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Abstract

Single walled carbon nanotubes (swCNT) functionalized with single strand DNA (ss-DNA) in a non-covalent
interaction have been successfully used as gas sensors. Molecular Dynamics (MD) simulations have been used
before to understand the interactions between swCNT and ss-DNA that influence electron transport such as -
n stacking. But studying how gas analytes interact with these hybrids requires detailed observations of the
conformation of ss-DNAs. Principal Components Analysis (PCA) is often used to analyze conformations of
molecules, mainly proteins, produced by MD simulations. A set of N atoms is selected within the molecule. The
conformations of the molecule at different moments can be traced by using PCA to map the sequence of points
in a 3N-dimensional space into a 2D or 3D space. Clusters of points indicate similar conformations. A PCA
analysis was performed on trajectories generated by MD simulations of swCNT-ss-DNA hybrids at room
temperature in aqueous solution. Ss-DNAs corresponding to three specific sequences of 21 oglionucleotides
used in actual gas sensor experiments as well as four Poly-Cytosine of various lengths were explored. The
selection of atoms sets for the PCA analysis was also varied ensuring uniform selections along the DNA. The
PCA analysis shows that the paths of the 3D points progress to eventually form clusters indicating that the
shapes of the DNAs evolve into stable configurations. No returns in the paths nor jumps between clusters
indicate that the DNA reaches a final conformation. These results are consistent with observations made in the
laboratory proving that the PCA method is suitable for the study of the conformation of CNT-DNA hybrids.
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1. Introduction

The combination of single stranded DNA (ss-DNA) with a single walled carbon nanotube (SWCNT) is a
particularly elegant example of a self assembled nanodevice that has been experimentally proven to be sensitive
to a set of gases. The robustness of the functionalization of the swCNT is crucial for the usefulness of the
device®. Molecular Dynamics (MD) simulations are well-suited to provide insights into the fundamental
properties of DNA-CNT hybrids because they enable calculations of structural properties with an atomic
resolution. MD simulations have been used by A.T. Johnson et.al. to understand the interactions between
SWCNT and ss-DNA? that influence electron transport such as n-n stacking?®.

Since its first use by A. Garcia’ for the analysis of MD simulations results, Principal Component Analysis
(PCA) is often used to trace the conformations of molecules especially proteins (see R.L. Jernigan et.al.® for a
recent example). Often the x, y, z coordinates of the positions of atoms of the molecule serve as the input for the
PCA method although the use of the dihedral angles in the backbone has been explored recently®. The problem
of determining an appropriate sample size has been studied from the point of view of the length of the
simulation’. Results on the influence of the selection criteria of atoms or angles on the PCA are difficult to find.

This paper presents the application of PCA to the novel studies of conformation of ss-DNA onto CNTSs. In
order to validate the selection of atoms for the PCA in further studies a comparison is made between the results
obtained from several selections of atoms.

2. Background



2.1 carbon nanotubes

Carbon nanotubes (CNT) are cylindrical sheets of carbon. CNT have diameters of ~1nm and lengths up to a few
centimeters®. They have many interesting properties. They can have tensile strength as high as sixty times larger
than steel. They also show electronic stability. Nanotubes can accommaodate current densities 1000 times higher
than copper and silver.

2.2 ss-DNA

Single stranded DNA (ss-DNA) is a DNA molecule consisting of only one chain of alternating sugars and
phosphates. It can assume different structures depending on the solvent and ionic environment. For this work
some ss-DNA composed of a repeating sequence of cytosine (Poly-Cytosine) and specific sequences of ss-DNA
were used. Figure 1 shows a ss-DNA onto a CNT.

Figure 1. ss-DNA onto a CNT.
2.3 MD simulations

MD simulations calculate the trajectories of N interacting atoms by numerically solving Newton's equations of
motion for each atom. Since atomic forces are conservative, they can be described by a potential function. There
are a variety of atom’s interactions some of these exists between atoms that do not share a chemical bond
(electrostatic and the VVan der Waals forces). They are other forces that act on atoms that share chemical bonds.
These forces are bond stretching (bond force), bond bending (angle force) and bond twisting (torsion force).

2.4 PCA

Principal Component Analysis (PCA) is a technique used to reduce data that is represented in a high number of
dimensions to 2D or 3D. PCA allows to visualize the similarities and/or differences in a set of data. Among the
wide range of applications of the PCA, it can be used to study the shapes of molecules studied by means of MD
simulations”. The technique has been used successfully in the analysis of proteins®.

3. Software and methods

The GROMACS MD package® was used to perform MD simulations. A detailed script was written in order to
precisely the set up of the system™. In the following sections is the outline of the procedure to set up and to run
the MD simulations. Also, there is a detailed description of the organization of the data and the PCA performed
into the data.

3.1. MoSDAS

The Model building, Simulation and Data Analysis Script (MoSDAS') was developed to automate the
production of the MD system. The development of MoSDAS simplifies and avoids the most of the errors in the
simulation process. All the commands of MoSDAS are in bash programming language. The main purpose of
MOoSDAS is to call and run other programs.

The first step is to generate the ss-DNA with nucleic program, which is part of the Tinker molecular modeling
package™, a CNT 30A longer than the ss-DNA is also generated. The ss-DNA and the CNT were joined with
tleap, which is a subprogram of the AMBER7 MD package™. The system was placed inside of a box and
hydrated with water. The water inside of the tube was removed with the tcl script rem-wat-interior.tcl developed
by Robert Johnson®. The index file is the file that classified the atoms by groups, for example WATER,
DNA_20L, etc. This file was made with make_ndx program, a program that is part of GROMACS. The topology
file of the system was generated with an awk script. The master input file was edited from a template. The



editions of the master input file were made with a script. Periodic boundary conditions in all directions were
used.

3.2 simulations

Before each MD simulation a minimization of the system is required. Some systems also need a relaxation after
the minimization.

MD simulations of Poly-Cytosines of 5, 15, 25, and 30 monomers as well as the sequences:

Sequence 1: 5> AAAACCCCCGGGGTTTTTTTTTTG 3
Sequence 2: 5 CTT CTG TCT TGATGT TTG TCA AAC 3’
Sequence 3: 5 GAG TCT GTG GAG GAG GTAGTC 3’

These specific sequences are the same used in actual experiments of gas sensors by A.T. Johnson et.al.®, Each
of these simulations was run for 10ns and not all of them have been equilibrated yet.

After the simulation the trajectory data was visualized with Visual Molecular Dynamics (VMD)*. The
program VMD is a molecular visualization program for displaying, animating and analyzing large biomolecular
systems using 3D graphics and built-in scripting™®. The visualization of the data was made because we wanted
to be sure that the system was stable.

3.3 organization of the trajectory data

The trajectory file produced by GROMACS that contains all the coordinates, velocities, forces and energies as
in the GROMACS master input file. This file is in portable binary format and can be read with gmxdump,
program given by GROMACS.

3.3.1 atoms sets

This study is focused on the shape of the ss-DNA only. Different subsets of the ss-DNA atoms were chosen
ensuring a uniform distribution across the length of the molecule.

For Poly-Cytosine we have five sets:

All ss-DNA atoms except for Hydrogen atoms
All atoms in the backbone of the ss-DNA

All atoms in all the rings of the ss-DNA

The N4 atoms (it is on the end of each ring)
The P atoms (they are at backbone)
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For the specific sequences we have three sets:
1. All ss-DNA atoms except for Hydrogen atoms
2. All atoms in the backbone of the ss-DNA
3. All atoms in all the rings of the ss-DNA

3.3.2 script to generate the data matrix

To perform the PCA of the trajectory data of the different atoms sets it is required to create a data matrix. This
matrix needs to have a row for each frame of data, and the columns are the x, y, z coordinates of the atoms. For
example, the coordinates of atom one are the first three columns of the matrix and all the rows in these three
columns are the trajectory of this atom. To generate this matrix a bash script was developed. A matrix for each
atoms set was generated.

3.4 PCA in the trajectory data

After the matrices for each sequence and each atoms set were built, a PCA for all matrices was produced. To
make the PCAs, MatLab was used. MatLab is a high-performance language for technical computing’. To
obtain the PCA the princomp(x) function of MatLab was used. After the PCA, the standard scores were
analyzed. The first scores were used to make plots of all atoms sets of the ss-DNA. A qualitative comparison of
the data was made.



4. Results and Discussion

A visual inspection of Poly-Cytosine ss-DNA reveals that the molecule conforms onto the CNT in a

counterclockwise helical way? (Figure 2).
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Figure 2. Snap shots of Poly-Cytosine ss-DNA of 15 monomers during the MD simulation.

Figure 3 shows the 2D and 3D PCA reductions of all Poly-Cytosine ss-DNA. In this figure the red line
corresponds to N4 atoms set, green corresponds to P atoms set, blue corresponds to backbone atoms set, pink
corresponds to ring atoms set, and light blue corresponds to the set of all atoms except for Hydrogen.
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Figure 3. Plots of scores of PCA of all Poly-Cytosines.

In these plots (Figure 3) clusters of points indicate stable configurations of the system. In all cases the clusters
around the point that marks the final frame of the simulation are notably densest of all. Moreover, the absence of
multiple paths between clusters and of any return path to previous clusters demonstrates that those last
conformations are stable and the process is irreversible within the time frame of the simulation. This
phenomenon is independent of the length of the Poly-Cytosine.

In Figure 3 is easy to see that the shapes of the lines are similar for all atoms sets. For example, the 2D and 3D
plots of Poly-Cytosine of 30 monomers show that the shapes of the lines are almost the same. Also, the set of P
atoms is rotated compared with the other four sets. The orientation of lines can change occasionally but that
does not affect the interpretation of the results. Another important result is that the sets that contain more atoms
show that the line in the plot is more extended in comparison with the smallest sets. This is related with the way
in which the PCA is computed. In Poly-Cytosine of 30 monomers, the set of all atoms except for Hydrogen and
the set of the ring atoms are the biggest ones. This is consistent with all Poly-Cytosine ss-DNA. The smallest set
for all ss-DNA is the N4 atoms set. The red line in the plot confirms that because is the most compressed line in
each plot. These observations are consistent for all Poly-Cytosine ss-DNA. It is essential to see that although
they are some of the lines rotated, compressed or extended that does not affect our results because this study is
based on searching for clusters to determinate that the molecule has stable conformations.

Visual inspection of the system of the specific sequences of ss-DNA and CNT shows the ss-DNA conforming
onto the CNT in a way similar to Poly-Cytosine. In Figure 4 the red line corresponds to the set of backbone
atoms, green corresponds to ring atoms set, and blue corresponds to the set of all atoms except for Hydrogen.
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Figure 4. Plots of scores of PCA of the specific sequences.

The PCA depicted in Figure 4 shows patterns that demonstrate that the last conformations of the molecule are
stable, and irreversible within the time frame of the simulation for the specific sequences of ss-DNA. The shape
in each sequence is conserved no matter the atoms sets. As was in the Poly-Cytosine for a big set of atoms the
lines were extended, as well for small sets the lines were compressed. They are lines rotated but this does not
affect the results because the shape of the lines is conserved. Some of these plots show the trajectory of the
molecule since the simulation was start. Examples for this observation are the sequence 1 and 2, here in the 2D
plots the start is at the left side of the plots and the clusters at the right side represent a stable configuration for
this ss-DNA. Also, there are no jumps in none of the plots.

5. Conclusions

The PCA analysis shows that the paths of the 3D points progress to eventually form clusters indicating that the
shapes of the DNAs evolve into stable configurations. This is consistent no matter which atoms set its plotted.

No returns in the paths nor jumps between clusters indicate that the DNA reaches a final conformation. These

results are consistent with observations made in the laboratory proving that the PCA method is suitable for the
study of the conformation of CNT-DNA hybrids.

6. Future work

Currently we are working on a Graphical User Interface (GUI) to setup, run and analyze systems of Polymer-
CNT hybrids. This study justifies the inclusion of the PCA into this application.
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