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Unexpected importance of aromatic-aliphatic and aliphatic side
chain-backbone interactions in the stability of amyloids

Dragan B. Ninkovi¢, ¢ Dugan P. Malenov,” Predrag V. Petrovi¢,> ¢ Edward N. Brothers,!® Shugiang
Niu,[ Michael B. Hall,[¥ Milivoj R. Beli¢,”® and Snezana D. Zari¢*

Abstract: The role of aromatic and nonaromatic amino acids in
amyloid formation was elucidated by calculating interaction energies
between B-sheets in amyloid model systems using density functional
theory (B3LYP-D3/6-31G*). The model systems were based on
experimental crystal structures of two types of amyloids: (1) with
aromatic amino acids and (2) without aromatic amino acids. Data
show that these two types of amyloids have similar interaction
energies, supporting experimental findings that aromatic amino acids
are not essential for amyloid formation. However, different factors
contribute to the stability of these two types of amyloids. On one
hand, in (1) presence of aromatic amino acids contribute significantly
to the strength of interactions between side chains; interactions
between aromatic and aliphatic side chains are the strongest,
followed by aromatic-aromatic interactions, while aliphatic-aliphatic
interactions are the weakest. On the other hand, stability of amyloids
(2), without aromatic residues, is caused by interactions of aliphatic
side chains with the backbone and, in some cases, by hydrogen
bonds.

Introduction

Amyloid fibrils have been associated with the pathology of more
than 20 serious human diseases, including various
neurodegenerative disorders such as Alzheimer's and
Parkinson's diseases.! Although the frequent occurrence of
aromatic residues in natural amyloids led to the belief that
aromatic amino acids play an important role in amyloid fibril
formation,?2% the central role of aromatic amino acid residues in
amyloid plaque formation and in its stability is controversial and
remains under debate. This controversy is due to the fact that
amyloids can be formed from nonaromatic peptides, so aromatic
amino acid residues are not necessary for amyloid formation.™
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In the last few years, numerous studies have been performed on
different peptides and polypeptides using various experimental
and computational methods to investigate role of aromatic amino
acid residues in amyloid plaque formation.l*21¢l Several of these
studies were performed on the Human islet amyloid polypeptide
(IAPP or amylin) and its fragments. This is especially critical as
the pancreatic tissues of patients affected by type 2 diabetes
can contain IAPP amyloid deposits.

IAPP is a polypeptide with 37 residues containing three aromatic
amino acid residues, two of Phe and one of Tyr. Formation of
amyloids from |APP polypeptides was studied using various
mutants where one, two, or three aromatic amino acids were
substituted with leucine.!? The rate of amyloid formation was
different for three single mutants, but all fibrils formed from
single mutants were similar to fibrils formed from wild-type IAPP.
The triple leucine mutant and the one of the double mutants had
the slowest formation kinetics.

Results of a study on fragment 20-29 of amylin (IAPP(20-29))
indicated that the properties of aromatic amino acids that
promote aggregation of peptides are a function of hydrophobicity,
planar geometry, and B-sheet propensity, while formation of
direct -1 interactions are not important in promoting amyloid
aggregation.!¥ A study on another fragment, the hIAPP(22-29)
fragment, was performed on peptides with substituents that
contained electron donating groups or electron withdrawing
groups added to the aromatic ring of Phe-23.1*% Results show
that electron donating groups on the aromatic ring of Phe-23
prevent the formation of an amyloid while peptides with electron
withdrawing groups on the aromatic ring formed amyloid
aggregates. Since electron donating and electron withdrawing
groups on Phe-23 influence the ability of the peptide to form
amyloids, but do not influence peptide hydrophobicity, it can be
argued that it is not only the hydrophobic nature of the aromatic
residue that is relevant in the self-assembly of hIAPP(22-29).
The authors of this study thus indicated a special role for
aromatic residues, although this conclusion is disputed in the
studies discussed below. The experimental data also provided
evidence of Tr-stacking in the aggregation of hIAPP(22-29).1%%
The N-terminal 12—-18 region of IAPP is a highly amyloidogenic
peptide with one aromatic residue (Phe) in the sequence.*® The
role of the aromatic residue Phe in amyloid aggregation was
studied by substituting Phe with Leu and Ala. The results
showed that substituted peptides form amyloids, indicating that
aromatic Phe is not essential for amyloid aggregation. It was,
however, shown that the aromatic Phe influences the kinetics of
aggregation.

In addition to the studies on fragments and Human islet amyloid
polypeptide (IAPP), the role of aromatic residues in amyloid
formation was also studied in the amyloid B-protein (AB);® this
system is believed to be involved in Alzheimer's disease.
Results obtained for the amyloid B-protein (AB) were similar to
the results for Human islet amyloid polypeptide. Specifically, the
substitution of phenylalanine with leucine in the amyloid B-
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protein does not significantly influence the morphology of
amyloids, while it does influence the kinetics of amyloid
formation.

In a recently published work®! the role of aromatic amino acids
in amyloid formation was studied by comparing the behavior of
peptides with and without aromatic side chains. Results showed
that naturally occurring peptides with one aromatic residue form
amyloids via the same mechanism as synthetic nonaromatic
peptides. Both the mechanism of the formation and the
properties of the aggregates indicate that aromatic and
nonaromatic residues have similar properties in this regard, and
that aromatic amino acid residues are not essential for amyloid
formation. However, like the results on IAPP and B-protein, this
study also showed that aromatic amino acids influence the
kinetics of aggregation.

It is challenging to determine the interaction energies of amyloid
accumulations experimentally, while it can be done theoretically
with relative ease, as quantum chemical methods are very
reliable for interaction energies. Interactions of aromatic
molecules have been intensively studied;*’-3?! the calculated
interaction energies for two known minima for the benzene
dimer are -2.73 kcal mol* (for parallel stacking) and -2.84 kcal
mol* (for T-shaped or edge-to-face orientation).B4 It is
interesting to note that the interaction energy between benzene
and aliphatic cyclohexane is stronger (-3.27 kcal mol*)B? than
that between two benzene molecules; this fact is important when
considering the present study.

In this work, we have studied the influence of aromatic amino
acids on amyloid formation by calculating the interaction
energies of peptide model systems using DFT. We have studied
the interaction energies of peptides with and without aromatic
side-chains. To the best of our knowledge, this is the first study
of interaction energies of amyloidogenic peptides based on
quantum, electronic-structure calculations.

Computational methods

All calculations were performed using the Gaussian 09 [rev.
D.01] suite of programs.¥l Model systems used in the
calculations were based on the crystal structures from the
Protein Data Bank (PDB).B4 Hydrogen atoms were not
determined by X-ray crystallography in PDB structures, thus
they have been added by ArgusLab software (ver. 4.0.1).B% All
amino acids were neutralized to avoid influence of the charge in
the calculations.

CCSD(T)E%49 with complete basis set limit (CBS) calculations
using Mackie’s method*! were performed on model systems
created by isolating interacting side-chains of amino acids that
represent typical aromatic-aromatic, aromatic-nonaromatic, and
nonaromatic-nonaromatic interactions occurring in the amyloids
(Figure S1, ESI). The results show that interaction energies
calculated at the B3LYP-D3/6-31G**>*7] level of theory with
BSSE correction,“8 which is computationally tractable for large
amyloid segments, are in good agreement with energies
calculated at the CCSD(T)/CBS level (Table S1, ESI). Thus,
interaction energies were calculated at B3LYP-D3/6-31G* level.
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The positions of hydrogen atoms in peptides were optimized,
also using the B3LYP-D3/6-31G* method. This was done
because of the possible steric hindrance (bad contacts) that can
be caused by hydrogens that have not been optimally positioned
when placed by ArgusLab.

Results and Discussion

To contribute to understanding of amyloid B-sheets aggregation,
we calculated B3LYP-D3/6-31G* interaction energies between
B-sheets using model systems based on crystal structures of
amyloids from the PDB. Since we wanted to study the influence
of aromatic amino acids on amyloid formation, we studied both
structures with aromatic amino acids in peptide sequence and
structures without aromatic amino acids in the sequence. For the
amyloids with aromatic amino acids, model system were based
on crystal structures with PDB entry codes 2Y2A, 2Y29, 30W9
(KLVFFA sequence)? and 5E5V (NFGAILS sequence)®.,
while for the amyloids without aromatic amino acids model
systems were based on 2Y3J (AIIGLM sequence), 2Y3L
(MVGGVVIA sequence), and 3Q2X (NKGAIl sequence).*! To
calculate the interaction energies, we have extracted segments
from the crystal structure that contain two tetramers of
polypeptide chains. Each tetramer represents one amyloid B-
sheet; monomers in tetramer are held by strong H-bonds (Figure
S2, ESI). Interaction between two tetramers mimic interaction
between two B-sheets in amyloids.

We calculated the total interaction energy between two 3-sheets,
and also partitioned this energy to account for the contribution of
interactions between the side-chains of two two B-sheets, side-
chains with the backbone, and between the backbones.

Because of the different sizes of the studied systems, not all of
the calcualted interaction energies can be easily compared. For
that reason, we have tried to scale the interaction energies using
number of valence electrons.

Interaction energies between B-sheets with aromatic amino
acids

We first studied peptides with both aromatic and nonaromatic
side chains obtained from crystal structures 2Y2A, 2Y29, 30W9,
and 5E5V (Figure 1 and Figure S3, ESI). Structures 2Y2A, 2Y29,
and 30W9 are polymorphs with amino acid sequence KLVFFA.
These structures differ in the conformation of residues side
chains in the sequence (Figure S3, ESI) which causes them to
form somewhat different interactions between the two tetramer
B-sheets.

The 5E5V model system has a significantly stronger interaction
energy of -88.69 kcal mol, compared to the 2Y2A, 2Y29, and
30W9 model systems with interaction energies of -40.04, -40.18,
and -52.92 kcal mol™? respectively (Table 1). The distances
between mean planes of backbone atoms of two interacting B-
sheets 7.6 A (5E5V ), 9.7 A (30W9), 10.0 A (2Y29), and 10.0 A
(2Y2A) could be related to the strength of the interaction
energies.
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In order to understand the differences in these calculated
energies, the interaction energy between two B-sheets was
partitioned into various contributions from the side chains and
backbone, as shown in Figure 2. Interactions between side
chains can be apportioned to the contributions from aromatic-
aromatic, aromatic-nonaromatic and nonaromatic-nonaromatic
side chains, a division that can help to evaluate the role of
aromatic amino acids on the stability of amyloids.

30W9 5E5V

Figure 1. Model systems of two interacting tetramers, which contain both
aromatic and nonaromatic residues, derived from crystal structures of peptides
found in the PDB 4% 50

1= AT - B2

2 = nA? - B
i 3 = A" - nA?
4 = A Ar?
9 5 = nAr' - nArf?
6 = A2 - pArf

7 = nArt - B?

8 = A2 - B

9 = B - B

Figure 2. Schematic representation of interactions between two B-sheets. Ar —
aromatic residues, nAr — nonaromatic residue, B — backbone. Interactions: Ar-
Ar — interactions between aromatic side chains, Ar-nAr — interactions between
aromatic and nonaromatic side chains, nAr-nAr — interactions between
nonaromatic side chains, nAr-B — interactions between nonaromatic side
chains and backbone, Ar-B — interactions between aromatic side chains and
backbone, B-B — interactions between two backbones. Numbers in superscript
represent top (*) or bottom (?) B-sheet

The total interaction energy can be calculated as:

AE = AE(Ar*-Ar?) + AE(Ar*-nAr?) + AE(Ar>-nArt) + AE(nArt-nAr?)
+ AE(Ar-B?) + AE(Ar-BY) + AE(NA-B?) + AE(NAr-BY) +
AE(B'-B?)

To evaluate interaction energy for aromatic-aromatic side chains,
model systems were constructed by removing all nonaromatic
side chains as well as backbone atoms (example of modified
2Y2A structure is given in Figure 3a).

In the case of aromatic-nonaromatic interactions, two model
systems were constructed for each structure. First, a model
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system was constructed by removing all aromatic amino acids in
one B-sheet and all nonaromatic amino acids in the other (-
sheet as well as both backbones (Figure 3b). For the second
model system, the procedure was reversed, switching the roles
of the two B-sheets (Figure 3c).

Figure 3. Example of model systems used to calculate (a) aromatic-aromatic
AE(Ar-Ar), (b,c), aromatic-nonaromatic AE(Ar*-nAr?) and AE(Ar>-nArt), and (d)
nonaromatic-nonaromatic AE(nAr-nAr) interaction energies between side
chains of two B-sheets in the 2Y2A structure.

For nonaromatic-nonaromatic side chain interactions, model
systems were constructed by removing all aromatic side chains
and backbones (Figure 3d). In similar way model systems were
made to calculate contributions of backbone interactions to the
total interaction energy (Figure 4), while, in all cases, broken
bonds were terminated with H. Following the determination of
the total interaction energies of the various components, these
interaction energies will be scaled to compensate for the number
of interactions in each partition.
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Figure 4. Example of model systems used to calculate interaction energies of
(a,b) aromatic side-chains with backbone, AE(Ar-B?) and AE(Ar>-BY), (c,d)
nonaromatic side-chains with backbones, AE(nAr*-B?) and AE(nAr?-BY), and
(e) between two backbones AE(B-B) in the 2Y2A structure.
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Table 1. Evaluated interaction energies (in kcal mol) and distance R for different types of interactions® between two tetramer B-sheets in model systems of
2Y2A, 2Y29, 30W9 (KLVFFA sequence), and 5E5V (NFGAILS sequence) amyloid structures

-sheet
Structure  Ar-Ar Arl-nAr2 Ar2nArt pAr-nAr nAr-B2 - nAr2B! Arl-B! Ar-B! BLB2 b3 iﬁtirae; RE (A)
2Y2A -11.69 -7.97 -6.21 -4.72 -2.60 -2.83 -2.81 -2.27 -1.02 -42.12 -40.04 10.0
2Y29 -10.22 -8.39 -6.84 -5.46 -2.68 -2.32 -3.20 -2.43 -0.87 -42.41 -40.18 10.0
30W9 -9.16 -13.47 -13.47 -4.53 -3.74 -3.80 -2.89 -2.96 -1.36 -55.38 -52.92 9.7
S5E5V -2.76 -8.86 -4.2 -9.55 -12.26 -10.24 -18.02 -20.87 -7.65 -94.41 -88.69 7.6

[a] R - distance between mean planes of backbone atoms of two interacting B-sheets. [b] Interactions: Ar-Ar — aromatic-aromatic, Ar-nAr — aromatic-nonaromatic,
nAr-nAr — nonaromatic—nonaromatic, nAr-B — nonaromatic-backbone, Ar-B — aromatic-backbone, B-B — backbone-backbone; suffixes in superscript designate

association with one of the two interacting -sheets; The examples of model systems for 2Y2A structure are given in Figures 3 and 4.

Data in Table 1, presenting aromatic-aromatic as well as
aromatic-nonaromatic, nonaromatic-nonaromatic, and backbone
interactions, enables the evaluation of the role of aromatic amino
acids in the stability of four amyloid structures. As was
mentioned above, model systems 2Y2A, 2Y29, and 30W9 have
the same amino acid sequence (KLVFFA), with two aromatic
amino acids in the sequence, while 5SE5V model system has
longer amino acid sequence (NFGAILS), with only one aromatic
amino acid. This difference has a major impact on the different
contributions to the total interaction energy (Table 1), as it is
disscused bellow in the text.

Interaction energies between side chains (AE(Ar-Ar), AE(nAr-
nAr), AE(Ar'-nAr?), and AE(Ar>-nAr')) show that the largest
contribution to the total interaction energy, in all structures,
comes from the aromatic-nonaromatic interactions (sum of
AE(Art-nAr?) and AE(Ar?-nArt)).

This contribution is largest for the 30W9 model system, -26.94
kcal mol?, while 2Y29, 2Y2A, and 5E5V model systems have
similar energies, -15.23 kcal mol?, -14.18 kcal mol?, and -13.06
kcal mol? respectively. It is interesting that for the 5E5V model
system, that has only one aromatic amino acid in the sequence,
aromatic-nonaromatic interactions are still stronger than other
interactions between side chains.

Energies of aromatic-aromatic side chain interactions are
weaker; -11.69, -10.22, -9.16, and -2.76 kcal mol?! for 2Y2A,
2Y29, 30W9, and 5E5V model systems, respectively. The very
weak interaction in 5E5V model system is partially due to the
fact that only one aromatic amino acid is in the sequence, and
only two aromatic residues in the tetramer B-sheet oriented
towards other B-sheet, hence, only two pairs of aromatic amino
acids are involved in aromatic-aromatic interaction (Figure 1 and
Figure S4, ESI). The distance between the centers of two
interacting aromatic rings is 6.5 A, and the angle between the
planes of the rings is 45°. Large distance is another reason for
the weak aromatic-aromatic interaction energy in 5E5V model
system. In the other three structures there are two aromatic
amino acids in the sequence, while four aromatic amino acids in
B-sheet are orineted towards other B-sheet and involved in the
aromatic-aromatic interactions (Figure 1 and Figure S4, ESI).
Hence, in 2Y2A and 2Y29 structures, there are four pairs of
interacting aromatic rings. The distances between centers of two
interacting aromatic rings are 4.6 A and 5.0 A respectively, while

the angles between the planes of the interacting rings are 40°
and 53° respectively. In 30W9 structure, there are four pairs of
interacting aromatic rings with two additional interactions of the
middle rings (Figure 1 and Figure S4, ESI). The distances
between the centers of two interacting aromatic rings are in the
range 5.5 to 5.9 A, while the angles are all around 45°. The
distances between the centers of two interacting aromatic rings
for 2Y2A, 2Y29 and 30W9 structures are directly related to the
interaction energy. Namely, shorter distances result in higher
interaction energies, hence 2Y2A structure has the strongest
aromatic-aromatic interaction (Table 1).

In the 2Y29, 2Y2A, and 30W9 model systems the energies of
nonaromatic-nonaromatic interactions are the weakest among
side chain-side chain contributions, -5.46 kcal mol?, -4.72 kcal
mol?, and -4.53 kcal mol?, respectively. Contrary to this, for the
model system 5E5V, nonaromatic-nonaromatic interactions are
stronger (-9.55 kcal mol?) than aromatic-aromatic interactions
for this model system. This difference is mostly due to the larger
number of interacting nonaromatic side chains (six nonaromatic
residues in the sequence), compared to the other three
structures (four nonaromatic residues in the sequence).

The backbone-backbone interaction energies are again different
for 2Y2A, 2Y29, 30W9 on one side, and 5E5V on the other side.
They are not particularly strong for the 2Y2A, 2Y29, and 30W9
(around 1 kcal mol?, Table 1), as one would anticipate, due to
the large distance R, distance between the mean planes of the
backbone atoms of two interacting B-sheets (around 10 A). On
the other hand, in the structure 5E5V the distance R is smaller
(7.6 A), and the interaction energy is significantly stronger, -7.65
kcal mol™.

The distance between backbones also influences the interaction
energies of aromatic and nonaromatic side chains with the
backbone (AE(Ar!-B?), AE(Ar?-BY), (AE(nAr'-B?), and AE(nAr?-
BY). In structures 2Y2A, 2Y29, and 30W9 interaction energies
range from -2.27 kcal mol?! to -3.80 kcal mol?, while in the
structure 5E5V, interaction energies are quite stronger and
range from -10.24 kcal mol* to -20.87 kcal mol™. It is interesting
that in the structure 5E5V, aromatic-backbone interactions are
stronger than nonaromatic-backbone interactions. The presence
of Gly in the structure 5E5V likely plays a role in the relatively
small distance between B-sheets, and additionally contributes to
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Table 2. Evaluated interaction energies (in kcal mol?) for different types of interactions® between two tetramer B-sheets in model systems of 2Y3J (AlIGLM
sequence), 2Y3L (MVGGVVIA sequence), and 3Q2X (NKGAII sequence)/3Q2Xmod® amyloid structures

Structure  nAr-nAr nArt-B2 nAr?-Bt B!-B? T inl'?;g;?(;n R (A)
2Y3J 6.54 -25.96 -33.67 -3.56 -56.65 -51.53 75
2Y3L 3.78 -23.03 -20.76 -5.50 -45.51 -42.62 7.3
3Q2X -19.14 -71.88 -34.70 -8.35 -134.07 -125.58 7.5

3Q2Xmod -16.49 -28.49 -29.71 -8.35 -83.04 -75.12 7.5

[a] Interactions: nAr-nAr — nonaromatic-nonaromatic, nAr-B — nonaromatic-backbone, B-B — backbone-backbone; suffixes in superscript designate association
with one of the two interacting B-sheets; [b] a model system modified to remove the influence of the hydrogen bonds; [c] R - distance between mean planes of

backbone atoms of two interacting B-sheets.

strong side chain-backbone interactions, since it allows close
contact of side chains with backbone.

The results indicate that the aromatic-nonaromatic interactions
(sum of AE(Ar-nAr?) and AE(Ar?-nAr')) between B-sheets are
the strongest among side chain-side chain interactions in all
investigated cases (Table 1). In structures with two aromatic
amino acids in their sequence (2Y2A, 2Y29, and 30W9),
aromatic-aromatic interactions are stronger than nonaromatic-
nonaromatic interactions, while in the structure 5E5V with one
aromatic amino acid in the sequence, the aromatic-aromatic
interaction is weaker (Table 1).

It is interesting to note that in spite of polar amino acids present
in the sequences of all studied peptides, practically all
nonaromatic interactions are interactions of aliphatic side chains.
Namely, role of polar amino acids in the aromatic-nonaromatic
interactions is not significant because of their position on the
edge of the B-sheets (terminal position in the peptide sequence).
Also, polar amino acids are not close to the backbone of the
opposing B-sheet to significantly interact with it and contribute to
nonaromatic-backbone interactions. As a consequence,
basically all nonaromatic interactions are interactions of aliphatic
side chains.

Interaction energies between B-sheets without aromatic
amino acids

We also calculated interaction energies in model systems of
peptides without aromatic side chains, using the 2Y3J, 2Y3L and
3Q2X structures (Figure 5, Table 2). Structures 2Y3J and 2Y3L
contain only aliphatic residues, while the 3Q2X structure
contains aliphatic, polar, and charged residues (Figure S5, ESI).
In the 3Q2X structure, polar amino acid Asp is not involved in
the interaction between two B-sheets, while neutralized Lys from
one B-sheet forms H-bond with the C-terminus of the opposing
B-sheet (Figure S6, ESI).

As was mentioned above, the interactions between the B-sheets
containing aromatic residues have large interaction energies, i.e.
in range of 40 to 89 kcal mol? (Table 1). It is very interesting that
interactions between the B-sheets with only aliphatic residues
are similar in strength; -51.53 kcal mol* and -42.68 kcal mol* for
model systems of the 2Y3J and 2Y3L structures, respectively
(Table 2). One can notice that all three of the model systems
without aromatic side chains have relatively short distances
between mean planes of backbone atoms of the two interacting

B-sheets, around 7.5 A; shorter that distance for three model
systems with aromatic residues, and comparable only with 5SE5V
structure (Table 1).

Moreover, the interaction energy in the 3Q2X structure, without
aromatic residues, is exceptionally large compared to other
structures, -125.58 kcal mol* (Table 2). The large interaction
energy in the models of the 3Q2X structure can be a
consequence of very good packing, i.e. large contact surface,
and additional hydrogen bonds formed between the two (-
sheets (Figure 5).

2Y3) 2Y3L

3Q2X

Figure 5. Model systems of two interacting tetramers which contain only
nonaromatic residues, derived from crystal structures of peptides found in the
PDB.1I

In order to determine the influence of hydrogen bonds on
interaction energy, the hydrogen bonds between interacting -
sheets were removed by replacing all amino groups of Lys with
hydrogen atoms (Figure S6, ESI). This effectively makes this
amino acid nonpolar. When the influence of the hydrogen bonds
is removed, the interaction energy in the model system 3Q2Xmog
is significantly weaker, (-75.12 kcal mol?); however, it is still
stronger than most of the other model systems studied in this
work (Table 1 and Table 3). Since in this modified model system
3Q2Xmod Asp is not involved in the interaction, and Lys was
changed to nonpolar, interaction between two B-sheets in this
model is effectively purely aliphatic-aliphatic, like in model
systems 2Y3L and 2Y3J.
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Table 3. Scaled interaction energies®™ (in 10 kcal mol) for different types of interactions between two tetramer B-sheets in model systems of 2Y29, 2Y2A,
30W9 (KLVFFA sequence), 5E5V (NFGAILS sequence), 2Y3J (AIIGLM sequence), 2Y3L (MVGGVVIA sequence), and 3Q2X (NKGAII sequence)/3Q2Xmod!

amyloid structures

Structure Ar-Ar Art-nAr? Ar2-nArt Avg (Ar-nAr) nAr-nAr
2Y2A -5.64 -3.22 -2.51 -2.86 -1.60
o
R
e g 2Y29 -4.93 -3.39 -2.76 -3.08 -1.85
o
s 2
£E 30W9 -4.42 -5.44 -5.44 -5.44 -1.52
§ <
5E5V -5.32 -2.98 -6.28 -4.63 -2.49
o 2Y3J - - - o 1.31
T
€T
Sy 2Y3L - - _ _ 0.75
s
3 £ 3Q2X _ - - 5 -2.75
£
= 3Q2Xmou ; ; 4 - -2.86

[a] Interactions: nAr-nAr — nonaromatic-nonaromatic, nAr-B — nonaromatic-backbone, B-B — backbone-backbone; suffixes in superscript designate association
with one of the two interacting B-sheets; [b] a model system modified to remove the influence of the hydrogen bonds; [c] average value for Ar*-nAr? and Ar?-

nArt

By using the same partitioning procedure as mentioned above
and bearing in mind that aromatic side chains are not present,
total interaction energy between two interacting 3-sheets can be
calculated as:

AE = AE(nAr*-nAr?) + AE(nArt-B?) + AE(nAr?-BY) + AE(B'-B?)

Data shown in Table 2 reveals some interesting results. Namely,
for the 2Y3J and 2Y3L model systems, interactions between
nonaromatic (in these sequences aliphatic) side chains are
repulsive (6.54 kcal mol™* and 3.78 kcal mol™, respectively). This
repulsive interaction is compensated by very strong interaction
of side chains with backbone (nAr'-B2 and nAr2-B!; Table 2)
ranging from -20.76 kcal mol to -33.67 kcal mol™.

For the model system 3Q2X, interaction energy between
nonaromatic side chains is -19.14 kcal mol?, which is the
strongest amongst all nonaromatic-nonaromatic interactions
calculated in this work. Interactions of nonaromatic side chains
with backbones for this model system are -71.88 kcal mol* and -
34.70 kcal mol!. As mentioned above, there is a sizable
influence of hydrogen bonds existing in this model system.
When the model system was modified to remove this influence
by replacing all amino groups in Lys side chains with hydrogen
atom (model 3Q2Xmod), largest change in energy can be
observed for the nAr!-B? interaction (from -71.88 kcal mol™* to -
28.49 kcal mol?; Table 2). Also, the modified model system
3Q2Xmod gives interaction energies of nonaromatic side chains
with backbone similar to those in 2Y3L and 2Y3J model systems
(Table 2).

Backbone-backbone interactions (B-B?) are -3.56 kcal mol?, -
5.50 kcal mol?, and -8.35 kcal mol? for 2Y3J, 2Y3L, and
3Q2X/3Q2Xmes Model systems respectively.

We mentioned above that in model systems with aromatic amino
acids, all nonaromatic interactions are basically aliphatic
interactions. Similar, in the systems without aromatic amino

acids in two studied peptides (2Y3J, 2Y3L) all amino acids are
aliphatic, while in modified 3Q2Xmeg Structure all nonaromatic
interactions are basically aliphatic interactions.

The data in Table 2 show that the largest contribution to the total
interaction energy between two [-sheets comes from the
interactions of the side-chains with the backbone. One can
notice that in all studied amyloids without aromatic residues the
distance between (-sheets backbones in relatively short,
enabling interactions of side chains with the backbone of the
other B-sheets. In addition, in all of these amyloids Gly is in the
sequence, also enabling interactions of side chains with the
backbone.

The experimental data on the dynamic aspects of fibril formation
indicate that presence of aromatic amino acid speed up the
aggregation.'® Our data show that presence of aromatic
residues change the main contribution to the total interacting
energy; with aromatic residues the most important are
interactions of aromatic side chains (both with other aromatic as
well as with non-aromatic side chains), while without aromatic
residues the most important contribution are interactions of side
chains with the backbone. These data can help to explain the
dynamic aspects of fibril formation. Namely, one can anticipate
that the first contacts during the formation of amyloid aggregate
should be the interactions between the side-chains. Hence,
strong interactions between side chains can support fast
formation of amyloids with aromatic amino acids.

Scaled interaction energies between B-sheets

As mentioned in the previous section, the size of interacting
systems influences the value of interaction energy. To scale the
energies for size, we divided the interaction energies in Table 1
and Table 2 by the product of the number of valence electrons in

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

the two interacting fragments. These scaled values are shown in
Table 3.

It is known that noncovalent interactions depend on the electron
density.54 Since the interactions between the two B-sheets are
mainly Van der Waals in nature, core electrons should not be
involved in the interaction, and thus the number of interacting
valence electrons would best describe the size and nature of the
interactions in the interacting systems. Scaled interaction
energies on an example of small aromatic molecules that
supports the use of valence electron scaling method can be
found in Section 3, ESI.

The scaled interaction energies between aromatic side chains
are strong, with energies ranging from -4.42 x 10* to -5.64 x 10
kcal mol™. Interactions between aromatic and nonaromatic side
chains (average of energies for Arl-nAr? and Ar?-nArl) vary in
strength, ranging from -2.86 x 10 to -5.44 x 10" kcal mol™*. The
scaled interactions of nonaromatic side chains are the weakest
ranging from 1.31 x 10 to -2.86 x 10* kcal mol 2. The strongest
nonaromatic side chain interactions (for model system 3Q2Xmod),
is only comparable with the weakest of interactions between
aromatic and nonaromatic side chains (Table 3). As was
mentioned above, nonaromatic interactions in all structures
except in 3Q2X, are basically aliphatic interactions.

In the alternative way of scaling we accounted for the size of the
interacting systems by dividing the interaction energies in Table
1 and Table 2 by the number of amino acids involved in the
interaction between two f-sheets. The scaled interaction
energies (Table S3, ESI) show the same trend as the first
scaling method; the interactions between aromatic side chains
are the stongest, followed with the interactions of aromatic and
nonaromatic  side-chains, while the interactions between
nonaromatic side-chains are the weakest.

Conclusions

B3LYP-D3/6-31G* calculations were performed on interaction
energies between B-sheet models for (1) amyloid model systems
containing aromatic and nonaromatic amino acids and for (2)
model systems without aromatic amino acids. Comparison of the
calculated interaction energies for these two types of amyloids
shows that most of the model systems have similar energies,
independent of the presence of aromatic residues. These results
support the existence of amyloid B-structures without aromatic
amino acids.

For amyloids (1), with aromatic amino acids, analysis of the
various contributions to total interaction energies shows that
interactions of aromatic with nonaromatic (aliphatic) side chains
have the largest contribution. For amyloids (2), without aromatic
residues, the analysis indicates that their stability is a
consequence of nonaromatic (aliphatic) side chain interactions
with the backbone, while in some cases additional stabilization is
achieved by hydrogen bonds.

Analysis of the scaled interactions energies show that largest
side chain interaction energies are for aromatic-aromatic
interactions, followed by aromatic-nonaromatic interactions,
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while nonaromatic-nonaromatic interactions are the weakest.
However, the strength of the aromatic-nonaromatic interactions
are quite similar to those of the aromatic-aromatic ones.
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Why they stick: Aggregation of amyloid polypeptides containing aromatic and
nonaromatic amino acids was studied with DFT. Interactions between side chains,
and their interactions with the backbone, all play a role in the formation of amyloid
plaques.

10.1002/chem.201701351

WILEY-VCH

Dragan B. Ninkovi¢, Dusan P. Malenov,
Predrag V. Petrovic, Edward N.
Brothers, Shugiang Niu, Michael B. Hall,
Milivoj R. Beli¢, and Snezana D. Zari¢*

Page No. — Page No.

Unexpected importance of aromatic-
aliphatic and aliphatic side chain-
backbone interactions in the stability
of amyloids

This article is protected by copyright. All rights reserved.



