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Abstract.
Tyrosine is one of the important aromatic amino acids, the wrong metabolization of which usually results in severe mental diseases.
Based on the simulation results it was observed that tyrosine molecules form fibril-like structures at high temperatures. In order to
have a better understanding of tyrosine self-assembly, we developed a quantitative measure to analyze fibril-like shapes formed by
tyrosine molecules. This was applied to 4 different temperatures and then was compared with the analysis from simulation data.
As expected, tyrosine molecules indeed exhibit fibril-like structures at 350 K at a fast rate, which is perfectly in agreement with the
analysis in literature.
Keywords: Self-assembly, molecular dynamics, amino acids, clustering.

INTRODUCTION

A four-fold assembly is observed at high temperatures in molecular dynamics simulations of tyrosine [1]. Fibril-like
structures formed in these simulations are important due to the role of tyrosine in brain-related diseases. In this current
study we apply a mathematical method to measure the shapes of the structures obtained by molecular dynamics simu-
lations of tyrosine molecules. That is, we know from the previous simulation studies [1, 2, 3] that tyrosine molecules
form a well-formed four-fold structures at especially high temperatures like phenylalanine molecules. These four-fold
structures are in the shape of a cylinder (Fig. 1). We develop a measure to estimate the cylinder-likeliness of the
structures formed by tyrosine molecules. To do this, we identify the structures quantitatively, using the produced data
from [1].

FIGURE 1. (a) 27 tyrosine molecules at 350K form a tube like structure at 350 Kelvin. (b) Profile view at right shows that it is a
tubular structure.

Analyzing the data from simulations is mostly an important task. In the simulations of proteins and amino acids, a
clustering algorithm is often used. In the previous studies [2, 3] the researchers have implemented a home-made script
to analyze the structures, where they mainly followed the similar steps of Hoshen-Kopelman’s algorithm [4]. In the
literature the clustering works appear very often: Harder et al. [5] has implemented a method of clustering using
Gauss integrals, which is based on the root mean square deviation. In this method the well-known K-means clustering
is performed afterwards. It is noted that this method is significantly faster in time and also can cluster a big number of
structures. Another method, called Local-Global Alignment, was designed to facilitate to find the similarities between
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protein structures [6]. This method also enables us to cluster similar fragments of protein structures. In this method
one needs an extensive analysis of regions of local similarities, so that our system does not require such an expensive
analysis. Another code development is by de Hoon et al. [7]. They develop a clustering software library from other
known algorithms and the software is available as open-source. Since our consideration focuses on fibril structures,
this software bundle may need a special tuning. Another software package as being a new solution for protein 3D
structure prediction is MUFOLD by Zhang et al. [8]. The authors of this paper developed a number of novel methods
and combined them in a software package. Another clustering algorithm, which is a fundamental element of our
application, is called Density-Based Spatial Clustering of applications with noise (DBSCAN) [9, 10]. This method is
a density-based clustering method, where initially a set of points in some space is given, then closely packed points
are grouped together, finally the points outside of the group are said to be present in low-density regions.

As we see, clustering of structures is a widely used method for different purposes. In our method, which is dedi-
cated to the specific structures obtained by the simulations of tyrosine molecules, we focus on the occurring of such
structures, and also the level of quality of these structures.

METHOD

Since tyrosine molecules form fibril-like structures, we need to describe the cylindrical shape quantitatively. In order
to have an analytical insight for the likeliness of the self-assembly in tyrosine to a cylinder-like shape, we developed
a geometric measure, which estimates the resemblance of the molecular formed structure to a perfect cylinder is. In
our previous simulations 27 tyrosine molecules were simulated at 360 mM concentrations and the temperatures 275
K, 300 K, 325 K and 350 K were studied. We have chosen C-α atoms of tyrosine molecules as the center of masses
instead of all atoms (Fig. 2(a)).

FIGURE 2. (a) Formation of C-α atoms at 350 K and at t=300 ns. (b) DBSCAN algorithm identifies largest cluster (red) (c) Line
of best fit is estimated for largest cluster.

The details of the method are as follows: We first identify the largest cluster in the molecular conformation at each
time step. For this purpose, we use the well-known DBSCAN algorithm as described in [9, 10] with the parameters
Eps = 8 and MinPts = 4. These parameters are determined by trial and error and selected accordingly because these
values are comparable with our clustering observations from the simulation data. If the number of molecules in the
largest cluster (major cluster) is below 4, then the self-assembly at that particular time is considered insufficient and
hence is not taken into consideration (Fig. 2(b)). For the sufficiently large major clusters, we first estimate the 3
dimensional line of best fit for all molecules (Fig. 2(c)). This line corresponds to the axis of a hypothetical cylinder
covering all the molecules in the cluster. Then the standard deviation of distances from each molecule to this line is
calculated. Note that this distance would be equal for each molecule in a perfect cylinder, accordingly its standard
deviation becomes zero. For this reason, it provides us an analytical sense of understanding for the similarity of the
shape formed by self-assembly to a perfect cylinder. The higher standard deviation is, the less likely the self-assembly
forms a cylinder-like shape. Finally, this measure is divided with the ratio of molecules in the largest cluster to the
total number of molecules. When the cluster size increases, this ratio approaches to one, which is the case where all
molecules are included in the cylinder shaped structure, and the division equates to the standard deviation. Thus, this
division particularly provides us indirectly to take the presence of isolated molecules into account.
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Mathematical representation of this measure, named as cylinder likelihood measure, is as follows:

φ =
σ(di)

R
, (1)

where σ is standart deviation, di is the distance of ith molecule to the line of best fit and R is the ratio of the number
of molecules in largest cluster, nc to the number of all molecules, nall, R = nc/nall.

RESULTS

The evolution of φ with respect to time at 4 different temperatures is given in Fig. 3. In order to have a better
understanding of the shape dynamics, the moving average of φ is also depicted. This figure clearly provides us that
tyrosine molecules continuously tend to assemble into a cylinder-like shape at 350 K (Fig. 3(d)), because the moving
average decreases over time. This result is completely in agreement with the literature [1] stating that tyrosine
molecules form four-fold tube-like structures at T = 350 K. We also observe that the cylinder-like shape poorly exists
in other temperatures, therefore φ does not reach down to low enough values which we obtained at T = 350 K. One
of the reasons of this result can be attributed to the relatively high value of R at T = 350 K. The largest cluster formed
through simulations at this temperature consists of 25 molecules. Additionally, the average of R for all frames at T
= 350 K is found as 19.36, which is considerably higher than the average of R in other temperatures. Hence, we can
state, even without considering the shape of formation, that the self-organization of tyrosine at T = 350 K is stronger
as compared to other temperatures. Averages of φ between certain time intervals are given in Table I.

FIGURE 3. Evolution of cylinder likeliness measure and its moving average (yellow line) with respect to time for temperatures
(a) 275 K, (b) 300 K, (c) 325 K and (d) 350 K.

Two important results are drawn from Table I, namely at which temperature tyrosine molecules forms a tube like
structure and how fast they assemble into that structure. At T = 350 K, φ average after 150 ns has a significantly low
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TABLE I. Time interval averages of φ at 4 different temperatures.
Time Interval (ns) 275 K 300 K 325 K 350 K

0-100 5.2011 4.4856 3.7888 3.0478
100-200 3.1816 4.1941 4.8701 0.3889
200-250 2.4117 3.2944 6.9573 0.2920
250-300 2.1198 5.0402 7.2646 0.2810

value as compared to other temperatures and even approaches to zero, which clearly shows that a cylindrical formation
appears. Furthermore, as shown in Fig. 5 in [1] the self-assemby process occurs fastest at 350 K, which is also in
agreement with our calculations, since the change in φ average is noticeably small after 100 ns at this temperature.
In addition, we observe that φ values increase at 325 K. This phenomenon can be explained by looking at simulation
results which indicate that a crystal-like shape is formed [1].

CONCLUSION

We conclude that our method can identify the cylindirical structures in principle. In our study we have studied the
self-assembly of tyrosine molecules, which lead to the formation of cylindirical structures at some temperatures. The
estimation of the formed structures are of high interest, therefore one can use an automated method to get informa-
tion on the structures. We see that our method works especially well with distinguishing of cylindirical structures.
Furthermore one gets an insight to the level of formation. This approach may lead us to understand the formation of
the structures better, which is especially important both in health science and bio-technology. If the formed structures
are far from being a cylindirical one, then the measurement result will be relatively larger than zero, so that one can
conclude that different structures like crystal-like, sphere-like or dispersed one are formed.
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