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Molecular dynamics simulation of ssDNA and cationic polythiophene 
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A B S T R A C T   

In this work, molecular dynamics simulations of complexes composed of single strand DNA (ssDNA) sequences 
and cationic oligothiophenes are performed to understand experimental findings and the sensing ability of 
polythiophene electrolytes toward ssDNA. The simulation results exhibit no significant structural effect for 
replacing the cationic amine moiety with imidazole derivative on the side group of the oligomer. Adding a 
homopurine strand elongates the oligomer backbone; on the contrary, mixing up the homopyrimidine strand 
causes compression. On the other hand, these ssDNAs do not notably affect the compactness of the oligomer 
backbones. The anion-cation interactions play an essential role in the structural and spectroscopic change of 
cationic polythiophenes (CPTs) upon complexation with ssDNAs. The red shift of CPTs in the UV-VIS spectra with 
the addition of homopurine strands might be explained by the strong anion-cation, weak π − cation interactions, 
and high binding affinities. Nonpolar interactions (vdW and SA) and complex solvation energies dominate 
binding free energies. Hydrogen interaction analyses show that oligomers most likely approach the ssDNAs from 
their backbone upon complexation except for the duplex containing homopyrimidine strand and oligothiophene 
possessing imidazole derivative side chain.   

1. Introduction 

Polyelectrolytes (PEs) are common semi-conductive polymers with 
hydrophilic ionic or ionizable side groups and hydrophobic π-conju
gated backbone. The conjugated PEs have adjustable structural prop
erties, so they have been widely synthesized and used in diverse areas 
such as targeted molecule detections, detecting genetic disorders, 
biomedical applications, solar cells, light-emitting diodes, and photo
voltaics studies [1–3]. Moreover, they have an important place in the 
literature owing to their water solubility and sensitive optical responses 
to external factors (temperature, light, pH, solvent, binding to other 
molecules, etc.) [3,4]. 

Polythiophene (PT) and its derivatives are the most used water- 
soluble conjugated PEs. Their optical and electronic properties form a 
unique substructure for bio- and chemo-sensor developments. Because 
of their low toxicity and good photostability in living-cell experiments, 
they have been broadly studied for sensing biological targets such as 
polysaccharides, proteins, folic acid, adenosine triphosphate (ATP), 
deoxyribonucleic acid (DNA) [5–10]. In particular, cationic PTs (CPT) 
have a significant role in biosensor development to be selective and 
sensitive probes due to their intermolecular interaction with DNA. In 
2005, Leclerc et al. [6] have been reported conformational transitions 

caused by the complexation of single-stranded DNA (ssDNA) with a CPT 
derivative. The optical signals were followed without labeling the target 
or probe to provide the specific detection of nucleic acids. The PTs with 
various cationic side groups have been synthesized and mixed with 
ssDNA at an equal molar ratio by Rubio-Magnieto and co-workers [2] to 
determine the effects of PTs’ backbone structures and the behavior of 
charged groups when binding to DNA. Carreon et al. [4] have studied 
the suitability of CPTs, which contain tertiary and quaternary amine, to 
bind DNA by electrostatic interactions. Some studies about the electro
static interactions between biological molecules like ssDNA or 
double-stranded DNA (dsDNA) and CPT derivative have been summa
rized by Zheng and He in 2014 [11]. The study shows that the fluores
cence of the polymer is quenched when CPTs are mixed with ssDNA, and 
a color change has been observed from yellow to red. The formation of 
complexes has been tracked by UV–visible absorption spectroscopy, 
fluorescent spectroscopy, nuclear magnetic resonance (NMR), and cir
cular dichroic (CD) spectroscopy. These results were accounted for by 
the structural changes from a random coil to a flat conformation upon 
complex formation [11]. Ammanath et al. [12] have recently developed 
a simple colorimetric and fluorescence probe by using PT derivative for 
profiling advanced glycation end products (AGEs). 

The changes in the polymer structure and the interactions between 
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PT derivatives and DNA can be examined using computational methods. 
Molecular dynamics (MD) simulation is the most preferred computa
tional method for large systems. One of the studies in the literature done 
by Preat et al. [13] in 2011 includes MD simulations of several duplexes 
formed by ssDNA and PT derivatives at the atomistic level. The possible 
interactions which triggered complex formation, such as electrostatic 
interactions (positive charges in PT derivatives and negative charges in 
DNA phosphates) and other specific interactions (O–H, S–H, π-π stack
ing, etc.), have been used in the analyses of their simulations. Another 
study in 2015 involved a combined experimental and computational 
work by Rubio Magnieto et al. [10]. Self-assembly between DNA and PT 
derivative has been linked to a balance between π-type and electrostatic 
intermolecular interactions. It has been indicated that MD simulation 
results support the experimental spectra (CD and UV–vis spectra). In our 
previous work [14], Chemistry at Harvard Macromolecular Mechanics 
(CHARMM) [15] compatible force field for a CPT derivative (see Fig. 1, 
a)) which has the potential of sensing biological molecules have been 
generated, and MD simulations for 20-mer and its complexes formed 
with AMP and ATP have been carried out. The response of the 20-mer to 
the addition of ATP causes a strong red shift in UV-VIS spectra. In that 
work, we have suggested that this might be explained by weak π-cation 
interactions in the ATP complex. These interactions may prevent the 
complex structure from a random coil form. 

In the present work, CHARMM compatible force field has been 
generated for another CPT shown in Fig. 1b. MD simulations have been 
performed to investigate the nature of conformational changes in the 
CPT when ssDNA is added. The dominant type of interactions in the 
complexes will be explored via the MD simulation analyses to under
stand the behavior of complexes. 

2. Materials and methods 

The essential issue for performing MD simulations is the force field 
definition of the interested system. CHARMM-compatible force field 
parameters for poly- N, N, N-trimethyl-3-(4-methylthiophen-3-yl) oxy) 
propan-1-aminium (Oligomer 1; O1) have been generated by using force 
field Tool Kit (ffTK) [16]. The second CPT used in this study is poly 
(1H-imidazolium-1-methyl-3-{2-[(4-methyl-3-thienyl)-oxy] ethyl}) 
(Oligomer 2; O2), whose necessary potential constants are not present in 
the force field databases. These missed parameters have been generated 

in the content of this work by the same methods explained in the pre
vious works [14,16–18]. The reported quantum calculation results have 
been obtained by the Gaussian09 program package [19]. The details are 
given in the supporting information (SI). The parameters for both ssDNA 
and water were taken from CHARMM libraries for nucleic acids 
(par_all36_na.prm), and TIP3P waters [20,21]. 

CPTs used in this work, O1, and O2, consist of 20 repeating units. 
ssDNAs modeled with 20 adenine (homopurine) and 20 thymine 
(homopyrimidine) nucleobases are shown in Table 1 and are named 20A 
and 20T, respectively. The initial structures for the complexes (O1-20A, 
O1-20T, O2-20A, O2-20T) have been created with Avogadro [22]. Initial 
and most probable (based on the average end-to-end distance value) 
configurations of O1, O2, and their complexes are given in Fig. 2. 

All atomistic MD simulations were performed using Nanoscale Mo
lecular Dynamics (NAMD) 2.12 package [23]. Visualizations of saved 
trajectories were obtained by Visual Molecular Dynamics (VMD) soft
ware [24]. The oligomers and their complexes with ssDNA were placed 
in the middle of the cubic simulation box with minimum possible di
mensions, 90.0 × 90.0 × 90.0 Å, and water molecules (TIP3P model) 
were added to fill the box. The minimum distance between water and 
solute was taken as 2.4 Å (default value). Cl− ions were added to provide 
a charge balance for the oligomers in water. The counter ions were 
disregarded for their 20T and 20A complexes simulations because they 
were electrically neutral. The Particle-mesh Ewald (PME) algorithm was 
used for long-range electrostatics in all simulations. The cut-off was set 
to 14 Å. First, the system of interest was minimized by performing 20 ns 
simulations. Secondly, the systems were heated from 0 to 310 K grad
ually. After that, a 20 ns equilibration MD simulation at the NVT 
ensemble was done. Then a 100 ns production simulation at the NPT 
ensemble was performed with time step 2.0 fs. Three independent rep
licas of 100 ns production MD simulations were carried out. During the 
production steps, the coordinates and energy of systems were saved 
every 50 ps. The last 60 ns part of production simulations was used for 
the data analysis. The conformers at the average/most probable 
end-to-end distance (Ree) values were selected for UV-VIS calculations. 

The binding free energies between oligomers and ssDNA were esti
mated by Molecular Mechanics Poisson Boltzmann Surface Area (MM- 
PBSA) method [25], which has been widely used to predict binding af
finity and energy decomposition. Calculation of Free Energy (CAFE) 
program [26] powered by NAMD and VMD was used to calculate free 
energies for oligomers, ssDNAs, and complexes. 

3. Results and discussion 

In this study, the complexation of O1 and O2 with ssDNAs has been 
investigated using MD simulations. The complexes were formed by 
pairing ssDNAs and the CPT derivatives. The oligomers of interest, O1, 
and O2, contain amine and imidazole moieties, respectively. The 
cationic side group effect of oligomer on complexation and sensor ability 
have been studied with these oligomers. Two different systems have 
been prepared using homopurine and homopyrimidine ssDNAs to 
examine the effects of the type of nucleobases on O1 and O2 complexes. 

The absorption spectrum of CPTs with different cationic side groups 
has similar λmax values [6,7]. The UV-VIS spectra of the CPTs conducted 
in this work were used to validate the generated force field since there is 
no X-ray or NMR data in the literature (to our knowledge). 

The UV-VIS spectra of CPTs in ssDNA complexes were calculated via 
Gaussian09 at the TD/HF/3-21G and TD/B3LYP/3-21G level of theory 
using the selected conformers of 20-mer. The computational and 

Fig. 1. The structure of a) poly- N, N, N-trimethyl-3-(4-methylthiophen-3-yl) 
oxy) propan-1-aminium, b) poly (1H-imidazolium-1-methyl-3-{2-[(4-methyl-3- 
thienyl)-oxy] ethyl}). 

Table 1 
The single-strand DNA sequences.  

Name of strand Sequence of strand 

20A 5′- AAA AAA AAA AAA AAA AAA AA-3′

20T 5′- TTT TTT TTT TTT TTT TTT TT-3′
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experimental (available in the literature) UV-VIS absorption λmax 
values are given in Table 2. The close experimental and computational 
(B3LYP/3-21G) UV-VIS absorption λmax values for O1 and O2 validate 
generated force field parameters. 

There is a red shift in the UV–Vis spectrum of the cationic poly [3- 
(60-(trimethylphos-phonium) hexyl) thiophene-2,5-diyl] upon the 
addition of the ssDNAs (λmax ~ 520 nm) in the study of Rubio Magnieto 
et al. [10]. Based on their results, UV-VIS absorption measurements 
showed the longest red shift (nearly ~70 nm) for this CPT with a 
homopurine strand. Our results (DFT and HF) also demonstrate that 
O1-20A and O2-20A have a red shift (7/16 nm, and 11/12 nm, 
respectively) in the UV–Vis spectrum. Similarly, O1-20T and O2-20T 
have a slight red shift by 4/7 nm and 4/1 nm, respectively (Note that 
bold-face numbers refer to DFT results). The experimental and theo
retical results both showed a red shift in the presence of ssDNAs. 
Although they agreed on the trend of λmax, the quantities are not very 
similar. The reason for these differences can be related by two facts; i) 
the use of a low level of theory in the UV-VIS calculations due to the size 
of the systems and computational demands, and ii) stacking of com
plexes might be formed in experiments, whereas only one 20-mer of CPT 
with ssDNAs used in the simulations. 

3.1. Molecular dynamics simulation results 

RMSD=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N
∑N

i=1

(

r1
→

,i − r0
→

,i

)2
√
√
√
√ (1) 

Time evolution of root mean squared deviations (RMSD) was 
calculated by using Eq. (1) (where N and r→ are numbers of atoms and 
the position vector of these atoms) to show that the simulations achieved 
the equilibration as demonstrated in Fig. 3. It should be noted that these 
RMSD values are for the production part of the simulations and the 
average values of three independent replicas. The conformations did not 
change much compared to the first configuration based on small RMSD 
values (the changes are lower than 5 Å). The structure of the oligomer 
backbone was analyzed over the last 60 ns part of simulations where the 
RMSD fluctuations are less than 1.5 Å, a sign of conformational stability. 
Ree and radius of gyration (Rg) were calculated to measure how much 
the oligomer chain stretched out and compacted through the 
complexation. 

The distance between two hydrogen atoms at first and the last 
thiophene ring of oligomers had been referred to as Ree. The average Ree 
values with error bars were displaced in Fig. 4. O1 and O2 have similar 
average Ree values (67 and 66 Å). The oligomer backbones in adenine 
complexes have 1 and 3 Å longer end-to-end distances than oligomers in 
water, respectively. On the other hand, O1-20T (60 Å) has a smaller Ree 
value than O1 and in its 20A complexes. At the same time, Ree of the O2 
backbone did not affect much by the presence of thymine ssDNA. This 
means that the oligomers elongated through complexation with the 
adenine strand. O1 is compressed with the thymine. O2 almost did not 
respond to the 20T addition. 

Fig. 2. The snapshots of initial (left) and average Ree positions (right) of a) O1, b) O1-20A, c) O1-20T, d) O2, e) O2-20A, f) O2-20T.  

Table 2 
The computational UV-VIS absorption λmax values.   

λ(nm) B3LYP/3-21G λ(nm) HF/3-21G  λ(nm) B3LYP/3-21G λ(nm) HF/3-21G 

O1 370a 290 O2 369a 282 
O1-20A 377 306 O2-20A 380 294 
O1-20T 374 297 O2-20T 373 283 

(Li et al., 2006 for O1 (401 nm), Ho et al., 2005 for O2 (397 nm)). 
a The experimental λmax. 
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The average Rg values, which demonstrate the compactness of the 
systems, were found from Eq. (2) and shown in Fig. 5. The mean Rg 
values were observed in the range of 21 Å and 22 Å. The oligomers’ 
backbones in all conditions have similar compactness. 

3.2. Interactions between CPTs and ssDNAs 

Specific intermolecular interactions (like anion-cation, π-cation, and 
hydrogen) were examined to obtain the dominant interaction which 
causes the structural changes and spectroscopic behavior of oligomers 
under the influence of ssDNAs. These interactions were computed by 
measuring the distance between two atoms considered for analyses (see 
Fig. 6). The average number of all interactions was found by counting 
the distances less than the corresponding threshold value and dividing 
this value by the total frame number as 600. Then, these interactions 
were normalized by using their possible numbers. 

The anion-cation interactions are measured by the distance from 
nitrogen atoms in the oligomer to oxygen atoms on the phosphates of 
ssDNA, and π -cation interactions are evaluated by the distance between 
the center of the six-membered ring of the nucleobases and the nitrogen 
atom of the oligomer. As mentioned in another study, the threshold 
distances were used to determine the number of interactions, and they 
were taken as 6.5 Å [13]. 

The number of anion-cation and π-cation interactions are shown in 
Fig. 7 for all oligomer complexes. The dominant interactions in all 
adenine complexes have electrostatic nature. O1-20T owns similar 
anion-cation and π -cation interactions, while O2-20T possesses 

significant anion-cation interactions. O2 complexes almost lack π-cation 
interactions. Anion-cation interaction seems to play an important role in 
the structural and spectroscopic behavior of these complexes. The 
compression of the O1-backbone in the 20T complex might be explained 
by a strong π-cation and less anion-cation interactions. On the other 
hand, the weak π-cation interactions of O1 and O2 with 20A complexes 
could be related to the red shift of CPTs in the UV-VIS spectra with the 
addition of homopurine strands. 

The number of hydrogen interactions for all complexes is shown in 
Fig. 8. Three types of hydrogen interactions were considered; O–H, H–O, 
and S–H. O–H refers to a number of cases in which the distance between 
oxygen atoms in oligomer and hydrogen atoms in ssDNA is shorter than 
3 Å (threshold value). Similarly, H–O and S–H are used for the corre
sponding distances for the hydrogen atom of the oligomer – oxygen 
atoms of the ssDNA and sulfur atom of the oligomer – hydrogen atoms of 
the ssDNA, respectively (see Fig. 6). It should be noted that these are not 
assumed as hydrogen bonds since the angles are not considered. 

Fig. 8 shows that almost no O–H interactions exist in all complexes, 
meaning oxygen atoms on oligomer are far from hydrogens on ssDNAs 
through the trajectories. On the other hand, S–H interactions are the 
dominant ones; sulfur atoms on the oligomer backbone like to be close to 
the hydrogen atoms on ssDNAs. All complexes have fewer HO in
teractions than SH, but in O2-20T, the difference is not remarkable. 

To understand the role of side groups and the backbone of the olig
omer in the structural change upon complexation with ssDNA, the 
fractions of these interactions coming from side parts and oligomer 

Fig. 3. Time evolution of RMSD of a) O1 (blue), O1-20A (orange), O1-20T 
(grey); b) O2 (blue), O2-20A (orange), O2-20T (grey). (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 4. Ree values of a) O1 (blue), O1-20A (orange), O1-20T (grey); b) O2 
(blue), O2-20A (orange), O2-20T (grey). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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skeleton are found by counting O–H, H–O (excluding hydrogens of 
methyl at oligomer backbone) for side-chain interactions and S–H in
teractions for the backbone (given in percentages). The percentages of 
interactions with the side groups and backbones are displayed in Fig. 9. 

The contribution of the backbone interactions is much higher in the 
formation of the complexes. This means that the oligomers approach the 
ssDNAs from their backbone upon complexation. The side and backbone 
interactions play almost the same role in complexation for O2-20T since 
side interactions are only 20% lower than backbones. 

3.3. Binding free-energy calculations (MM-PBSA) results 

Binding affinities were predicted via the CAFE program based on the 
MM-PBSA method. The binding free energy is defined in Eq (3), 

ΔGbind =Gcomplex − Goligomer − GssDNA (3)  

ΔGbind =ΔH − TΔS = ΔEgas + ΔGpolar
sol + ΔGnonpolar

sol − TΔS (4)  

In MM-PBSA, the free energy consists of gas phase energy (Egas), polar 
solvation free energy, and non-polar solvation energy. The entropy 
contribution (TΔS) to free energy is generally disregarded for structur
ally similar molecules because of high computational demands and the 
inaccuracy of methods used in entropy calculation. 

The sum of the electrostatic energy (Elec) and the polar solvation 
(PB) energy; “polar energy,” the sum of vdW interactions, and the non- 

Fig. 5. Rg values of a) O1 (blue), O1-20A (orange), O1-20T (grey); b) O2 
(blue), O2-20A (orange), O2-20T (grey). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 6. The representation of a) the cation-anion, b) π - cation, and c) hydrogen interactions between oligomers and ssDNAs.  

Fig. 7. Number of anion-cation and π-cation interactions between oligomers 
and ssDNAs along the simulations. 

Fig. 8. Number of hydrogen interactions for all duplexes.  
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polar solvation (SA) energy: “nonpolar energy,” binding free energy 
(BE) for the systems are shown in Fig. 10. Free energies of oligomers, 
ssDNAs, and their complexes and energy decomposition of them are 
given in SI (Fig. 6). 

MM-PBSA calculations produce almost similar binding affinities to 
both ssDNAs for both oligomers. O1 complexes have about 10 kcal/mol 
lower binding energy values than O2 complexes. There is no dramatic 
binding energy difference between them. 

Polar parts of energy constituents have almost the same magnitude 
but differ in signs (Table 3). Their absolute values are in the order of 
5000 kcal/mol, and their sum is in the range of − 7 kcal/mol and − 25 
kcal/mol. The vdW interactions and SA energy contribute nonpolar part 
of free energy, which falls [− 42;-60] kcal/mol interval. These results 
reveal that the nonpolar interactions mostly dominate the binding af
finity. Adenine complexes have smaller solvation energies than thymine 
complexes. The shortest complex (O1-20T) and the most extended 
complex (O2-20A) have the highest and lowest solvation energies, 
respectively. Elongation by 20A and compression by 20T of oligomers’ 
backbones might be due to the solvation effect. The solvation affects the 
structure of the complexes. O1-20T has the most negative binding 

energy and the largest solvation energy. However, the opposite situation 
was observed in O2-20A. Complex solvation energy is another factor 
that plays a notable role in binding energies. O1 complexes have about 
10 kcal/mol lower binding energy values than O2 complexes. Adenine 
complexes have longer end-to-end distances and higher binding free 
energies. O1-20T complex has the shortest Ree value and highest binding 
affinity, meaning 20T binds more tightly than 20 A to the O1 oligomer. 

4. Conclusions 

In this work, we have carried out MD simulations of complexes 
formed by CPT derivatives and ssDNAs to understand the change in the 
UV-VIS spectra of CPT solutions by adding various ssDNAs. Two 
different cationic thiophene oligomers and ssDNA sequences were used 
to construct complexes. The effects of cationic side groups in PT elec
trolytes and the type of DNA sequences on the structure of the CPT 
backbone were studied. Rg, Ree values have been used for the structural 
analysis to deduce how oligomers respond to ssDNAs. Binding affinities 
were estimated by using the MM-PBSA method. Hydrogen and electro
static interactions were used to understand the experimental findings in 
UV-VIS spectra upon complexation. 

It was observed that the compactness of the oligomer backbone was 
not affected much by the addition of ssDNAs. On the other hand, the 
extent of CPT backbones is influenced by ssDNAs, such that oligomers 
are compressed by adding thymine strand while they are stretched with 
the adenine complexation. 

Anion-cation interactions play a significant role in the structural and 
spectroscopic change of CPTs through the mixing of ssDNAs. The anion- 
cation interactions are dominant in all adenine complexes. The cations 
of O2 mainly interact with the anions on ssDNAs for the thymine com
plex. However, O1-20T has almost the same anion and π-cation in
teractions. Based on these results, the red shift of CPTs in the UV-VIS 
spectra with the addition of homopurine strands is related to the strong 
anion-cation and weak π-cation interactions and high binding affinities. 
Nonpolar interactions (vdW and SA) are dominant in binding free en
ergies. Complex solvation energy also has a crucial role in binding en
ergies and might be attributed to the change in the structure of the 
complexes. 

We also analyzed hydrogen interactions to observe their effect on the 
structure of the oligomers when they went to complexation with 
ssDNAs. S–H interactions are predominant. There are almost no O–H 
interactions in all complexes. In other words, ssDNAs approach oligo
mers from their backbones upon complexation. In addition to these re
sults, no remarkable change was observed when the imidazole 
derivative replaced the cationic amine moiety side group. 
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Fig. 9. The percentages of interactions of ssDNAs with the side groups and 
backbones of CPTs. 

Fig. 10. Binding free energies and their decompositions of complexes 
(kcal/mol). 

Table 3 
Binding free energies and their decompositions of complexes (kcal/mol).   

O1_20A O1_20T O2_20A O2_20T 

Mean SD Mean SD Mean SD Mean SD 

Elec: − 5370.93 105.32 − 5341.19 69.50 − 5597.53 53.84 − 5505.94 82.90 
vdW: − 45.55 4.66 − 47.68 5.06 − 53.57 3.92 − 37.10 5.28 
PB: 5347.34 108.30 5317.00 71.36 5590.16 57.68 5480.47 84.65 
SA: − 5.35 0.51 − 5.67 0.53 − 6.11 0.43 − 4.91 0.60 
Total: − 74.50 5.89 − 77.55 5.30 − 67.05 7.85 − 67.48 7.07  
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