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Abstract: Phenylalanine, tyrosine, and tryptophan are aromatic amino acids, and they are of high
interest in both health science and biotechnology. These amino acids form organized structures,
like fibrils and nanotubes. Although these amino acids belong to the same family, they still differ
from each other with respect to polarity, hydrophobicity as well as internal structures. In this work,
we performed extensive molecular dynamics simulations to investigate the dynamics of the self-
aggregations of these amino acids and studied the details of the formed structures. The amino acid
monomers placed in water were simulated at a constant temperature. It has been observed that they

compose nanostructures with similarities and differences.
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1. Introduction

Self-assembly or self-aggregation is a very common event in biological systems, and it
is of very high importance. A few examples can be listed as folding/unfolding of DNA,
forming nanotubes, and membranes [1]. Amino acid molecules, peptides, and proteins
form into self-assemblies. This self-assembly occurs through the minimization of the very
complex interaction energies of the molecules in the system. These interactions are non-
covalent bonds, hydrogen bonds, ionic bonds, van der Waals forces, and hydrophobic
interactions [2].

In the last decades, self-assembly has been intensively investigated both in experi-
mental and theoretical ways. There are many causes altering the self-assembly processes
of the amino acids and peptides, and among these factors temperature, concentration,
pH, chirality, chemical degradation, chemical factors, and excipients play big roles [3].
The presence of these factors may cause to alter the presence of hydrogen bonds, 7 — 7
stacking, electrostatic interactions, hydrophobic effects, and so on inside the system. Con-
trolling these parameters allows us to manufacture many important nano-materials, like
solar cells [4]. Zhang et al. [5] found that oligopeptide aggregations are the core of those
aggregations.Further to this work, it was understood that this kind of structure could be
practiced as a pattern in tissue engineering and as carriers in medicine distribution sys-
tems [6]. As mentioned above, because of the complexities in governing the self-assembly
formations, it is very difficult to predict the structures which will be self-assembled [7,8].
The self-assembly can yield nebulous or very organized structures [9,10]. In the review
work of Ren et al., it was mentioned that the self-assembled structures and morphologies
could be easily tuned by modifying the building blocks, building rates, and concentrations.
Furthermore, they emphasized that we still need to do lots of work in this field, especially
the self-assembly processes of amino acids that must be investigated strategically to con-
duct research on biomedical applications. Ren et al. [11] present that the self-assembled
structures and morphologies can easily be tuned by modifying the building blocks, building
rates, and concentrations. The work also points to the self-assembly processes of amino
acids as a field that demands further research on biomedical applications.
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The aromatic amino acids, phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp),
consist of similar ring structures but they have different polarity features. The aromatic
ring consists of a six-link carbon-hydrogen ring with three conjugated double bonds. This
ring’s substituents regulate whether the side chain of amino acids employs in polar or
hydrophobic interactions. The ring of Phe does not enclose any substituent, and the
electrons are eventually distributed among the carbons in the ring so that the rings can
pile on each other due to the highly nonpolar hydrophobic structure. In the case of Tyr,
a hydroxyl group on the phenyl ring participates in hydrogen bonds; that is, the side chain
of Tyr is more polar and hydrophilic. In other words, Tyr is less hydrophobic and more
reactive due to its aromatic ring with a hydroxyl group. Trp is a more complex structure,
it has an indole ring with nitrogen, which can participate in hydrogen bonds, and Trp
is more polar than Phe. Essentially there are many factors affecting the metabolism of
compounds of aromatic amino acids [12]. In the current work, we focus on the details of the
self-assembly mechanism under which the aromatic amino acids undergo. We investigate
the structural differences and similarities of the self-assembled structures of these amino
acids by using Molecular Dynamics simulations.

2. Materials and Methods

Three separate systems of Phe, Tyr, and Trp molecules were simulated in this work.
In each system, 27 molecules of one type of amino acid were randomly positioned in a
cubic box, in which the solution concentration was kept at 360 mM (Figure 1). The length
of the cubic boxes was 5 nm. The systems have a neutral pH, that is to say, that every
molecule is an uncapped zwitterion. The termini of each molecule are positive (—NH;))
and negative (—COO™).
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Figure 1. Typical initial cases of the systems in a cubic box filled by amino acid molecules and water
molecules, (not shown), kept at 360 mM concentrations: (a) 27 Phe molecules, (b) 27 Tyr molecules,
and (c) 27 Trp molecules.

The systems of different amino acids were simulated by using Gromacs simulation
package [13]. We selected the force field OPLS-AA, which gives good results for simulating
biomolecules [14,15] and is in agreement with experiments [16]. We used TIP3P explicit
water molecules. The Particle Mesh Ewald (PME) algorithm was chosen to calculate the
electrostatic interactions [17,18]. The cut-off distance for nonbonded interactions was
implemented as 1 nm. Velocities were obtained using the Maxwell distribution. After the
system installation was completed, energy minimization was carried out. Equilibrium was
then reached in the NVT and NPT ensembles. Once all these steps were fulfilled, we moved
on to the main simulations and made sure that each system was simulated up to 500 ns,
with integration step 2 ps. We applied constraints on hydrogen bonds.

We chose the temperature as 350 K, using a Berendsen thermostat because this was
the temperature at which we saw ordered nanostructures in our previous works [19] We
chose this temperature because we had seen ordered nanostructures at this temperature
in our previous works [20,21]. The pressure was maintained constant at 1 bar as per the



Atmosphere 2022, 13, 1448

30f13

Parrinello-Rahman algorithm. Periodic boundary conditions (PBC) were implemented to
approximate an infinite system by using a unit cell.

Analysis

We tested the reliability of the simulations by starting from different initial states and
verifying that they reached the same mean values. Namely, we studied the evolution of
the observable quantities from at least two completely different initial configurations and
how the runs converged to one average value over time. In addition to the analysis of the
simulation data using the analysis tools of the Gromacs package, we wrote our own codes
for some analyzes, as mentioned in the results section. The details of the analyzing tools
used are given at the relevant points of the next section.

3. Results and Discussion

We calculate the RMSD, which is the root mean squared distance as a function of time.
It shows the similarity in three-dimensional structures [22]. RMSD values become very
large when the compared structures are very different than each other, and it is zero for
identical structures. On the other hand, the similarity of the structures can be discussed if
intermediate values are seen. Using gmx rmsdist from the Gromacs package, we display
this quantity for the amino acids in Figure 2, where we calculated the backbone root mean
square deviation with respect to the reference conformation reached at the end of the
simulation (¢t = 500 ns). In the case of Phe molecules, the backbone RMSD fluctuated
robustly in the first 300 ns, but stabilized around 1.98 nm with smaller deviations from
300 ns to the end of the simulation. This kind of fluctuation was seen only in the first 150 ns
at the simulation of Tyr molecules, and RMSD stabilized around 1.57 nm in the rest of the
simulation. On the one hand, in the case of Trp molecules, this kind of high fluctuations
disappeared after the first 50 ns, but, on the other hand, RMSD stabilization was found
around 2.18 nm. On the other hand, Figure 2 gives us the impression that Phe molecules
need a longer simulation time to reach an equilibrium.
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Figure 2. RMSD of the backbone atoms of the amino acids, (a) Phe, (b) Tyr and (c) Trp molecules.

We further check the convergence of the simulations towards equilibrium from the
relaxation of the structures, namely, the relaxations towards the averages structures. We
capture, via the root mean square fluctuations (RMSF), the fluctuations in the average
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positions for each residue. This gives insight into the flexibility of the regions of the
structures. Figure 3 shows the residues of high flexibility as peaks. The RMSF values
were calculated by using gmx rmsf. As it compares the current position of an atom with a
reference position over time and averages the fluctuated distance for each atom, we see
that Phe molecules make the greatest fluctuation, while Tyr molecules make the smallest.
Trp molecules show a different behavior, as each molecule contributes to the overall
fluctuation, but the overall fluctuation of the structure is a bit smaller than the structure of
Phe molecules.

RMSF (nm)

5 10 15 20 25
residue number

Figure 3. RMSF per residue of the amino acids, (a) Phe, (b) Tyr, and (c) Trp molecules.

The snapshots taken at 500 ns of the systems are shown in Figure 4. In all cases,
we observed self-assembled structures. However, in detail, the structures formed by
Tyr molecules are more ordered compared to the structures of the other two molecules.
The number of isolated monomers, which are found at least 6 nm apart from an aggregation,
is also just a few in the case of Tyr molecules (as given in our previous work [21]).

Figure 4. Typical snapshots of the systems taken at the simulation time 500 ns. (a) 27 Phe molecules,
(b) 27 Tyr molecules, and (c) 27 Trp molecules.

To get a measure of the compactness of the structures, we calculate the radii of gyration
for the systems. As being, an attribute of the compactness of the structures, the radius of
gyration (Ry), is lower for tighter packing and vice versa [23]. Applying gmx gyrate, we
calculated the radii of gyration and displayed them in Figure 5. Although the values are so
close to each other, the averaged values of Ry over the states of equilibrium are 2.03 nm
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for Phe, 2.00 nm for Tyr, and 2.08 nm for Trp. These averaged values are in full agreement
with our visual experience of the structures; that is, the self-assembled structures of Tyr
molecules are visible to be more stable and tighter, whereas the structures by Phe molecules
are less tight. The structures formed by Trp molecules seem tight enough, but they look
less ordered compared to the structures of Tyr molecules.
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Figure 5. The values of radius of gyration calculated over the trajectories for the molecules of (a) Phe,
(b) Tyr, and (c) Trp. Red curves show the moving averages.

Calculations of the number of contacts between two ionized atoms, that is, between one
oxygen atom of the carboxyl group of a residue and one hydrogen atom of the amino group
of another residue were performed by a home written code. At the formed structures,
we measured that the distance between these two atoms is 1.9 + 0.1 nm. The calculated
numbers of close contacts versus time are shown in Figure 6. The cut-off distance to make
a close contact was set at 1.9 nm.

7 . | . | . | . | . |
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Figure 6. Number of close contacts between two ionized atoms of (a) Phe, (b) Tyr, and (c) Trp
molecules.
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The contact distance between C, atoms are determined as 5.0 &= 0.3 nm (see Figure 7).
The time evolution of the number of this kind of contacts is shown in Figure 8. This figure
shows a very clear picture of fluctuations in the number of monomers included in the
formed structures, that is, Tyr molecules are seen much more continuously included in
the formed structures, and the structures are obtained after around 120 ns. The case of
Trp molecules shows more fluctuations compared to Tyr molecules, but less fluctuations
compared to Phe molecules. The time to reach equilibrium is around 80 ns. Phe molecules
are harder to be found in equilibrium, which is after 330 ns. The average equilibrium
values of these close contacts are shown in Table 1.

Figure 7. Simulation snapshots of the self-assembled tubular structures by the aromatic amino acids.
The length a between C, atoms is measured as 5.0 + 0.3 nm.
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Figure 8. Number of close contacts between C, atoms of (a) Phe, (b) Tyr, and (c) Trp molecules.
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Table 1. The approximate equilibration times of the simulations in ns (teq), the average number of
close contacts between the two ionized atoms (< n; >) and the average number of close contacts
between the C, atoms of the different amino acid systems (< n, >).

System teq (ns) <n > <ng >
Phe 330 53 30
Tyr 120 52 32
Trp 80 40 25

For a more detailed examination of the structures at all length scales, we calculate the

spherical structure factor S(g)
2
)

S(ﬂ/>=<<N1+1

where 7; is the position vector of the Cy atoms of the molecules and g is the modulus of
a scattering wave vector [24-26]. In Figure 9, we display the calculated structure factors
for C, atoms of the formed structures. Typical structure pictures taken for the positions
of C, atoms are inserted in the same figure. Taking into account the measured distance
between two C, atoms is 5.0 £ 0.3 nm (Figure 7), we display in Figure 10 the calculated
structure factors for tubular structures with varying sizes, and drawn by hand, that is,
for ideal tubular structures. Intentionally we draw tubular structures with 4 = 5 nm,
b = 5 nm, which are the measurements we read in the simulation (see Figure 7), and the
length of the tubes H comes out accordingly as H = (b) x (number of 4 — fold layers).
The structure factor calculated for Tyr molecules perfectly fits the structure factor with
a = 5nm and b = 5nm, and 7 layers of 4-fold monomers. The structure factors obtained
from the simulations for Phe and Trp molecules significantly differ from a perfect tubular
structure. Moreover, the shoulder in the structure factor seen for Tyr molecules gives also
features of the structure in detail. The asymptotic behavior, S(q) « 71/, seen as v = 0.8 is
found both in the tubular structures obtained from the simulations of Tyr molecules and
also in the perfectly drawn tubular structures drawn by hand [27,28].
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Figure 9. Structure factors are plotted for the self-assembled structures by Phe, Tyr, and Trp molecules.
The snapshots of the structures are shown in the same colors as the corresponding curves. The straight
dashed line shows the asymptotic scale, which is v = 0.8.
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log Inq

Figure 10. Structure factors are calculated for hand-drawn tubular structures of various sizes.
The sizes are shown inside the figure. The sizes of the curve in red correspond to the structures
obtained from the simulations. The straight dashed line shows the asymptotic scale, which is v = 0.8.

We calculate the histogram method of Lee and Kosterlitz [29] to see the energy dis-
tribution functions P(E). The normalized distribution function P(E) is related to the free
energy F via

T —InP(E), )
where kp is the Boltzmann constant and T is the temperature. The minima seen for the
curves in Figure 11 are related to the formation of the ordered structures. The minimum at
the smallest energy value was obtained at the simulation of Tyr molecules, whereas the min-
imum at the biggest one was seen in the case of Trp molecules. For Phe molecules, a similar
minimum was observed at an energy value in between the other two. These funnel-shaped
figures confirm that the systems reach one ordered structure. Conformational distributions
around the free energy minima are related to the structural functions [30]. Therefore these
funnel-shaped figures give us important details about the structures. In agreement with
the results given above, the structures of Tyr molecules must be the most stable and the
most ordered structure, as occurring at the lowest energy value.

We used principal component analysis (PCA) to reduce the dimensionality of the
simulation data so that we could focus on the configuration space with fewer degrees of
freedom, that is, the data set was projected onto a lower-dimensional subspace, as retaining
most of the information while increasing computational efficiency. PCA analysis is used
for predicting the dynamic behaviors of a system. This method analyzes the trajectories
and excerpts effective modes in the long-term passage [31]. The motions of the structures
in a multidimensional space were analyzed by the most vital eigenvectors projection in
cartesian trajectory coordinates. We built up the covariance matrices of C, atoms, in which
the rotation and translational movements were removed. Moreover, we calculated the
eigenvectors and eigenvalues of the covariance matrices and the projection of the first two
principal components. Each of those eigenvectors is associated with an eigenvalue which
can be interpreted as the length or magnitude of the corresponding eigenvector. If some
eigenvalues have a significantly larger magnitude than others, then the reduction of the
dataset onto a smaller dimensional subspace by dropping the less informative eigenpairs is
reasonable. These analyzes were done by using Gromacs’s tools, gmx covar, and gmx anaeig.
The eigenvalues of the systems were plotted against the corresponding eigenvector index
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for the first 100 modes of the motion Figure 12. These eigenvalues show the fluctuations of
the eigenvectors in the hyperspace; we see that only a restricted number of eigenvalues
have significant effects on the throughout motions. In all three systems, the first ten
eigenvectors had much more effective motions. Furthermore, we selected the first two
principal components (PC1 and PC2) to analyze the projections of the trajectories during
the simulations in phase space, see Figure 13. During these three simulations, Tyr molecules
covered the smallest region of the phase space, and Phe molecules covered the largest region
of the phase space. Trp molecules covered a region between the other two. It means that
if large conformational changes occur, the distribution is scattered in the conformational
space [32]. In short, the PCA results are in good agreement with the results given above,
by several quantities like RMSD, RMSF, Rg, S(q).

)
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Figure 11. Energy distribution functions for the simulations of Phe, Tyr, and Trp molecules, N = 27
is the number of molecules in the systems.
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Figure 12. Eigenvalues of the covarience matrix are shown for the three amino acids.
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Figure 13. 2D projection of trajectories for (a) Phe, (b) Tyr, and (c) Trp molecules.

Over the equilibrium configurations, we present the averages of the temporal fluc-
tuations of the molecules around their mean positions. We perform it by calculating the
quantity

1 N2
<9 >= TJ;(;f/.’—rO’) i 3)

where T means the temporal averaging, or, over the number of the configurations, and

S

~l=

T .
Y7 @)

j=1

This quantity is shown in Figure 14. In agreement with the previous data presented
above, this quantity shows that each Phe molecule travels longer distances around its
average position than Tyr and Trp molecules. Generally, in the structures of Tyr or Trp
molecules, the molecules travel much shorter distances around their average positions,
except for one to three molecules in the case of Tyr structures.

The results of this work show that there are differences between the self-assembled
structures formed by the three aromatic amino acids, although they look in a similar manner
overall. The hydrophobic effects and polarity effects matter for the kinetics of the assembly
processes and the formed structures. In the case of tryptophan molecules, the structural
uniqueness with its indole side chain comes into play as well.

The self-assembly process still needs to be understood in more detail. Therefore, one
can extend the work by changing, for instance, solvent, and electrostatics inside the system.
Therefore, the reasons for the dissimilarities can be explained from different perspectives.
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Figure 14. Time averaging deviations of the molecules around their own average locations, for
(a) Phe, (b) Tyr, and (c) Trp molecules.

4. Conclusions

Aromatic amino acids are very important in health science because they are strongly
connected to many severe diseases and on the other hand, they are also very important
in biotechnology as offering the options to manufacture nanotechnological items and
drug-delivery systems. The metabolism of the aromatic amino acids is sophisticated,
and the roles and functions of the involving units are hard to figure out. In this study, we
investigated the kinetics and the equilibrium states of the self-assembly or self-aggregation
processes of the three aromatic amino acids, phenylalanine, tyrosine, and tryptophan.
As a further expansion of the work in the literature [21], where it was observed that these
amino acids formed into self-ordered structures like tubular ones at some temperatures and
concentrations, we focused on the structural differences and similarities of these structures
as well as the formation of the structures. We observed that Tyr molecules form into self-
organized structures in a considerably shorter time duration. Furthermore, the structures
formed by these molecules are tighter, leaving less isolated monomers out of the formed
structures. Polarity features of these amino acids have a very big effect at these different
levels of stackings of the molecules since the polar amino acids make hydrogen bonds with
other suitable groups when in an aqueous environment [33].

As being in agreement with the literature [21,34], we also confirmed that Tyr’s and Trp’s
aromatic group constituents tend to make hydrogen bonds: where Tyr makes it via ... via
OHeeO, while Trp forms it through the NHeoO channel, and the condition our research
reveals is that Tyr’s bonding is higher than Trp’s bonding. In the case of Phe, however, it is
found that other stabilizing interactions come into action.
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Abbreviations

The following abbreviations are used in this manuscript:

Phe Phenylalanine
Trp  Tryptophan
Tyr  Tyrosine
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