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Abstract
Due to the non-polar nature of carbon nanotubes, their use in aqueous environments is limited. Therefore, 
auxiliary solvents such as dimethyl sulfoxide are used to study the interactions between the amyloid-β 
peptide and carbon nanotubes. In this work, the interaction of Aβ (1-42), the most effective peptide in the 
development of Alzheimer's disease, with the carbon nanotube was performed using molecular dynamics 
simulation method. The simulations were carried out in the presence of various concentrations of dimethyl 
sulfoxide. The stability change of the salt bridge Lys28-Ala42, used in experimental studies, was investigated 
as a measure of aggregation tendency. Therefore, the radial distribution function of water oxygen atoms and 
the atoms involved in the salt bridge were used. 
The results show that the peak height of the radial distribution function around the oxygen of the residue 
Ala42 is greater than that of the Nx atom of the residue Lys28. By determining the side-chain orientation of 
the aromatic residues Phe4, Tyr10, Phe19, Phe20 with the carbon nanotube, it was found that the residues 
Phe4 and Tyr10 have a stronger π-π interaction with the carbon nanotube than the residues Phe19 and 
Phe20. The results in this study are in good agreement with the experimental data and could be helpful to 
understand the mechanism of amyloid-β aggregation.
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INTRODUCTION
Alzheimer’s disease is a progressive and 

neurodegenerative disease in which amyloid-β 
protein has the ability of spatial deformation 
from soluble to oligomer, protofibril or fibril 
forms and gets accumulated in the brain in the 
form of insoluble plaques. The presence of these 
misfolded amyloid-β proteins in the brain has a 
direct relationship with neural inflammation and 
toxicity, which results in the degradation of the 
nerve system and the onset of Alzheimer’s disease 
[1]. Therefore, several therapeutic strategies 
proposed to prevent misfolding and aggregation 
of amyloid-β proteins and help to reverse the 
process [2, 3]. Researchers have shown that the 
change in hydrophobic forces can affect the 
aggregation of amyloid-β proteins [4]. Adding 

hydrophobic particles including nanotubes can 
change the hydrophobic forces of the system [5, 
6]. Nanotubes and other nanomaterials have been 
widely recognized in biomedical applications due 
to their unique physicochemical properties. 

The interaction between nanomaterials 
including carbon nanotubes with Aβ protein has 
been investigated experimentally and theoretically 
based on nanotechnology in order to diagnose and 
treat neurological disorders, such as Alzheimer’s 
and Parkinson’s diseases [7, 8]. The nanotube and 
its derivatives indicate the aggregation pattern of 
Aβ, including Aβ (1-40) and (1-42) isoforms, but its 
mechanism is still not well understood [9]. However, 
investigating the formation of fibril to understand 
the mechanism of aggregation is necessary [10]. 
Nanomaterials have been shown to stimulate 
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the natural conformation of proteins, resulting in 
undesirable biological effects such as inhibition of 
protein function and protein fibrillation. On the 
other hand, it has been shown that nanomaterials 
may play an important role in reducing the 
severity of the disease by adsorbing the amyloid 
peptide and controlling the fibrillation transfers 
and contractions and inhibiting its conformational 
transitions and fibrillation [11]. Other studies have 
shown that low levels of hydrophobic portions of 
these nanomaterials have an inhibitory effect on 
the transfer of peptide conformation. The effect 
of hydrophobic nanotubes on the aggregation 
of Aβ (1-42) peptide was investigated in the 
presence and absence of nanotubes by Luo et 
al, and the secondary structure and stability 
of the peptide in the presence of nanotubes 
change were determined. Also, the interaction 
between the carbon nanotube and the residues 
Phe20 and Tyr10 of the hydrophobic Aβ peptide 
was investigated and it has been shown that 
its effect on the chemical nature of the charged 
residue Glu11 causes disorder [12]. Because of 
the difference between the nature of carbon 
nanotubes and aqueous solvents, their use in 
aqueous environments is limited. Therefore, 
auxiliary solvents such as dimethyl sulfoxide 
(DMSO) are used to study the interactions between 
the amyloid-β peptide and carbon nanotubes. It 
has been shown that dimethyl sulfoxide plays an 
unnatural role on the peptide structure [13]. 

The denaturation properties of dimethyl 
sulfoxide are attributed to the tendency of 
hydrogen bonding to the peptide residues via the 
sulfoxide functional group and the interaction 
with hydrophobic residues via methyl groups [14]. 
Other studies have shown that dimethyl sulfoxide 
has an effect on the secondary structure of the 
peptide, so that there is change in the structure 
of the peptide in the presence of pure DMSO but 
the fibrillation rate, resulting from the change 
in the secondary structure, increases at the 
concentration of 10% DMSO [15].                                                            

In this research, the structural change of Aβ (1-
42) peptide in the presence of carbon nanotubes 

in various concentrations of dimethyl sulfoxide was 
investigated using molecular dynamics simulation 
method. 

MOLECULAR DYNAMICS SIMULATION DETAILS
The four simulation boxes with different 

dimensions were designed and the Aβ (1-42) 
peptide molecule was placed in the center of 
each simulation box. The basic structure of 
amyloid-β peptide was taken from the protein 
data bank with the code 1Z0Q. A CNT molecule 
was added into each box, and then, the boxes 
were filled with water model SPC216. In each box, 
the number of 100, 200, 300, and 400 atoms of 
DMSO solvent were added. Then each simulation 
box was neutralized with sodium ions. Gromacs 
software version 5.1.2 and OPLS/AA force field 
were used for calculations. The steepest descent 
algorithm was used to optimize the designed 
systems and to eliminate inappropriate contacts 
between atoms. To fix a constant temperature and 
pressure during the simulations, the components 
of the system were coupled with V-rescale and 
Nose-Hoover thermostat [16], respectively. 
LINCS  algorithm[17] was employed to fix the 
chemical bonds between the protein atoms 
and  SETTLE algorithm[18] was employed for the 
solvent molecules. The PME algorithm was used 
to calculate electrostatic interactions [19]. Energy 
minimization was done using the steepest descent 
method to eliminate the primary kinetic energy 
in each of the simulation boxes and to eliminate 
inappropriate contacts between atoms. Each 
simulation box achieved the two-stage equilibrium 
in NVT and NPT ensemble. At this stage, the time 
of equilibration was 10ns with 2fs time step. 
Finally, molecular dynamics was performed by 
solving the second Newton equation for 100ns 
with 2fs time step. Each simulation was repeated 
four times under the different initial conditions 
to avoid any dependency on the initial conditions 
and to increase the accuracy. Therefore, the total 
time reaches ∼2 μs for long MD simulation. The 
simulation systems and components specifications 
for each system are reported in Table 1, in which Table 1. The number and the type of molecules in the simulation boxes. 

  

Dimensions of Box Number 
of DMSO 

Number 
of CNT 

Number 
of Peptid 

Name of 
system Box no. 

9.797747.128548.84467 100 1 1 C1D100 1 
10.117807.500299.2367 200 1 1 C1D200 2 
10.185467.666539.28662 300 1 1 C1D300 3 
10.198537.676379.29855 400 1 1 C1D400 4 

Table 1. The number and the type of molecules in the simulation boxes.
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the name of each system is the number of carbon 
nanotubes and the number of dimethyl sulfoxide. 
For example, in the system C1D100, the number 
of the nanotube is 1 and the number of dimethyl 
sulfoxide is 100, and similarly, other names 
assigned for all the systems.

RESULTS AND DISCUSSION
The orientation of aromatic residues is one of 

the indicators of amyloid-β aggregation [20, 21]. 
For this purpose, the orientation of the aromatic 
amino acids Phe4, Tyr10, Phe19, and Phe20 in Aβ 
(1-42) peptide with the nanotube was determined 
in the presence of different concentrations of 
DMSO and the results are shown in Fig. 1.

According to the figure, it can be seen that 
the residues Phe4 and Tyr10 have a parallel 
orientation towards the CNT axis in comparison 
with the other residues; whereas, in the case 
of the residues Phe19 and Phe20, the peptide 
orientation is toward inside of the CNT at low 
DMSO concentrations and toward outside of the 
CNT at high DMSO concentrations. 

To investigate the stability of the peptide 
structure, the RMSD value of α-carbon in Aβ (1-42) 
peptide was obtained using the following equation:
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=∑ . The Cα-RMSD results for all the 
systems are shown in Fig. 2. 

The figure shows that the lowest fluctuations in 
the system C1D200 indicate the higher stability of 
the peptide Aβ (1-42) and the greatest fluctuations 
in the systems C1D300 and C1D400, represent the 
most conformational changes in Aβ (1-42) peptide. 
From the halfway, the highest RMSD values for the 
system C1D400 were observed, representing the 
most unstable system, but fluctuations in other 
systems decreased and the curves became almost 
smooth, indicating the systems are in equilibrium. 
It seems that the addition of DMSO makes the 
system unstable. 

To study the peptide size, the radius of gyration 
(Rg) value of Aβ (1-42) peptide was calculated 
during the simulation using the following equation: 
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Fig. 1. Snapshot of the protein, nanotube, and DMSO in the systems. (a) C1D100, (b) C1D200, (c) C1D300, (D) 
C1D400. 
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atomic position of i relative to the center of the 
molecule.  The results for the designed systems 
are shown in Fig. 3. 

The diagrams show that the lowest fluctuations 
in the radius of gyration are related to the systems 
C1D100 and C1D200, and the highest fluctuations 
are for the systems C1D300 and C1D400, especially 
the system C1D400. This increase continued to half 

of the simulation, then, the fluctuations reduced 
to the end of the simulation, except the system 
C1D400. These results indicate that increasing the 
number of DMSO affect the peptide structure and 
cause the instability of the system.  To investigate the 
flexibility of the Aβ (1-42) residues, the root means 
square fluctuation (RMSF) values are calculated in 
all the systems and the results are shown in Fig. 4. 
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 Fig. 4. RMSF values (nm) for Aβ (1-42) residues in simulation systems. 
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The diagrams show that the flexibility in the 
curves at the two ends of the peptide is greater 
than the middle residue. Nevertheless, the 
minimum flexibility of the residues in the middle 
region is related to the system C1D200 and the 
highest flexibility of the residues is related to 
the systems C1D300 and C1D400, especially the 
residues Phe19 [21, 22], Glu22, Lys28, Asn27, 
Gly33 and Val36-Ala42 of the system C1D300. 
Increasing the number of DMSO in all the systems 
seems to be effective on the flexibility of the 
residues Ala42 and Lys28. Since increasing the 
length of the salt bridge causes the instability of 
the peptide structure, and as a result of that the 
possibility of aggregation is reduced, the length 
of the salt bridge Ala42-Lys28 [23], which has the 
greatest effect on the stability of the Aβ peptide 
(1-42), is calculated based on the experimental 
studies and the results are shown in Fig. 5. 

It is observed that the length of the salt 
bridge LYS28-ALa42 is increasing with increasing 
the concentration of DMSO, so that the system 
C1D400 had the largest salt bridge length and the 
system C1D200 had the smallest salt bridge length 
compared to the other systems. This result is 
consistent with the previous analysis. For a closer 

investigation into the stability of the salt bridge 
Ala42- Lys28, the distribution of water molecules 
around O-ALa42 and Nξ-Lys28 atoms forming the 
salt bridge was also investigated. For this purpose, 
the radial distribution function, describing the 
density changes with the distance around a 
particular atom, was used.  The following equation 
was used to calculate the radial distribution 
function during the simulation:

( ) ( )2 ij
i i j

Vg r r r
N ≠

= ∂ −∑∑    (3)                          

Where V, N, and r are the volume, the number 
of atoms, and the position of them, respectively. 
rij is the vector between the center of the atoms 
i and j. The peak height in the radial distribution 
function corresponds to the presence of water 
molecules surrounding the atoms. The effect of 
this quantity on the formation of the salt bridge 
Ala42 - Lys28 around the atoms 28 N Lys− and 
O-ALA42 was investigated and the results are 
shown in Figs. 6 and 7, respectively. 

As can be seen, the highest peaks of the four 
concentrations of DMSO are approximately the 
same, indicating that the interaction tendency 
between the oxygen atom and the Nx atom of the 
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residue Lys28 is almost the same. These results are 
similar for the oxygen atom of the residue Ala42, 
except that it has a higher peak height; that means, 
the more the distance between the oxygen atoms 
of the water molecules and the Nξ and O atoms of 
the residue is, the more solvent mass closer and 
the peak height will be shorter. However, the 
number of surrounding water molecules increases 
which corresponds to the instability of the salt 
bridge. As a result, the salt bridge in the area of 
lysine residue is unstable. This is confirmed by the 
results of Table 2, which determines the number 

 

 
 

Fig. 6. The plots of the radial distribution function for the water oxygen atoms around 𝑁𝑁 − 𝐿𝐿𝐿𝐿𝐿𝐿28. 

  

 

 
 

Fig. 7. The plots of the radial distribution function for the water oxygen atoms around 𝑂𝑂 − 𝐴𝐴𝐴𝐴𝐴𝐴42. 

  

 

 

 
 

Table 2. The number of water molecules around the atoms Nξ−Lys28 and O−Ala42 in the first layer of various systems.  
 
 
 
 
 

  
  

                          center system 
𝑶𝑶 − 𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 𝑵𝑵 − 𝑳𝑳𝑳𝑳𝑳𝑳𝑨𝑨𝑳𝑳  

1st peak 1st peak 
2.148 3.141 C1D100 
2.212 3.362 C1D200 
1.943 3.253 C1D300 
2.205 3.304 C1D400 

Table 2. The number of water molecules around the atoms Nξ−Lys28 and O−Ala42 in the first layer of various systems.

of water molecules in the area of the peaks of the 
radial distribution function diagram. 

Much experimental evidence indicates the 
major role of some hydrophobic residues in 
the formation of fibrils [24, 25]. Therefore, the 
solvent accessible surface area of the residues of 
Aβ (1-42) peptide was calculated to evaluate the 
hydrophobicity of the residues in all the designed 
systems, and the results are shown in Fig. 8. 

Accordingly, we find that the solvent accessible 
surface area of the residues is approximately the 
same at all concentrations. Since the N-terminal 

Fig. 6. The plots of the radial distribution function for the water oxygen atoms around.

Fig. 7. The plots of the radial distribution function for the water oxygen atoms around.
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of the peptide is inside the membrane, it is 
hydrophobic in nature. Therefore, when separated 
from the membrane, it is more sensitive to the 
aquatic environment. This fact corresponds to 
the results shown in Fig. 8. The N-terminal of 
the peptide residues is more sensitive to alcohol 
change. Finally, the secondary structure of each 

Aβ (1-42) residue was obtained and the results are 
reported in Table 3. 

According to Table 3, the most helix percentage 
is in the system C1D200, and the least helix 
percentage is in the system C1D300. It seems 
that the tendency to aggregation decreases with 
the addition of DMSO. Generally, it was observed 
that most of the residues that are in the random 
coil structure are in the N-terminal of the peptide 
and the helix structure is mainly located in the 
C-terminal of the peptide. These results are 
consistent with experimental data [26, 27].

CONCLUSION
In this study, the effect of the nanotube on 

the structure of amyloid-β (1-42), effective in 
Alzheimer’s disease, was investigated in the 
presence of DMSO. DMSO should be considered 
as a true bioactive compound whose mechanisms 
of action might be beneficial against some 
neurodegenerative conditions. The effects of 
chronic DMSO on the behavior of neurons and 
amyloid-β are important to be considered for 
the development of appropriate therapies for 
neurodegenerative diseases. Also, this compound 
is widely used in preclinical and clinical research as 
it enhances the entrance of water-insoluble drug 
candidates into the central nervous system. It was 
found that the flexibility of the peptide residues at 
the two terminals is more than that of the middle 
residues. Nevertheless, the minimum flexibility of 
the residues is related to the system C1D200 and 
the greatest flexibility of the residues is related 
to the systems C1D300 and C1D400, especially 
C1D300 with the greatest flexibility related to 
the residues Phe19, Glu22, Lys28, Asn27, Gly33, 
and Val36-Ala42. It was also observed that the 

 

 
 

Fig. 8. The plots of the hydrophobic solvent accessible surface area of the residues of Aβ (1-42). 

 

Fig. 8. The plots of the hydrophobic solvent accessible surface area of the residues of Aβ (1-42).

Table 3. The most probable secondary structure for Aβ (1 -42) residues in the simulated systems (C: random coil, H: Helix). 
 

C1D400 C1D300 C1D200 C1D100 RES NO 
C C C C D 
C C C C A 
C C C C E 
C C H C F 
C C H C R 
C C H C H 
C C H C D 
C C C C S 
C C C C G 
C C H H Y 
H C H H E 
H C H H V 
H C H H H 
H H H H H 
H H H C Q 
H H H H K 
H H H H L 
H H H H V 
H H H H F 
H H H C F 
H H H H A 
H H H H E 
H H H H D 
C H C H V 
H H C H G 
H H C H S 
H H C C N 
H C C C K 
H C C C G 
C C C C A 
C C C C I 
C C C C I 
C C C C G 
C C C C L 
C C C C M 

 

Table 3. The most probable secondary structure for Aβ (1 -42) 
residues in the simulated systems (C: random coil, H: Helix).
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salt bridge length between the residues Lys28 
and Ala42 is being increased with increasing the 
number of DMSO in different systems. The lowest 
salt bridge length is related to the system C1D200 
and the greatest one is for the system C1D400. 
By determining the side chain orientation of the 
aromatic residues Phe4, Tyr10, Phe19, Phe20, and 
Phe20 with the carbon nanotube, it was found that 
the residues Phe4 and the Tyr10 have greater π-π 
interaction with the carbon nanotube than that of 
the residues Phe19 and Phe20. This orientation in 
the system C1D200 was better than other systems. 
The results of this study indicate that the amount 
of auxiliary solvent must be controlled. 
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