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Insight into interactions of amyloid beta sheets with graphene
flakes: Scrutinizing the role of aromatic residues in-amyloids

interacting with graphene

Dragana M. Bozinovski,®! Predrag V. Petrovi¢,”! Milivoj R. Beli¢,”! and Snezana D. Zari¢*@P!

Abstract: The interaction of amyloid B-sheet segments with
graphene flake models is investigated using the density functional
theory (DFT). The structure of B-sheets of selected amyloid
segments is based on the crystal structures obtained from the
Protein Data Bank. Our study, based on the DFT calculations on
model systems, indicates that the interaction in amyloid-graphene
aggregates can be stronger than the interactions for respective
amyloid-amyloid aggregates. The results also indicate an important
specific role of aromatic side chains in amyloid-graphene
interactions. This work confirms recent experimental evidence that
graphene and its modifications inhibit the aggregation of B-amyloid
peptides.

Introduction

In the past decade, the use of nanotechnology and carbon
nanomaterials has produced a multitude of innovations that have
built up new opportunities not only in the modern materials
science, but in different areas of medicine, engineering and
technology as well.-1 A combination of nanotechnology with
the study of material properties has opened enormous
possibilities for use in different systems, thereby providing plenty
of applications of nanomaterials in various biomedical and
biological fields like therapeutics, cancer research, drug and
gene delivery or bioimaging. Nanopatrticles are relatively small in
size, up to 100 nm, which makes them comparable to large
biomolecules such as proteins, nucleic acids or cell membranes,
and allows them to interact on a cellular level. One of the
promising characteristics of carbon nanoparticles is the
possibility to interact with the misfolding and aggregation of
proteins, making these particles potentially a powerful tool to
fight different diseases.>") Among those, Alzheimer’s disease —
a neurodegenerative dementia most likely caused by the
production and deposition of B-amyloid peptides in the brain(®-12
— is probably the greatest problem of all and the most promising
candidate for potential treatment with nanoparticles. Altogether,
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the accumulation of a high amount of peptide or protein
aggregates can lead to immense problems on cellular level, for
example by directly disturbing vital cell functions, exerting
toxicity by disrupting intracellular transport or by crushing protein
degradation pathways.[19:13.14]

Among the most promising carbon nanoparticles that can help in
interrupting protein aggregation are the graphene flakes.
Graphene, a carbon sheet-based nanomaterial, represents a
planar sheet of sp? hybridized carbon atoms, introduced by
Geim and Novoselov.*% During the last few years, graphene and
graphene oxide — GO (an oxidized form of graphene) became
important in many research studies, due to their extraordinary
electronic, mechanical and biostructural characteristics.*6-201
Aggregation of amyloid beta (AB) with graphene and GO has
been studied experimentally.?*-23 Mahmoudi and colleagues
demonstrated that, through adsorption of amyloid monomers,
large flakes of GO sheets inhibit the AR fibrillization.!?®! Yang and
colleagues have shown that fibrillization of A3 monomers can be
inhibited by graphene nanosheets and moreover, graphene can
cut mature amyloid fibrils into pieces and clear it.?*! Another
modification of graphene, the graphene quantum dot (GQD) — a
single or a few-layer graphene of a size that is less than 100 nm
— was experimentally used for inhibition of AB1-42 peptide
aggregation, with additional benefit of a reduced cytotoxicity. 2
Here, we are interested in investigating the interaction of model
graphene flakes with the B-sheets of amyloid segments, based
on the crystal structures obtained from the Protein Data Bank
(PDB).”8l In the past few years a couple of studies were
associated with the investigation of interactions between
graphene flakes (or graphene “molecules”) and amyloid fibrils
using classical molecular force field.?-%% Our research is the
first to utilize density functional theory (DFT) to study the
interactions between the two molecular systems. We used six
different amyloid beta sheet models and graphene flake
segments, to calculate energies between these interacting
systems.

Methodology Section

All calculations were performed using the Gaussian 09 [rev.
D.01] suite of programs.BY Model systems of amyloids used in
these calculations are based on the crystal structures from the
PDB. Hydrogen atoms have been added by ArgusLab software
(ver. 4.0.1), since their positions were not determined by X-ray
crystallography in the PDB structures.F4 All amino acids were
neutralized, in order to avoid influence of the charges on the
calculations.
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A graphene flake molecule was modelled by creating a model
system of finite size, consisting of carbon atoms arranged in
honeycomb pattern, with hydrogen atoms capping the graphene
flake at the outer ring (Figure S1, Sl). Different size models of
graphene flakes were considered, with molecular formulas
Co16H36, Co94Ha2, CagaHag, and CageHsy (Figure S1, S|). For the
graphene, all atoms were optimized to find the most stable
structure, using the B3LYP-D3/6-31G* method.B338 |n the
calculations on peptides, only positions of hydrogen atoms were
optimized, because of the possible steric hindrance (bad
contacts) that can be caused by hydrogens that have not been
optimally positioned by ArgusLab; the rest of the atoms were
kept rigid, as they are in the crystal structures of amyloids.
Because of the size of the system, in our calculations we did not
include influence of environment.

The interaction energies were calculated at the B3LYP-D3/6-
31G* level of theory with the BSSE correction,®d which is
computationally tractable for large amyloid segments.

For the contact of side-chains with the graphene we applied
criteria that the normal distance between the C (N) atom and the
graphene is less than 4.5 A, while for the nonaromatic side
chains, an additional criterion that the angle between C-H (N-H)
bond and the graphene plane is between 30° and 90°.

Results and Discussion

In this work, we have analyzed interactions of (-sheets of
amyloid segments with a model of graphene flake molecule. For
B-sheets, we used amyloid segments isolated from the AR1-42
peptide with the PDB entry codes 2Y29 (16-KLVFFA-21 Form
I11), 2Y2A (16-KLVFFA-21 Form 1), 30W9 (16-KLVFFA-21 Form
1), 2Y3J (30-AlIGLM-35), 2Y3L (35-MVGGVVIA-42 Form II) and
3Q2X (27-NKGAII-32),*% as deposited in the PDB. These
particular amyloid segments were chosen so as to utilize our
recent results on the interaction energies between amyloid -
sheets, where the same segments were used.*!l Data obtained
in the previous study provided a good foundation for comparing
the interaction energies for amyloid aggregates on the one side,
with the amyloid-graphene aggregates on the other side. Model
systems used in the calculations of interaction energies were
constructed using one tetramer B-sheet of selected amyloids
and the graphene flake (Figures 1, 2 and 3).

Figure 1. Model system presenting interaction of 2Y29 -sheet tetramer and
graphene CsssHasg flake. Ca, center of mass of the amyloid B-sheet; Cq4, center
of mass of the graphene flake; R, normal distance between the graphene
sheet and the mean plane of amyloid backbone atoms.
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B-2Y2A

A-30W9 B-30W9

Figure 2. Aggregates of B-sheets of amyloid structures containing aromatic
amino acids, 2Y29, 2Y2A, and 30W9, with the graphene CsssHas flake. Left
column: the bottom (A) side of the amyloids interacts with the graphene flake;
right column: the top (B) side of the amyloids interacts with the graphene flake.

A-3Q2X

Figure 3. Aggregates of B-sheets of amyloid structures not containing
aromatic amino acids, 2Y3L, 2Y3J, and 3Q2X/3Q2Xmod, With the graphene
CasssHasg flake. Left column: the bottom (A) side of the amyloid interacts with the
graphene flake; right column: the top (B) side of the amyloid interacts with the
graphene flake. The structure for the B side of 3Q2Xmod is identical to the
structure for the B side of 3Q2X, and thus it is omitted.
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Interaction energies calculated using B3LYP-D3/6-31G* method (in kcalmol?) for the interaction between two tetramer B-sheets of amyloid

structures,*Y and between the tetramer B-sheet and graphene CagsHas flake (Figures 2 and 3).

Interaction between

Interaction between

Structure R (A)
B-sheetsld B-sheet and CagaHas
A-2Y290 -62.39 75
-40.18
B-2Y29 -61.95 75
o 0
g 2 A-2Y2A -38.56 8.6
E 2 -40.04
<E( E B-2Y2A -37.79 8.6
A-30W9 -63.22 7.7
-52.92
B-30W9 -46.35 8.2
A-2Y3J -43.17 7.9
-51.53
B-2Y3J -33.72 8.6
o
g o A-2Y3L -22.15 9.2
E 35 -42.62
g = B-2Y3L -61.42 7.3
£
c
s °© A-3Q2X -26.48 9.2
-125.58
B-3Q2X -37.14 8.7
A-3Q2Xmod™ -75.12 -36.73 8.1

[a] data from the reference 41; [b] distance R between amyloid B-sheet and graphene flake (as shown in Figure 1); [c] A and B designate the sides of the

amyloid (Figures 2 and 3, Figure S2 Sl) involved in the interaction with the graphene flake; [d] a model system modified to remove the influence of hydrogen

bonds, as explained in Sl and reference 41.

Several sizes of the graphene flake were considered (Figure S1,
Sl), since the model system had to be small enough to be
computationally practical, yet large enough to avoid interaction
with the hydrogen atoms at the graphene flake edge. It was
found that the graphene flake with the molecular formula CsgsHas
is the most suitable for our study, since interaction energy of this
graphene model did not change significantly compared to the
large graphene model CyssHss (Table S1, Sl). The planes of the
B-sheet and graphene flake were kept parallel relative to each
other, while the centroids of the amyloid backbone atoms and
the graphene flake were aligned with each other (Figure 1).
Since each amyloid B-sheet has two sides, the bottom (A) and
the top (B) (Figures 2 and 3, Figure S2 Sl), energies were
calculated for the interaction of both amyloid sides with the
graphene flake.

The normal distance R — the distance between the mean plane
of the amyloid B-sheet and the plane of the graphene flake
(Figure 1) — was varied in increments of 0.1 A, and the
interaction energies were calculated for each value of R. The
energies of the strongest interactions and the corresponding
distances R for each of the studied systems are reported in
Table 1. More details on the model system construction can be
found in SI.

The data in Table 1 and in Figure 4 show that the normal
distance R is in correlation with the interaction energy between
an amyloid and the graphene flake. On average, the distances
are shorter for the amyloids with aromatic amino acids.
Moreover, comparing structures with similar distances, one can
notice that the amyloids with aromatic residues have stronger
interactions than the amyloids without aromatic amino acids,
indicating a stronger interaction of an aromatic ring with the
graphene.

The type of interaction and the number of contacts between the
amyloid side-chains and the graphene flake depend on the
amyloid structure (Figures 2 and 3). To recognize contact of
side-chains with the graphene, we applied criteria that were
described in Methodology Section. In all model systems, there
are CH/m and NH/mr interactions with graphene, while in the
model systems with aromatic amino acids, there are also
interactions of the aromatic rings with graphene. The data on the
model systems show that the aromatic rings form interactions

where the angle between the ring and the plane of the graphene
RIA
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Figure 4. The distance vs interaction energy graph for the interaction of
amyloid B-sheets with the graphene CsgaHas flake.

has values between 20° and 40°.#2%1 The number of contacts
between the side-chains of amyloids and the graphene flake is
corelated with the strength of interactions; the graph in Figure 5
indicates that more contacts result in stronger interactions, and
vice versa. Data in Figure 5 show that the amyloids with
aromatic amino acids have stronger interactions than amyloids

This article is protected by copyright. All rights reserved.
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without aromatic amino acids, even in the case when the
number of contacts is the same. This indicates that the
interaction of an aromatic ring with the graphene flake,

N
A5
[} 5 10 15 20 25
A-2Y3L e
25 ;
A-3Q2X
B-2Y3J 3Q2Xmod
o B-3Q2X
B-2Y2A ¢t
45 AZY2A A A-2Y3J) .
B-30W9
=55
B-2Y29 B-2Y3L
] " .
-65
A-2Y29 A-30W9
<75
+ Aromatic  + Non-aromatic

E I kcal mol!

Figure 5. The number of contacts vs interaction energy graph for the
interaction of amyloid B-sheets with the graphene CssaHas flake.

considered as one contact, is probably stronger than the CH/m
and NH/m interactions. The similar conclusion that aromatic
amino acids form stronger interactions was made above, based
on the normal distances R (Figure 4). As one can anticipate, in
the systems with smaller distance R, number of contacts is
larger and vice versa as data in Figure 6 indicate. Again, one
can notice difference for amyloids with and without aromatic
residues; for the similar number of contacts, amyloids with
aromatic have shorter distance R, additionally indicating
stronger interactions of aromatic residues.

The data in Table 1 show that the interaction energies between
the amyloid B-sheet and the graphene flake fall within a broad
range, varying from -22.1 kcalmol to -63.2 kcalmal™. With a few
exceptions, the interactions for the amyloids with aromatic amino
acids, 2Y29, 2Y2A, and 30W9, are stronger than the energies
for the amyloids without aromatic amino acids, 2Y3L, 2Y3J, and
3Q2X. Also, the amyloids with aromatic amino acids have
amyloid-graphene interactions that are, with one exception,
stronger (or at least similar in strength) than the amyloid-amyloid
interactions. On the other hand, for the amyloids without
aromatic amino acids, the amyloid-graphene interactions are,
with one exception, much weaker than the amyloid-amyloid
interactions. These data, together with data in Figures 4, 5 and 6,
again indicate stronger interactions of aromatic amino acids with
graphene flake.

The number of contacts and the distances R are similar for the A
and B sides for some of the amyloids (2Y29, 2Y2A), while for
other amyloids they are very different (Figures 4 and 5, Table 1).
The number of contacts depends on the side chains that are on
a particular side of the B-sheet, as well as on the conformation of
the side chains. The three amyloids with aromatic amino acids,
2Y29, 2Y2A, 30W9, and amyloid 2Y3L without aromatic amino
acids, have antiparallel orientations of the polypeptide strands in
the B-sheet, hence they have the same side chains on both
sides of the B-sheet, A and B, so the difference between A and
B side interactions depends only on the conformation of the
chains. Amyloids 2Y3J, 3Q2X, and 3Q2Xme, Without aromatic

10.1002/cphc.201700847

WILEY-VCH

amino acids, have parallel orientation, hence, they have different
amino acids on the A and B sides that form interactions with the
graphene flake.

The three amyloids with aromatic amino acids have the same
sequence (KLVFFA) and antiparallel orientations of polypeptide
strands, however, different conformations of the side-chains lead
to different amyloid-graphene interaction energies (Figures 4
and 5, Table 1). For two amyloid structures, 2Y29 and 2Y2A, the
amyloid-graphene interaction energies for A and B sides are
similar, and also the distances R and the number of contacts for
A and B sides are the same. One of those, 2Y29 has quite
strong, above 60 kcalmol? for both A and B sides. These
interactions are 15 to 40 kcalmol? stronger than the amyloid-
graphene interactions for other structures (except for A-30W9
and B-2Y3L) and more than 20 kcalmol? stronger than the
amyloid-amyloid interaction for the same, 2Y29, structure (Table
1). Strong interactions correlate with short distances R (7.5 A)
and relatively large number of contacts between the amyloid and
graphene (Figures 4 and 5). Among these contacts, there are
four of the aromatic/graphene type.

2 4 6 8 10 12 14 16 18 20
. . .
. ASQ2X pavaL
B-3Q2X
B-2Y3J
A2Y2A ’
85
B-2Y2A
3Q2Xmod
8 B-30W9 :
A-2Y3J
75 A-2Y29
: A-30W9
B-2Y29
7
RiA a Aromatic  « Non-aromatic

Figure 6. The distance vs number of contacts for the interaction of amyloid -
sheets with the graphene CassHas flake.

The other amyloid structure with similar interaction energies for
A and B sides, 2Y2A, exhibits significantly weaker amyloid-
graphene interactions, about 38 kcalmol?; these interactions are
the weakest among the interactions of amyloids with aromatic
amino acids. These amyloid-graphene interactions are
ofrelatively long distances R (Table 1 and Figure 4) and display
a small number of contacts (Figure 5), with only two contacts of
the aromatic side chains with the graphene.

The third amyloid structure with aromatic amino acids, 30W9,
has very different interaction energies for A and B sides (Table
1), in spite of the antiparallel orientations of polypeptide strands
and the same side chains on both A and B sides of the 3-sheet.
Hence, the difference in energies is caused by different
conformations of the side chains. The A-30W9/CsgsHaig model
system exhibits the strongest interaction (-63.2 kcalmol!) among
all the amyloid-graphene aggregates. For the B-30W9/CsgsHas
model system, the interaction is significantly weaker, it amounts
to -46.35 kcalmol™. The interaction for the A side is around 10
kcalmol? stronger than the amyloid-amyloid interaction , while

This article is protected by copyright. All rights reserved.
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for the B side it is around 7 kcalmol? weaker (Table 1). Two
sides display different number of contacts with the graphene
(Figure 5), and the number of aromatic ring involved in the
interactions of side A is twice (four) that of side B has (two).

For amyloids without aromatic amino acids, amyloid-graphene
interactions are, with a few exceptions, weaker than the
interactions between amyloids with aromatic amino acids and
graphene (Table 1), as mentioned above. All interactions, except
one, are weaker than the corresponding interactions between
two amyloid B-sheets.

For two amyloids without aromatic amino acids (2Y3J, and
3Q2X), the polypeptide strands are parallel and the sides A and
B differ in the number of amino acids involved in the interaction
with the graphene flake, as well as in normal distances R, so
different interaction energies, are obtained for A and B sides
(Table 1). Amyloid 2Y3L has antiparallel orientation of strands,
hence the same side chains on both A and B sides, however,
interaction energies are very different for different sides,
because of the large difference in the side chain conformations
(Figure 3). The A-2Y3L/CsssHsg model system displays the
weakest interaction (-22.15 kcalmol') among all the amyloid-
graphene aggregates, which is about 20 kcalmol! weaker than
the corresponding amyloid-amyloid interaction. However, the B-
2Y3L/C3s4Has model system exhibits quite strong interaction, -
61.42 kcalmol?, one of the strongest among the studied systems
(Table 1), and about 20 kcalmol? stronger than the respective
amyloid-amyloid interaction energy (Table 1).

The model systems made from 3Q2X structure show the most
significant difference between the amyloid-graphene interaction
energy and the amyloid-amyloid interaction energy (Table 1); the
amyloid-graphene interactions are 40 - 100 kcalmol?® weaker
than the amyloid-amyloid interactions. Due to not particularly
favorable interactions of the amyloid side-chains with the
graphene flake, the distances between the two sheets are
relatively large; the A-3Q2X/CsgsHig model system possesses
the largest distance, the smallest number of interactions and the
weakest interaction (Figures 4 and 5, Table 1).

The next step in this research would be to optimize model
systems, to calculated interactions energies of optimized
systems, and to to see if the same conclusions apply.

As previously mentioned, it was experimentally established that
the amyloid peptides, and particularly AB, form aggregates with
graphene sheets, graphene-oxide, or graphene quantum
dots.?*-?%1 Yang and colleagues have demonstrated through
molecular dynamics simulations that the peptides and graphene
form strong dispersion interactions, enhanced by the -1
stacking between graphene sheets and the aromatic residues of
B-amyloid.?* Our study reveals similar behavior but from a
different point of view. The data we obtained show that the
amyloid structures with aromatic side chains typically form
interactions with graphene flake that are stronger, or similar in
strength, compared to their respective B—sheet interactions.
However, the presence of aromatic amino acids in the sequence
of amyloids could not be considered as the decisive factor that
influences the interaction energies by itself. A favorable
conformation of the side-chains, leading to a larger number of
contacts between the amyloids and graphene seems to exert
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even more decisive impact. In addition, the correlation of
interaction energies with the number of interactions, and with the
distance R between the amyloid f—sheet and the graphene flake,
indicate stronger interaction of aromatic rings with the graphene.

Conclusions

As the material with exceedingly wide range of interesting
properties (physical, optical, structural, biological), graphene has
been the subject of intense interest and numerous studies
across different fields. Its ability to form aggregates with different
organic molecules was elucidated both experimentally and
theoretically. Here, this is accomplished by the use of DFT
calculations. Specific interactions with the AR protein segments
were shown to inhibit the formation of amyloid fibril plaques, a
process strongly suspected as being responsible for several
debilitating neurodegenerative diseases.

Our calculations on model systems of amyloid-graphene
aggregates have shown that the amyloid B-sheets display
strong interactions with graphene. Interactions of graphene with
amyloids that possess aromatic amino acids in the sequence are
stronger than the interactions with amyloids without aromatic
amino acids. Most importantly, our calculations indicate stronger
interaction of graphene with amyloids, as compared to the
mutual interaction of amyloid B—sheets. They also imply an
important specific role of the aromatic rings in the amyloid-
graphene interactions. This is in accordance with the
experimental observations that graphene and its modifications
(GO, GQD) interact strongly with the aromatic amino acids in
amyloid side-chains, and inhibit the aggregation of amyloid
fibrils.
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B-amyloid peptide accumulation in
the brain is most likely cause of the
Alzheimer’s disease. Aggregates of
B-sheets of amyloid structures with
the graphene flake (see picture)
were studied by DFT calculations.
Graphene flake interactions with
amyloid sheets are stronger than
interaction of the two amyloid
sheets, which confirms experimental
observations that graphene inhibits
amyloid aggregation.
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