and fibrillar amylin on the citrate-coated Au(111)
and Au(100) surface were investigated using all-atom MD
simulations starting from different orientations to exclude any
interaction bias. The combined experimental and computational
simulation study demonstrated a strong interaction between full-
length IAPP and AuNPs, which was initiated by the hydrophilic
N-terminal domain, followed by a conformational change
dependent on the Au surface facet. The IAPP—AuNP interaction
was observed to accelerate IAPP fibrillation by the preferential
formation of ordered structures, which was attributed to the
AuNP-induced formation of an intermediate helix and confor-
mational restructuring of the amyloidogenic region that conse-
quently promoted IAPP fibrillation. Our MD simulations
showed significant conformational rearrangements on
Au(111) facets, the dominant crystallographic facet in larger
AuNPs (Fig. 7). Adsorption of IAPP to gold was primarily
driven by electrostatic interactions with the citrate adlayer. The
role of water in the mechanisms of binding of IAPP to the Au
surfaces was also investigated, with the simulations showing a
higher density of water on the Au(100) surface (water-mediated
binding) compared with the Au(111) surface. This effect was
due to the square arrangement of Au atoms on Au(100) surfaces,
which facilitated denser structuring of water, and marks a
distinct difference to the in-plane quasi-hexagonal atomic
arrangement of the Au(111) surface. The demonstrated ability
of AuNPs to modulate interactions with the IAPP enabled us to
suggest a new way of preventing membrane disruption by the
IAPP using gold nanomaterials.[**]

Summary and Conclusions

We have presented an overview of our theoretical modelling
studies on protein structure and dynamics implicated in self-
assembly and amyloid fibril formation. The effect of various
‘stresses’ including residue specific oxidation or substitution
(mutation), and external factors such as pH, lipids, cyclic pep-
tide, electromagnetic fields, and different nanoparticles on the
protein conformation and fibril-forming ability were explored in
atomic detail using coarse grained, atomistic, and electronic
structure calculation methods.
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Our studies showed that theoretical simulations are a valu-
able tool for structure refinement and, more importantly,
for identifying specific structural features in protein/peptide
models that are present under fibril-forming or fibril-inhibiting
conditions, which is currently undetectable by conventional
experiments. Some of the structural characteristics of the
apoC-11(60-70) peptide present under fibril-forming conditions
include the formation of a hydrophobic core formed by a
B-hairpin conformation and aromatic side-chain arrangement
on the opposite face of the peptide. Whereas under fibril-
inhibiting conditions, increased conformational dynamics and
aromatic side-chains on the same side of the amyloidogenic
peptide were identified. These structural features can be typical
for various amyloidogenic peptides and can serve as potential
targets for the design of fibril inhibiting mutations or com-
pounds. As our mutation studies demonstrated, single residue
substitutions can have profound effects on protein structure and
dynamics and can promote or inhibit fibril formation depending
on the mutant’s chemistry and (co)-location. We have also
demonstrated that cyclic peptide derivatives of amyloidogenic
linear peptides can be designed as specific inhibitors of amyloid
fibril formation. Furthermore, low intensity electromagnetic
fields can be employed to destabilise and potentially destroy
amyloid fibrils, which can lead to new treatments of amyloid-
related diseases. At the same time, electromagnetic fields of
sufficiently high intensity can be used to stimulate protein
denaturation and field related alignment to produce novel
biocompatible fibrous materials, which can be exploited in
biomedical and industrial applications.

Our simulations also showed that nanoparticles can act as
fibril inducers or inhibitors with the outcome ultimately depend-
ing on their size, curvature, and chemistry. Similarly to the
amyloid mediation cases summarised above, graphitic and gold
nanoparticles can engage the same interaction mechanisms to
prevent protein self-association in solution by targeting the
structural features that drive self-assembly. The aromatic
regions of graphitic nanoparticles enable m—m stacking with
amyloidogenic proteins, disrupting a crucial mechanism that
leads to fibril aggregation through self-association and aromatic
stacking. Gold nanoparticles, on the other hand, have demon-
strated fibril promoting effects by acting as a nucleation centre
for fibril growth. This mechanism effectively reduced the
amount of free proteins in solution, which in-turn, decreased
the number of toxic fibrillar species formed, as shown experi-
mentally. Overall, it is clear that a comprehensive and system-
atic understanding of the mechanisms of interaction between
biomolecules and nanomaterials is crucial for the development
of novel diagnostic and therapeutic approaches.

From a computational perspective, it is evident that brute-
force simulations alone are largely insufficient due to their
limitation to access the time and length scales of biological
phenomena such as ligand binding and self-assembly. This calls
for enhanced sampling techniques such as umbrella sampling,
bias-exchange metadynamics (BE-META), or replica exchange
with solute-tempering (REST), capable of exploring the slow
and ‘rare’ events inaccessible by continuous MD simulations.
Furthermore, a multiscale approach, which combines quantum
mechanical, classical, and coarse-grained methodologies, is
currently the best option for a wholesome and comprehensive
description of complex biological phenomena. In conclusion,
in-silico studies prove to be a pivotal complementary approach
to experiments in the quest for a more complete understanding
of the complex behaviour of proteins, where theoretical

N. Todorova and I. Yarovsky

modelling can guide the design and development of therapies
for protein conformation related diseases.
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