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ABSTRACT 

In the field of bio-inspired materials, the understanding of physicochemical determinants that 
underlie peptide self-assembly and protein folding are fundamental steps for the formation of 
nanostructured, biologically functional materials. Nowadays, molecular dynamics simulations have 
become a powerful technique to address the latter challenges. Here we present a detailed 
simulation study concerning the structural and dynamical properties of nanostructured 
biomolecular systems. The first part of our work concerns the study of a very common peptide 
diphenylalanine (FF). The results reveal a strong self-assembling propensity of FF in water. The 
second part of our work concerns the modeling of two proteins in the native state, Rop and RM6 
proteins. Our findings show that both proteins have stable native states.  
 
INTRODUCTION 

In the field of bio-inspired materials, the non-covalent self-assembly of relatively simple peptide 
based molecules and proteins have gained increasing attention for the formation of 
nanostructures, all with nanoscale order[1]. Moreover, polypeptide self-assembly has been often 
associated with human medical disorders. Understanding the physicochemical determinants that 
underlie peptide self-assembly and protein folding problem is a fundamental step, in view of the 
rational design or redesign of already existed nano-building blocks for biotechnological and 
biomedical applications.  
Proteins are complex biological macromolecules and their functionality is obtained when they fold 
up in their native state[2-6,15]. The building blocks of proteins are the amino acids. Different 
sequences of amino acids can lead to different structures of proteins. In addition, the stability of a 
protein is determined by interactions (i.e hydrogen bonding, electrostatics). The observation of 
the physical and chemical properties of proteins constitute the focus of many experimental and 
computational studies. 
 
MODELS AND METHODOLOGY 
Molecular Dynamics (MD) simulations become nowadays a powerful technique, in particular for 
understanding the physical basis of the structure of biological molecules[1]. We use all-atom MD 
simulations to explore conformational and structural properties of peptides and proteins. MD 
generates a trajectory by numerical integration of classical equations of motion. The produced 
trajectory contains all information, necessary for our analysis. In addition, we can observe the time 
evolution of the molecular structure of proteins, their fluctuations and calculate all energetic 
interactions. Atomistic MD simulations provide information in microscopic level which can be used 
for the calculation of macroscopic properties. 
Our work concerns the modeling of small biological molecules, such as peptides, as well as 
proteins, where the self-assembly propensity and the conformational properties are studied 
through all-atom Molecular Dynamics (MD) simulations using an explicit solvent model. Our study 
is divided in two parts. 
The first part of our work concerns the self-assembly of a very common but of particular interest 
peptide that is diphenylalanine (FF) in aqueous solution[1]. In the second part two proteins in the 
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native state, are studied under specific (physiological) conditions. The small homodimeric Rop 
protein, which is a paradigm of a canonical 4-a-helical bundle, and its loopless mutation RM6 are 
simulated in aqueous solution. The stability of their native state is examined.  
The atomistic structure of FF in water is presented in Figure 1. Simulation snapshots (in cartoon 
representation) of the 3D conformation of the two proteins Rop and RM6 are depicted in Figure 2 
(a) and (b) respectively. 

 
 
 
 
 
 
 
.  
 
 
 
 
 
 

 
Atomistic molecular dynamics (MD) simulations were performed using Gromacs software 
package[19]. The gromos53a6 force field (ff) is used for the description of all the parameters for 
intermolecular and intramolecular interactions[17]. An all atom representation was applied except 
from the non-polar hydrogen atoms of CH/CH2 groups which are treated as united atoms. We 
used the spc/e water model for the aqueous solution. All the simulations were performed in the 
isothermal-isobaric (NPT) statistical ensemble. The pressure was controlled constant at P=1 atm 
using Berendsen barostat, while the temperature was maintained at T=300K using velocity 
rescaling thermostat. 
 
 
 
 
 
RESULTS AND DISCUSSION 

a) FF in Water 
In Figure (3) snapshots of the initial (α) and the final (b) configurations of FF peptides in aqueous 
solution are presented. In the initial configuration FF peptides are distributed randomly in the 
simulation box. The self-assembly of FF molecules is observed after ~100ns of the simulation time. 

(α) (b) 

Figure 1. Chemical type of diphenylalanine in water. 

Figure 2. Cartoon representation of Rop (α) and RM6 (b) proteins. 
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Figure 3. Snapshot of 74 FF peptides in water solution at 300K (a) initial, (b) final configuration. Water 
molecules are represented as ghost-molecules for clearer visualization. 

 
In order to analyze this behavior the interaction between peptides solvated in water is quantified 
through a potential of mean force (PMF), which describes the effective interaction between two 
isolated molecules in a medium[1].  We keep the distance between the centers of mass (com) of 
two FF molecules constant and perform long simulation runs that allow an appropriate sampling 
of phase space. We repeat simulations for a series of different com-com distances. PMF is 
calculated by integrating the mean force from an ensemble of configurations and is corrected by 
adding an entropy term because of the com-com distance constraint, through:  

𝑈(𝑟) = ∫ 𝐹(𝑟)𝑑𝑟
𝑟

𝑟𝑚𝑎𝑥
− 2𝑘𝐵𝑇𝑙𝑛𝑟 (2) 

where, 𝑈(𝑟) is the PMF as a function of the distance 𝑟,  𝑟𝑚𝑎𝑥 is the maximum distance between 
the com of FF molecules. 𝐹(𝑟) is the mean force, 𝑘𝐵 is the Boltzmann’s constant and finally 𝑇 is 
the temperature.. 𝑈(𝑟) tends to zero beyond the 𝑟𝑚𝑎𝑥. 
Figure (4) shows the PMF of FF in water. We observe that it is repulsive at short distances, an 
attractive well is formed for com-com distances between 0.5 and 1.4 nm, and it becomes zero at 
longer distances. This attraction is responsible for the self-assemble propensity of peptides. 

Figure 4. The potential of mean force (PMF) as a function of distance between the centers of mass of FF in 

water at 300 K. Solid horizontal lines correspond to the  𝑘𝐵𝑇, thermal energy. 

The mean size of the FF aggregate in water is qualified by the radius of gyration (Rg), Eq. (3) 

𝑅𝑔 = √∑ 𝑚𝑖𝑟𝑖
2𝑁

𝑖=1 ∑ 𝑚𝑖
𝑁
𝑖=1⁄  (3) 
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where 𝑚𝑖 is the mass of the atom 𝑖 and 𝑟𝑖 is the distance of atoms 𝑖 from the center of mass of the 
protein [1-2]. For FF aggregate 𝑅𝑔 ~1.9nm. 
 

b) Proteins 
 

We calculate the root mean square deviation (RMSD) as an indicator of the accuracy of our 
proteins models[2,13]. This could also ensure that our systems are in equilibrium. The RMSD is a 
measure of the difference between two structures. Each configuration from the trajectory file is 
compared to the reference structure which is the initial configuration. 
The RMSD is defined by the following formula: 

𝑅𝑀𝑆𝐷 = √∑ 𝑚𝑖(𝒓𝑖 − 𝒓𝑟𝑒𝑓)2𝑁
𝑖=1 ∑ 𝑚𝑖

𝑁
𝑖=1⁄  (3) 

where 𝑚𝑖 is the mass of the atom 𝑖, 𝒓𝑖 is the coordinates of atom i at a certain instance and  𝒓𝑟𝑒𝑓 

represents the coordinates of atom 𝑖 at its reference state.  
The smaller the deviation, the more spatially equivalent the two compared structures. Ideally, it 
should be zero, but measurement errors and other variations cause deviation. 
Each configuration from a trajectory file is compared to a reference structure. In our study, the 
reference conformation is the initial configuration of the simulation. All the measurements of the 
RMSD are done based only on the Ca atoms (Ca is the backbone carbon before the carbonyl atom 
in the amino acids). The RMSD of all Ca backbone atoms with respect to the reference structure as 
a function of time is shown in Figure (5).  

 
 
In Table 1 is presented the 𝑅𝑔 values of the two proteins. We computed the 𝑅𝑔 for the whole 
protein. We observe that the 𝑅𝑔 of RM6 is greater than Rop protein. This is expected, due to in 
Rop protein we have only two chains and the two α-helices are connected with a loop, whereas in 
RM6 which is a tetramer we have 4 chains where we removed 5 amino acids from the loop and 
the two α-helices are in an almost linear line.  
 
 
 
 

Figure 5. Root mean square deviation (rmsd) plot showing the rmsd based on Ca atoms as a function of time 

for the simulations for Rop (a) and RM6 (b) in water. 
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Table 1.The average value of Radius of gyration of our proteins/peptides. 
 

Systems 
Measured 

      Quantities 

 
Rg (nm) 

 

Rop in water Rop 1.51 ±0.004 
RM6 in water RM6 2.520±0.026 

 
 
The conformation of amino acids in proteins can be described by two torsion angles φ and ψ[8-10]. 
The phase diagram of the two torsion angles is known as the Ramachandran plot. There are two 
major allowed regions of residue conformation in the Ramachandran plot. These are the α-region 
and β-region and match to the two major classes of secondary structure: the α-helix and β-sheet 
respectively. If the majority of residues is in the α-region the generated structure is the α-helix. 
 
In Figure (6) (α),(b), we present the Ramachandran plot for the combinations of (φ-ψ) angles for 
Rop and RM6 proteins respectively. The Ramachandran plots are produced by PROCHECK tool[16]. 
and validates the backbone structure of proteins. As we can notice in both diagrams there are 
squares and triangles. All the residues of Rop and RM6 identified by squares with exception Gly 
residue, which is shown with triangles. Each black symbol represents the conformation of the main 
chain of one residue of the protein. The darker the color the more favorable the (φ-ψ) 
combination.   
As we can see observe the majority of points are clustered in the area which is represented with 
red (marked with A) color.  

 

This result excuses the fact that both proteins attain α-helices conformations. 
 
CONCLUSIONS 
We performed all-atom Molecular Dynamics simulations for two biological systems: a) 
diphenylalanine peptides in water and b) proteins in aqueous solution. 

Figure 6. Ramachandran plot of (φ-ψ) angles of Rop (α) and RM6 (b) proteins. 
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Self-assembly of FF in water was observed in our simulations. The potential of mean force 
between FF molecules constitutes the first evidence for attraction between FF peptides. This 
attraction leads to the formation of an aggregate. 
We have also studied the Rop protein and its loopless mutation RM6, in terms of the stability of 
their native state, in aqueous solution.  The analysis of the root mean square deviation and the 
radius of gyration with respect to time[2] indicate that the two structures are stable. Comparing 
the mean size of the two proteins (i.e., their radius of gyration) we observe that RM6 protein is 
bigger than Rop protein. Finally, both proteins are clustered in the region of α-helices according to 
the Ramachandran plot. 
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