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Abstract 

Proteins are made up of amino acids. Protein has basically primary (1-D), secondary (2-D), 

and tertiary (3-D) structures exhibiting different types of functions. Nanoparticles (NPs) have 

unique properties that may be useful in a diverse range of applications, and consequently, 

they have attracted significant interest. Particularly in the bio-medical field, the use of nano- 

vaccines and nano-drugs is being intensively researched. The temperature and pKa values of 

the amino acids in the proteins have great importance about the pH-dependence of the protein 

stability. Many experiments have been carried out in the last few decades to re-engineer the 

temperature and pH-activity and pH-stability profile of the proteins. Some of the earlier 

results predicts a sets of point mutations that will change the pKa values of a set of target 

residues in each direction, thus allowing for targeted re-design of the pH-dependent 

characteristics of the proteins. In this work, molecular dynamics (MD) studies are carried out 

by re-designing pKa values of some of the protein’s amino acids in the carbon nanotube and 

the protein system. In our earlier studies, a variation in temperature was observed to play an 

important role in the dynamics of protein around the carbon nanotube. The pH value of the 

protein is modified with the help of H++ server. Detailed molecular dynamics simulations of 

100 ns each are carried out to further study the behaviour of this protein under the influence 

of the pH change environment. A shape change is observed in the protein surrounding around 

the carbon nanotube at a pH value other than physiological pH. Towards the end of the 

simulation, very interesting results are observed in the interaction of CNT with protein at a 

low pH of 6.5. Protein is observed to be wrapping around the CNT thus forming a corona like 

structure. Comparatively very less interaction is observed between CNT and protein at a 

higher pH of 10. 

Keywords- Protein, pKa, Molecular dynamics (MD), Visual molecular dynamics (VMD), 

Nano Scale molecular dynamics (NAMD), Carbon nanotube (CNT) 
 

1. Introduction 

1.1 Carbon Nanotube 

Carbon nanotube (CNT) was firstly discovered by Sumio Iijima in 1991 [1]. Two years later 

SWCNT (single walled carbon nanotube) of diameter 1 nm was synthesized [2]. Carbon 
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Nanotube was a by-product in chemical vapour deposition (CVD) or Arc discharge 

techniques of fullerene with unrecognized properties. CNTs are predicted to be metallic or 

semiconducting and its electronic properties depends on their diameter and the helicity of the 

arrangement of graphitic rings in their walls [3]. It has unique atomic configuration, 

mechanical, optical & electrical properties [4]. Because of the vast application of the carbon 

nanotubes, they are a potential candidate in the field of electronics, mechanics, textiles etc. 

 

 

 

Fig.1: Structure of the protein with carbon nanotube 

 

 
The interaction of nanoparticles CNT (Carbon Nanotube) with proteins is the basis of 

nanoparticle bio-reactivity. 3CLN (Calcium Modulated Protein) protein plays an important 

role in the calcium signaling inside the eukaryotic cell structure [5, 6]. pH-dependent 

conformation changes in the Calmodulin protein are studied with detailed molecular 

dynamics simulations by using VMD and NAMD software. The quantitative comparison of 

the simulation data with the analysis of different aspects of the folding process can help with 

the correctness of the calculations. It can also provide a detailed structural interpretation for 

the experimental observations as well as a physical interpretation of the theoretical concept 

without actual experimentation. 

 

Earlier these kinds of studies were also performed experimentally using fluorescence 

measurements as in [7]. The Molecular Dynamics (MD) approach was used to study changes 

in pH-dependent conformation change of the Calmodulin protein [8]. In this work we study 

the interaction of CNT with proteins after changing pH of the protein 3CLN (Calcium 

Modulating Protein) by using VMD (Visual Molecular Dynamics) and NAMD (Nano 

Molecular Dynamics) Software. Visual Molecular Dynamics (VMD) is a molecular modeling 

and visualization computer program. As per the literature, the interaction between a carbon 

nanotube and 3CLN (Calmodulin) protein [9-11] was studied with the help of the software 

VMD and NAMD. This interaction will be helpful in drug delivery. The need for this 

interaction will give a pathway for further research work it will help to study the role of 
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environmental conditions on a specified protein [12]. Carbon nanotube (CNT) has a 

cylindrical structure with a nanoscale diameter and appears like a rolled Graphene sheet. 

VMD is developed as a tool to view and analyze the results of molecular dynamics 

simulations. It also includes means for working with volumetric data, sequence data, [13] and 

arbitrary graphics objects etc. NAMD enables interactive simulations with the Visual 

Molecular Dynamics (VMD) molecular visualization software. So, in this work we study the 

interaction of CNT with protein as it has a small number of atoms and plays an important role 

in drug delivery. 

 

1.2 Proteins 

 

The protein is made up of amino acids. Proteins are of different shapes some are of dumbbell- 

shaped proteins composed of two globular domains [14] connected by a flexible linker. 

Amino acid availability is a good regulator for muscle protein synthesis. Protein structure 

[15] is a three-dimensional arrangement of atoms. Proteins are polymers – specifically 

polypeptides – formed from sequences of amino acids, the monomers of the polymer. 

Biophysics [16] will play an important role in medical science as it will help in the treatment 

with much better ways. It will play important role in drug delivery as CNT is a very small 

tube of nano-scale diameter that makes it easily pass through the organs. 

 

The interaction between the carbon nanotube and the protein at pH changes is an important 

aspect to study for its application in drug delivery Proteins, are made up of different types of 

amino acids. Some proteins can be found in the cytoplasm of all eukaryotic cells. Amino acid 

availability is a good regulator [17] for muscle protein synthesis. For a particular type of drug 

delivery through CNT interaction with the protein needs to be studied under different 

environmental conditions like pH. Earlier work is done on the interaction of CNT and 

proteins [18] but the effect of environmental conditions is not studied in detail for the 3CLN 

protein. 

 

2. Methodology 

 
2.1. Protein Data Bank 

Before starting the work, we need to choose a particular protein and nanomaterial for this 

interaction. In the case of protein after choosing it, we download it using the protein 

database website namely (https://www.rcsb.org/) in the (.pdb) format and after choosing a 

particular nanomaterial we synthesize it using VMD software and save it in the supported 

format. After various literature reviews, the choice of proteins is various namely albumin, p- 

gp, calmodulin, myoglobin, kinase, etc. From these various proteins, our choice for docking 

was calmodulin because of its relatively small structure and small number of carbon 

structures. Proteins were downloaded from the protein database website in the (.pdb) 

format. Similarly, in the case of nanomaterial choice we choose Carbon Nanotubes (CNTs) 

to get the best results. Preparation of CNT is done using Visual Molecular Dynamics 

(VMD) software and it is saved in all files format. Molecular dynamics (MD) is a computer 

simulation method for analyzing the physical movements of atoms and molecules in a 

https://www.rcsb.org/
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system. Molecular dynamics (MD) is a computational technique widely used in the studies 

of biomolecules (like proteins), and nanoscale systems. Following are the two software 

(NAMD And VMD) as materials software to be used to study the interaction of CNT with 

proteins. Visual Molecular Dynamics (VMD) Nano Scale Molecular Dynamics (NAMD). 

2.2 Computational details 

Visual molecular dynamics (VMD) 

VMD is software with the capability of showing molecular shapes in different ways. VMD 

is designed for showing and studying molecular assemblies, particularly in biopolymers 

such as proteins and nucleic acids, etc. VMD can simultaneously display any number of 

structures using a wide variety of rendering styles and colouring methods. VMD is 

developed as a tool to observe and analyze the results of molecular dynamics simulations as 

well. It includes tools for observing volumetrics and sequence of data, also for arbitrary 

graphics objects. VMD can support computers running MacOS X, Unix, or Windows and is 

distributed free of cost, including source codes.VMD is software with molecular modeling 

and visualization computer programing. VMD was developed as a tool to observe and 

analyze the results of molecular dynamics simulations. VMD includes tools for observing 

volumetrics and sequence of data, also for arbitrary graphics objects. Figure 1 shows the 

structures of a CNT and CNT interacting with protein created with the help of the VMD 

program. 

 

 
Fig 2. (a); Structure of 3CLN protein with CNT (b) Structure of 3CLN Protein with CNT in 

a water box 

 

 
Nanoscale Molecular Dynamics (NAMD) 

NAMD is used to run efficiently on parallel machines for simulating large molecules. 

NAMD helps in an interactive simulation tool with the Visual Molecular Dynamics (VMD) 

molecular software. NAMD is a parallelly designed software for high-performance 

simulation of large biomolecule systems. NAMD has ORCA and MOPAC (utilized in 
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chemistry also) and can also acts as a process interface to many other quantum packages. 

Together with VMD and QwikMD, NAMD's interface helps to access hybrid QM/MM 

simulations in a unit, is descriptive, customizable, easy to handle, and easy to use. NAMD is 

also available as free tool for the non-commercial tool used by a single person or academic 

institution, also for a corporation’s in-house uses. 

 

 
2.3 Software for pH change: 

The pH of the protein system is changed through the web link 

http://newbiophysics.cs.vt.edu/H++/. We can change pH and ionic concentration by 

software through a web link in which H++ works as an automatic system i.e. H++ is an 

automated system that can computes pK values of ionizable groups in macromolecules and 

can add missing hydrogen atoms according to the specified pH of the environment. That 

gives a (PDB) structure file as an input, H++ outputs the completed structure in several 

common formats (PDB, PQR, AMBER inpcrd / prmtop) and provides a set of tools for 

analysis of electrostatic-related molecular properties. 

 

3. Results & Discussion 

Two sets of simulations are performed to study the interaction of 3CLN protein and carbon 

nanotube at different pH conditions. The snapshots for pH 6.5 at different time intervals is 

as shown in Fig.3. An interaction is observed to be happening between the CNT and the 

protein towards the end of the simulation as the protein starts attaching to the carbon 

nanotube. The root mean square deviation (RMSD) for the same is as shown in Fig.4. A 

fluctuation of about 6 Angstrom is observed in the overall structure of the protein around 

the carbon nanotube. This structure is like the corona structure formation reported earlier by 

other workers. 

 

 

 

Fig 3. (a) Snapshot at 10 ns  (b) Snapshot at 60 ns  (c) Snapshot at 90 ns 

http://newbiophysics.cs.vt.edu/H%2B%2B/
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Fig 4. Root Mean Square Deviation (RMSD) as a function of time at pH 6.5 

 

 
The interaction between the CNT and 3CLN protein is also observed at pH 10 to see the 

effect of higher pH values on the interaction of these two structures. The snapshots of this 

interaction are as shown in Fig. 5. At this pH as well, the protein appears to start sticking to 

the CNT surface. The root mean square deviation is as shown in Fig. 6. A fluctuation of 

about 5 Angstrom is observed in the overall structure of the protein around the carbon 

nanotube which is less than the fluctuation observed in the case of pH 6.5. This means that 

the acidic pH condition changes the pKa values of the amino acids significantly which then 

modifies the overall structure of the protein thereby leading to a shape change of the protein 

structure. Repetitive simulations are performed to confirm this corona structure formation 

towards the end of the simulation. 

Graph between RMSD and Time at pH 6.5 
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Fig 5. (a) Snapshot at 15 ns           (b) Snapshot at 55 ns                (c) Snapshot at 95 ns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. Root Mean Square Deviation (RMSD) as a function of time at pH 10 

 
Summary & Conclusion 

Simulation studies are carried out by re-designing pKa values of some of the protein’s 

amino acids in the carbon nanotube and protein system using H++ server. Detailed 

molecular dynamics simulations of 100 ns each are carried out to study the behaviour of this 

protein under the influence of the pH change environment. Towards the end of the 

simulation, very interesting results are observed in the interaction of CNT with protein at 

different pH values. At low pH of 6.5, a very interesting interaction between CNT with 

protein is observed as it forms a corona like structure around the CNT. At a high pH of 10, a 

comparatively less interaction of the CNT is observed with the protein. These kind of 

interactions between protein and nanomaterial are important from the point of view of 

the application of nanomaterials in targeted drug delivery processes. 

 

Acknowledgements 
 

The authors would like to thank Dr R.K. Brojen. (Prof. at Department of School of 

Computational and Integrative Sciences, Jawaharlal Nehru Univesrity, Delhi) for discussions, 

Graph between RMSD and Time at pH 

10 

20 
 

15 
 

10 
 

5 
 

0 

0 20 40 60 80 100 

Time (ns) 

R
M

S
D

 (
A

n
g
st

ro
m

) 



Role of pH change on the dynamics of Carbon nanotube and Protein interactions 

Section A -Research paper 

2800 
Eur. Chem. Bull. 2023, 12(1), 2793–2801 

 

 

support, and critical reading of the manuscript. 

 

Compliance with Ethical Standards 
 

This article does not contain any studies involving humans or animals performed by any of 

the authors. 

Conflict of Interests 

The authors declare no conflict of interest. 

References 

1. Iijima S (1991) Helical microtubules of graphitic carbon. Nature 354:56–58. 
 

2. Iijima S, Ichihashi T (1993) Single-shell carbon nanotubes of 1-nm diameter | Nature. 

Accessed 4 Feb 2023 

 
3. Odom TW, Huang J-L, Kim P, Lieber CM (1998) Atomic structure and electronic 

properties of single-walled carbon nanotubes. Nature 391:62–64. 

4. Dresselhaus MS, Avouris P (2001) Introduction to Carbon Materials Research. In: 

Dresselhaus MS, Dresselhaus G, Avouris P (eds) Carbon Nanotubes. Springer Berlin 

Heidelberg, Berlin, Heidelberg, pp 1–9 

5. H. Frauenfelder (2002) Proceedings of the National Academy of Sciences of the USA 99, 

2479-2480. 

6. M. Ikura, JB Ames (2006) Proc. Natl. Acad. Sci. USA 103, 1159-1164. 
 

7. Preeti Gangola and Harish Pant (1983) Biochemical and Biophysical Research 

Communications,111(1):301-305. 

8. Jens Kleinjung, Franca Fraternali, Stephen Martin, R. and Peter Bayley (2013) 

PROTEINS: Structure, function and Genetics, 50:648–656. 

 
9. Baler, K., Martín, O. A., Carignano, M. A., Ameer, G. A., Vila, J. A., & Szleifer, I. 

(2014). Electrostatic unfolding and interactions of albumin driven by pH changes: a 

molecular dynamics study. The journal of physical chemistry B, 118(4), 921-930. 

 
10. Negi S, Aykut A.O, Atilgan A.R and Atilgan C (2012) “Calmodulin Readily Switches 

Conformation upon Protonating High pKa Acidic Residues", Journal of Physical Chemistry 

B, 116 (24), pp 7145–7153. 

 
11. Negi S, Atilgan A.R and Atilgan C (2011) “Driving Calmodulin Protein towards 

Conformational Shift by Changing Ionization States of Select Residues”, Journal of Physics: 

Conference Series, 402 012047. 

 
12. Brain Kuhlman & Philip Bradley (2019, August) Advances in Protein Structure, 20, 681- 

697. 



Role of pH change on the dynamics of Carbon nanotube and Protein interactions 

Section A -Research paper 

2801 
Eur. Chem. Bull. 2023, 12(1), 2793–2801 

 

 

13. Jordi Piella, Neus G. Bastus & Victor Puntes: Bioconjugate Chem. 2017, 28, 1, 88–97. 

 

14. De Kreij,A., van den Burg,B., Venema,G., Vriend,G., Eijsink,V.G. and Nielsen,J.E. 

(2002) The effects of modifying the surface charge on the catalytic activity of a 

thermolysin-like protease. J. Biol. Chem., 277, 15432–15438 

15. Joshi,M.D., Sidhu,G., Nielsen,J.E., Brayer,G.D., Withers,S.G. and McIntosh,L.P. (2001) 

Dissecting the electrostatic interactions and pH-dependent activity of a family 11 

glycosidase. Biochemistry, 40, 10115–101139. 

16. Lambeir,A.M., Backmann,J., Ruiz-Sanz,J., Filimonov,V., Nielsen,J.E., Kursula,I., 

Norledge,B.V. and Wierenga,R.K. (2000) The ionization of a buried glutamic acid is 

thermodynamically linked to the stability of Leishmania mexicana triose phosphate 

isomerase. Eur. J. Biochem., 267, 2516–2524. 

17. Nielsen,J.E., Borchert,T.V. and Vriend,G. (2001) The determinants of alpha-amylase pH- 

activity profiles. Protein Eng., 14, 505–512. 5. Yang,A.S. and Honig,B. (1994) Structural 

origins of pH and ionic strength effects on protein stability. Acid denaturation of sperm whale 

apomyoglobin. J. Mol. Biol., 237, 602–614 

18. Li,H., Robertson,A.D. and Jensen,J.H. (2005) Very fast empirical prediction and 

rationalization of protein pKa values. Proteins, 61, 704–721 


