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ABSTRACT 
 
DNA sequencing through a nanopore is a great challenge in 
the field of biotechnology. Recent experiments on voltage-
driven DNA and RNA translocations through a nanopore 
indicate that the size and geometry of the pore are important 
factors in polymer dynamics. A molecular dynamic approach 
is presented here which explicitly takes into account the 
effects of the size of the nanopore. It is shown that the 
diameter of the pore is crucial for DNA translocation. 
Motivated by the experiment in which a DNA strand is 
threaded through a cyclodextrin ring by applying external 
force to differentiate the purine from pyrimidine, we studied 
the hydrodynamic properties of single-stranded DNA in free 
solution by molecular dynamics simulations and calculated 
the friction and diffusion coefficients of single stranded DNA 
threaded through a cyclodextrin ring. Three different pore 
sizes are used for DNA translocation to see the effects of the 
pore size and the geometry on friction and diffusion of the 
DNA molecule when it translates through a nanopore. 
 
Keywords: Sequencing, Molecular dynamics, Cyclodextrin, 
AMBER, Nanopore. 
 

1 INTRODUCTION 

Human genome sequencing with low cost and high speed is a 
major challenge in biological sciences. Current sequencing 
methods [1] require lots of time and cost. The goal is to get 
human genome sequence done in days rather in months and 
get the technology on the table of every physician and doctor. 
Scientists are trying to find new techniques to sequence the 
DNA with low cost and high speed, a goal set forth by the 
National Human Genome Research Institute located at 
Maryland USA (http://www.genome.gov). The advent of 
nano technology opened new vistas in biology and bio 
technology. Coulter [2] gave the concept of small pores to 
analyze the biological particles. He showed that blood cells in 
saline suspensions could be detected as they are moved 
through a pore size of 100mm diameter by pressure gradient. 
The ionic current resistance changes as the cells pass through 
the pore which helps to differentiate between small and 
bigger size cells. The successful completion and 

understanding of pore based cell counter opened a new door 
for the scientists to investigate the nanopore for the detection 
of biological polymers such as DNA and RNA. However, it 
was much more difficult to produce a pore in nanoscopic size 
range, 2-3 orders of magnitude smaller than used by Coulter. 
Etched nuclear tracks were first used by [3] for this purpose.   
Many biological processes, such as the motion of DNA and 
RNA molecules across nuclear pores, are due to the motion of 
biopolymers across membranes. These biological membranes 
of a cell can also act as nanopore. The cell membranes are 
composed of proteins embedded in lipid bilayers. As the 
biopolymers can have few configurations, they face large 
entropic barrier while moving across a membrane pore. An 
external force is needed to speedup the motion and to 
overcome the barrier. In recent in vitro experiments [4-9] 
DNA and RNA molecules are driven through a-hemolysin 
membrane channel with the help of an external electric field. 
These experiments were done for two reasons, first to 
understand the physics of biopolymers and second to explore 
the potential of nanopore as a single molecule tool.  
In late 90’s experiments proved that larger bio molecules like 
DNA can be driven through the pore by external force such as 
electrical field or mechanical force [10]. The size of the 
diameter of the pore gave the flexibility to allow only single 
strand DNA pass through the pore. It helped scientists to 
explore DNA sequencing through a nanopore. It depends on 
the possibility that each base in a nucleic acid strand will 
modulate the signal in a specific and measurable way. If this 
is possible then DNA sequencing can be done more quickly 
then the present methods. Another technology is being 
developed [11] to sequence the nucleic acid by threading it 
through cyclodextrin ring Fig. 1, a molecule composed of 6 to 
8 sugar rings and read out the difference in the forces as the 
bases passes through the ring. Atomic force microscope is 
being used to develop this technology. The concept to 
sequence the DNA with atomic force microscopy gave us the 
opportunity to look at the dynamics of the ssDNA when it 
passes through the cyclodextrin ring. A steered molecular 
dynamic (SMD) study was performed to see the translocation 
of the ssDNA through the nanopore. The understanding about 
the transition over the diffusive barrier in a molecular system 
became very easy with Kramer’s theory [12]. In the Kramer 
theory the 1- D diffusive motion was explained along the 
chosen reaction coordinates. Translocation of biopolymers 
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across a nanopore helped to understand the dynamics of the 
biological process and diffusive motion. 
In our molecular dynamics study the DNA is immobilized on 
the surface (Figure 2) and the cyclodextrin is moved in such a 
way that DNA is threaded through the pore. The main goals 
regarding the present simulation studies are to know that the 
basic physics of translocation is by a drift-diffusion process 
and nanopore could possibly be developed into rapid 
sequencing devices since the force obtained are sequence 
dependent. In this paper, we are interested in the generic 
physical aspects of the translocation process that depends on 
the size of the pore. We showed the relationship between the 
diffusion coefficients and the size of the pore as we used three 
different pore sizes. Friction coefficients for purine and 
pyrimidine for different pore size are also calculated which 
are in agreement with theoretical model. 
 
 

2 METHODS AND THEORY 
 
2.1 Computer Simulations 
 
We performed molecular dynamics (MD) simulations of 
ssDNA for polyA, polyT, ployG and polyC in explicit water. 
We used a program NAMD [13] for our simulations and 
AMBER 94 force field [14] was used to perform all the 
simulations. Initial structure was made by creating a model 
for polyA, polyT, polyG and polyC (Figure 2) separately 
using nucgen command in AMBER 6.0 [15]. The initial 
structure for (propylene) glycol (PPG) and cyclodextrin ring 
(Figure 1) was taken from RCSB protein data bank and was 
parameterized in AMBER 7.0. The ssDNA was attached to 
PPG by removing an OH group from PPG. The free end of 
PPG was immobilized on the surface by fixing one of its end 
atoms. The cyclodextrin ring was aligned in such a way that 
the PPG molecule is at the center of the ring and ring is close 
to anchor point as shown in figure 2. To neutralize the system 
due to negative charge on the DNA, we added Na+ ions and 
system was solvated in TIP3P water model [16] The system is 
minimized for 6ps and heated up to temperature of 300 K and 
the equilibration in the NPT ensemble was performed using 
Node Hoover langvin piston pressure control [17]. A constant 
temperature of 300 K and a pressure of 1 bar were maintained 
with the Berendsen thermostat [18]  and Langevin piston 
barostat [19], respectively.  The velocity-Verlet algorithm 
[20] with a single time step of 2 fs was used in the time 
integration. Structures obtained after 6ps of simulation used 
as starting structures for steered molecular dynamics (SMD) 
simulations. Hydrogen bonds were constrained with SHAKE 
algorithm [21] 
The force constant of 3N/m was used for all simulations and 
data was collected at constant speed ranging from 0.2m/s to 
1m/s with a step of 0.1m/s. We used three different sizes of 
the cyclodextrin ring to see the difference in the forces as the 
DNA passes through different pore size. These three 
cyclodextrin sizes are labeled as α, β, and γ CD composed of 
6, 7 and 8 sugar rings respectively.  
 
 
   

            3           RESULTS 

A total of 27 simulations for different speeds were performed 
for each nucleotide base using Athlon cluster (32 bit) 
composed of 50 dual processors nodes, with each run taking 
from few hours to few weeks to complete. The SMD 
simulations recorded the magnitude of the force exerted by 
the probe on the particle as shown in the table 1. The figure 3 
shows the force curve profile for a particular run. The figure 4 
shows the relationship between recorded forces and speed. 
Forces are plotted against pulling speed for each base and we 
calculated the slope for each plot. The slope 
 

µ = F/v     (1) 
 
where µ  is friction coefficient, F is force and v is speed, 
gives the friction coefficients for base and then friction 
coefficients are calculated for purine and pyrimidine. The 
force curve obtained for one base shows three force regimes 
as shown in the figure 3. Three force peaks in the force curve 
show the passage of phosphate group, sugar ring and the 
nucleoside. We analyzed force curves for polyA, polyG, 
polyC and polyT and found the magnitude of force for 
phosphate and sugar is same at a particular speed but different 
forces for purine and pyrimidine.   
Friction coefficients calculated for purine and pyrimidine 
with three different sizes of cyclodextrin ring are shown in 
table 2. The diffusion coefficient D and the friction 
coefficients are related through the Nernst-Einstein relation, 
 

D=KBT/µ    (2) 
 
Here KB is Boltzman constant and T is temperature. Table 2 
also lists the diffusion coefficients for purine and pyrimidine 
for alpha, beta and gamma cyclodextrin. We tested and 
confirmed our results using CHARMM force field by pulling 
the cyclodextrin ring at constant force. From the simulated 
results we calculated the time taken by the cyclodextrin ring 
to hop from one base to next one for each constant force. The 
calculated times gave us the information about the hoping 
speed as we know the distance between adjacent bases is 6-7 
Ao. We compared these speed and force data with speed and 
force data obtained with AMBER force field and found a 
complete agreement between two force fields using two 
different techniques.  
 

              4           DISCUSSIONS 

In this study we have presented the molecular dynamics 
simulations results of the DNA translocation through the 
nanopore and have calculated the friction and diffusion 
coefficients for purine and pyrimidine for three different pore 
size. The pulling speeds are quite high to suppress the 
activation barriers so that stock’s frictional forces dominate 
the activation forces. To confirm our results we used two 
different force fields, AMBER and CHARMM and we 
applied two different SMD simulation protocol, constant 
speed and constant force. In this study the polymer size is 
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kept constant but the different pore sizes are used in contrast 
to Elena Slonkina [22] 
 Our molecular dynamics results show a straight forward 
relationship between the pore size and the friction and 
diffusion coefficients. SMD simulations show that at high 
speed the forces are proportional to speed i.e. F α v which is 
in agreement with the theory. The activation force regime is 
suppressed at such a high speed so we get a linear relationship 
between calculated forces and the speed. The slopes of these 
plots give us the friction coefficients, which is calculated 
using equation (1). We have computed the friction 
coefficients for purine (AG) and pyrimidine (CT) against the 
pore size. The results show that the friction coefficients for 
purine are greater than pyrimidine which is due the fact that 
purine size is bigger than pyrimidine and gives more sliding 
friction for a particular pore size. Diffusion coefficients D of 
ssDNA molecules are calculated using Nernst-Einstein 
relation, equation 2. We used 4290 water molecules. The 
diffusion coefficients calculated for purine and pyrimidine for 
alpha, beta and gamma cyclodextrine. Our results are in 
comparison with theory that for a larger pore size the 
biological molecule, in our case ssDNA will diffuse faster. 
The diffusion coefficients obtained are in comparison to RNA 
molecules [23]. Recently, Stellwagen [24] estimated the 
diffusion coefficient of a single-stranded DNA with 20 
nucleotides to be D20 = 1.52 x 10-6 cm2 s-1 at 20°C by capillary 
electrophoresis. Nkodo [25] estimated the diffusion 
coefficient of ssDNA with 18 nucleotides to be D18 = (0.98 ± 
0.05) x 10-6 cm2 s-1 at 30°C in 7 M urea solvent. These values 
compare well with our simulated results.  

 
5 CONCLUSIONS 
 

We have calculated the friction and diffusion coefficients for 
a single stranded DNA molecule by threading it through a 
cyclodextrin ring which is composed of multiple sugar 
molecules. We used AMBER and CHARMM classical force 
fields and pulled the single strand DNA through the 
cyclodextrin ring at constant speed and constant force. We 
plotted our forces against pulling speed and find out the slope 
of the plots which gives us the friction coefficients. We 
observed that friction coefficients increase with the decrease 
in the pore size as it was expected. The friction coefficients 
can be used to find the diffusion of the bio molecule through a 
nano pore. From this analysis we find that ssDNA diffuses 
faster in a bigger pore. These coefficients are in agreement 
with values reported in literature previously. These initial 
results shows that for a DNA sequencing through a nano pore 
the pore size and the geometry of the pore is very important to 
differentiate the purine from pyrimidine.  
 
 
 
 
 
 
 
 
 
 

 

 
 
 
Fig 1: Cyclodextrin Ring  
 
 

 
 
 
Fig. 2: A DNA Rotaxane with single Base  
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Fig.3 A typical force curve for DNA Rotaxane  
 
 Speed (m/s) A (ρN) G(ρN) C(ρN) T(ρN) 
0.2 230 300 100 310 
0.3 300 350 120 400 
0.4 350 400 150 450 
0.5 425 500 210 500 
0.6 500 580 490 550 
1 700 600 350 450 
 

Table 1:   
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Fig. 4: Force as function of speed 

 

 

  α CD β CD γ CD 
Friction (AG) 
pNms-1 1392 684 360 
Friction (CT) 
pNms-1 2067 260 150 
Diffusion 
(AG) cm2s 0.19e(-7) 1.6e(-7) 2.7e(-6) 
Diffusion 
(CT) cm2s 0.29e(-7) 0.6e(-7) 1.4e(-6) 
 

Table 2 
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