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Abstract

In the present work, CHARMM force field parameters are generated for a cationic oligomer of N, N, N-trimethyl-3-(4-
methylthiophen-3-yl) oxy) propan-1-aminium) which has the potential for sensing biological molecules such as nucleic
acids, nucleobases. We have used ffTK (force field tool kit) to obtain potential parameters. MD simulations are performed
for 20-mer and its complexes with AMP and ATP. The simulation results are analyzed to see the number of phosphates in
adenosine nucleotides effects on the structure of the backbone of oligomer. The UV-VIS calculations for the conformers
which possess the most probable radius of gyration are carried out and compared to the experimental ones to validate the

generated force field.
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Introduction

Conjugated polyelectrolytes (CPEs) are a kind of water-
soluble macromolecules which possess excellent optical
and electronic characters. They have captured the attention
of many researchers during the past few decades because
they show low toxicity, have good photostability in living-
cell experiments, and have adjustable structural features
for targeted molecule detection [15]. They are also an
important part of nanomaterials for biomedical applications,
solar cells, light emitting diodes, and photovoltaics studies
[14]. Using CPEs, chemosensors or biosensors have been
developed for sensing biologically relevant targets such as
proteins [17], DNA [10], polysaccharides [5], folic acid
[21], and ATP [20].

Water soluble polythiophenes (PTs), which are types of
the conjugated polyelectrolytes, are widely synthesized and
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have an important place in the literature [2, 15]. The opti-
cal properties of these materials respond to environmental
stimuli, with dramatic color shifts in response to changes in
solvent, temperature, applied potential, and binding to other
molecules. When the fundamental structure of polymer is
twisted, the conjugation of polymer is disrupted. As a
result of this property, the PTs are worth researching mate-
rial to provide a unique substructure for both chemosen-
sor and biosensor developments. Especially, cationic poly-
thiophenes (CPTs) are represented as sensitive probe
for biomolecules: DNA, RNA, and biologically active
small molecules such as nucleic acids and nucleotides.
The intermolecular interactions between anionic biologi-
cal molecules and cationic side of CPT act to modify the
conformation of conjugated backbone. These interactions
could be followed by UV-visible absorption spectroscopy,
fluorescence spectroscopy, and circular dichroic (CD) spec-
troscopy.

Molecular dynamics (MD) simulations have been per-
formed to enlighten the experimental studies and to provide
pre-experiment insight/information before setting up the
experiment. They could be used to describe and understand
PT interactions with large or small biomolecules to get
a better insight for the biosensor capability of the poly-
mer [12]. The parameters required to perform MD sim-
ulations are available for biomolecules and many other
biologically compatible small chemical compounds in well-
known databases such as CHARMM [19], GROMOS [11],
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and AMBER [4]. The parameters for nucleic acids, lipids,
proteins, and carbohydrates take place in the CHARMM
additive all-atom force field.

The force field parameters of a molecule whose neces-
sary potential constants are not present in the databases can
be calculated by using some ready-to-use plugins that use
quantum mechanical (QM) calculations. In 1998, MacK-
erell group described how to produce force field parameters
and the protein parameters for all-atom energy function in
CHARMM program [7]. CHARMM?27 database was gen-
erated by using empirical force field information for the
exploration of nucleic acids. It is chosen for the simulation
of lipids, DNA and RNA [8]. The CHARMM force field
parameters of drug-like molecules have been developed and
represented for pyrrolidine parametrization [19].

Recent studies show that ffTK [9] which is distributed
as VMD [18] plugin has become quite popular for getting
the force fields compatible with the CHARMM. The GUI
of it is easy to produce QM input and compare QM and
molecular mechanics (MM) results. The parametrization
steps depend on the CHARMM parametrization technique
described in Vanommeslaeghe et al.’s article [9]. Pavlova
and Gumbart generated macrolide antibiotics parameters
using the force field toolkit. They divided molecule into 40
or less atoms; this provided to simplify QM calculations
[12]. In another study, CHARMM-compatible force field
parameters were generated by ffTK for atrazine molecule.9
Pavlova et al. produced CHARMM compatible force field
parameters for cobalamin compound by using ffTK in
2018. They optimized all bonded terms with the ffTK and
validated by comparison with the experimental data (x-ray
crystal structures). This work showed a better agreement
with the reference data compared to the previous studies.
They concluded that, parametrization with ffTK could be
a suitable method for corrinoids and large bio-molecules
[13]. Li C. and coworkers have conducted studies on the
development of colorimetric ATP sensor which is based
on cationic polythiophene (see Fig. 1). They observed a
bathochromic/red shift by 138 nm in the absorbance spectra
of CPT when ATP concentrations are increased. The color
of the solution changed from yellow to red. The authors
proposed that exposure to ATP were due to the formation
of an electrostatic complex between the cationic polymer
and anionic ATP, which led to increased planarity of the
conjugated thiophene polymer backbone. At equimolar ATP
concentration, the complex planarity is enough to produce
polymer aggregation through hydrophobic effects. The
positively charged CPT attracted to the negatively charged
ATP with much stronger interaction than other biologically
active phosphates like adenosine monophosphate (AMP)
and adenosine diphosphate (ADP). According to their
results, ATP forms supramolecular complexes and has
influence on PT’s structure and mode of aggregation.
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Fig. 1 The structure of Poly- N, N, N-trimethyl-3-(4-methylthiophen-
3-yl) oxy) propan-1-aminium

Because ATP has a higher negative charge density than
the other nucleoside phosphates. The presence of adenosine
nucleotides which have different number of phosphates
(AMP, ADP, ATP) in CPT solution affected the absorption
maxima. While the strength of intermolecular forces was
increasing, the red shift on the absorption spectrum
extended. According to circular dichroism (CD), addition
of AMP does not demonstrate chiral superstructure of CPT,
but ATP addition makes this structure optically active. The
experimental explanation of this is that it increases the
planarity of the backbone, and so red shift of complex
becomes much longer. When nucleobases were compared
(ATP vs UTP), more-ordered aggregates are formed with
ATP. They reported that, nucleobases of triphosphates play
a key role on the m-stacking interactions of CPT [6].

In this work, we will present MD simulations of com-
plexes formed by CPT and different adenosine nucleotides
to explore the type of interactions between the substituents
of the complex. Our aim is to find a comprehensive theoret-
ical explanation of the experimental observations.

The essential thing for performing MD simulations is
the force field definition of the interested system. CPT’s
CHARMM-compatible force field parameters of cationic
thiophene oligomer (see Fig. 1) subjected to this study have
been generated within this work since they do not exist in
the current databases. For that purpose, ffTK plugin in VMD
software and QM calculations via Gaussian09 [3] package
were used.
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The force field parameters created within this work
will allow new simulations for similar PT derivatives to
design new advanced materials owning important optical
properties. Further on, the generated force field parameters
will be used to lead new biosensor studies by exploring the
formation, interactions, and the structure of complexes that
consist of polythiophenes with different functional groups
and biological molecules such as ssDNA, dsDNA with
varying nucleotides, RNA, ATP, ADP, AMP, UTP by MD
simulations.

Methods
CHARMM general force fields

CHARMM (Chemistry at Harvard Macromolecular
Mechanics) was presented as a computer program which
evaluates empirical energy functions for modeling macro-
molecular systems in 1983 [1]. To solve empirical energy
functions, the terms which include internal and external
interactions are required. Equation 1 includes bonds, Urey-
Bradley, angles, dihedrals, impropers, and non-bonded
terms (Lennard-Jones and Coulomb) where b, S, 0, x, ¢
are bond distance, angle, dihedral angle, improper torsion
angle and by, So, 6o, @o are the equilibrium values of them,
respectively. § and n are phase shift and the periodicity. The
parameters bond (K), angle (Kp), dihedral angle (K, ),
and improper dihedral angle (Kimp) are force constants that
must be described. € and Ry, are Lennard-Jones parame-
ters, r;; is the distance between i and j atoms, and g; and g
are the charges on these atoms. € is the effective dielectric
constant. MacKerell group description has been followed to
produce force field parameters in this study [7].

U(R)= X Kpb—bo)* + S Kun(S - 50)?
bonds UB
+ 3 Ko(® — )2

angle

+ Z KX(1+(77X_5)+ Z Kimp(‘P—<P0)2

dihedrals impropers

+ Y el(Rmin; /7ij)"* = (Rmin;; /7i)°]
nonbond
qid;
errij

(1)
Parametrization strategy

CHARMM compatible force field parameters for the
thiophene oligomer (see Fig. 1) have been generated as
explained in the literature [19]. The terms of energy function
can also be generated by ffTK plugin at VMD that is an
interface of NAMD. We use ffTK plugin to produce the

absent parameters for our simulations. Details of the ffTK
steps are given in the following:

1. The LJ (Lennard-Jones) parameters are necessary to
develop CHARMM additive force fields, so similar
atom types were taken from the CHARMM force
field databases which are defined. Then, the geometry
optimization run was carried out at the MP2/6-31G(d)
level of theory via Gaussian09 package. The minimum
energetic conformer was used to calculate Merz-
Kollman charges [16].

2. In CHARMM force field, the aliphatic non-polar hydro-
gen charge was taken as +0.09. After setting aliphatic
hydrogens, the atomic partial charges of other atoms are
optimized by reproducing QM interactions with TIP3
water molecules. The water molecules were placed to
possible hydrogen bond interaction sites on the most
favorable structure of the compound of interest. The
complexes which were created for each possible hydro-
gen bonds were minimized at HF/6-31(d) level of
theory. For the validation of the obtained parameters,
these interaction energies and distances are compared
with MM calculation using the optimized partial atomic
charges. Ideally, the model compound-water interaction
energies and distances should be within 0.2 kcal/mol
and 0.1 A from the target interaction energies and
distances, respectively.

3. The bond and angle parameters of MM were examined
comparatively with QM energetically most likely
structure. MP2/6-31G(d) level of theory was applied on
this structure for Hessian calculations to fit the targeted
bonds and angles.

4. The potential energy surface (PES) analysis was
performed by using NAMD Energy plugin in VMD for
the MM evaluation, and these results are compared to
the corresponding QM PES with internal coordinates,
ICs. Optimization of dihedral force constants was
verified with PES. The dihedrals are scanned with
Gaussion09 package at MP2/6-31G(d) level of theory.
If the results of QM and MM have large differences (the
recommended value is 0.5 kcal/mol), these steps must
be repeated.

MD simulations

In this study, MD simulations of 20-mer of N, N, N-trimethyl-
3-(4-methylthiophen-3-yl) oxy) propan-l-aminium) and
biological phosphates complexes were carried out through
NAMD. CHARMM force field was used for nucleotides and
waters, and the absent parameters for CPT were generated
as described above via ffTK. The simulation box length was
arranged w.r.t the complex length with initial configuration
that is placed diagonally in a cubic box with one side

@ Springer
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Table 1 The list of names, types, and charges of atoms in CPT

ng/ ;C;/ Atom Type Charge Atom Type Charge Atom Type Charge
e o \02‘0/10“ S SG2R50 —0.16 Cs CG331 —0.24 Cs CG321 —0.11
s /7 Ci CG2RS51 0.03 Ho HGA3 0.09 Hy HGP5 0.25
HrCe\CfH5 C, CG2R51 0.33 Cs CG321 —0.01 N NG3P0 —0.60
H7’C/§ Cis C; CG2R57 —0.14 H; HGA2 0.09 Coy CG334 0.25
+/N1”C1o Cs CG2R57 0.07 Cy CG321 —0.17 H, HGP5 0.09
Hi—Co 0, 0G301 —0.33 Hs HGA2 0.09

Equivalent atoms are not taken in the structure

varying between 78 and 88 A. TIP3 water molecules were
added as solvent to the simulation box. Then, the initial
systems were minimized. In this part, the cut-off for non-
bonded interactions was set to 100 A, which is more than
box dimensions. After minimization step, the timestep was
given taken as 2 fs and cut-off value was lowered to 14
A. The temperature of the systems was gradually increased
from 0 to 293 K. After that, equilibration step was applied as
N, V, T ensemble for 10 ns. Finally, production step (N, P, T)
was performed for 100 ns, and the energies and coordinates
of system were saved every 0.05 ns.

Results and discussion
Parametrization of CPT

In the literature search, the force field parameters of the
cationic thiophene oligomers do not exist, so the unknown
parameter sets which are necessary to perform MD
simulations were generated by using quantum mechanical
potential energy surface scans and ffTK plugin for VMD.
The obtained parameters were fitted to QM calculations
via ffTK. With the four types of required files (.psf, .pdb,
.par, .top), this oligomer can be part of CHARMM-based
molecular dynamics simulations, so that interactions with
biomolecules can be studied. ffTK plugins in VMD and
Gaussian(9 are the programs that we used to generate
CHARMM-compatible force field parameters for the
monomer of a cationic polythiophene (see Fig. 1). The
dihedral parameters were found by using its dimer. The
LJ/vdW parameters were identified in monomer as its
constituent atoms which are named as in Table 1, then they
were compared with existing parameters in the literature,
and the matched ones were used.

The most favorable structure of the monomer was
obtained at MP2/6-31G* level of theory. The partial charges
of non-polar hydrogens are fixed to +0.09 for aliphatic.
QM calculations at HF /6-31G* level of theory were used
to obtain charges of monomer interacting with a water
molecule.

@ Springer

QM calculations of the Hessian which is the second
derivative of potential energy function are used to reproduce
the potential energy surface by distortions along the angles
and bonds. MP2/6-31G* level of theory is applied to
optimized structure for Hessian calculations fitting the
targeted bonds and angles data.

Bonds and angles are expressed using a simple harmonic
potential. NAMD performed a short geometry optimization
in the background during the ffTK optimization. The first
change ensures a good fit of MM-optimized geometry and
QM-optimized geometry. The optimization iterations were
performed until increasing the current final objective value.
The bond, angle, and dihedral parameters were determined
by comparing QM and MM calculations. Some parameters
were obtained from CGenFF for the thiophene derivatives
(Paramchem https://cgenff.umaryland.edu/) [19]. We calcu-
lated the parameters which have penalties higher than 10
(see Table 2). According to CHARMM parameters, the dif-
ference 0.03 A for bonds and 3° for angles is acceptable;
the calculated parameters in this work were found in this
range. The target QM bond and angle deviations values were
obtained as 0.01 A and 2.67° respectively for our calcula-
tions. On the other hand, for all parameters, the maximum
deviations are 0.07 A and 9.53° for distances and angles
respectively, belong to the parameters taken from CGenFF
list (see Fig. 2).

The relaxed PES scan with dihedrals was performed
at the MP2/6- 31G* level of theory and refinement was

Table 2 The list of high penalty parameters

Type Penalty
CG2R51 OG301 45
CG2R51 CG2R51 OG301 39
CG2R51 CG2R51 CG2R51 OG301 45
CG331 CG2R51 CG2R51 OG301 46
CG331 CG2R51 CG2R51 SG2R51 115
0G301 CG2R51 CG2R51 SG2R51 111
CG2R51 CG2R51 0G301 CG321 94
CG324 CG321 CG321 OG301 17
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Fig.2 The comparison QM and MM data a for the bond fitting, b for the angle fitting, and ¢ for the dihedral optimization

applied to catch good fitting of QM-MM as shown in (see
Fig. 2). Dihedral scan parameters were fitted as described
in the computational methods part. The root-mean square
error (RMSE) value for our calculated dihedral parameters
was obtained as 0.6 kcal/mol. After all refinement, the
result demonstrates that MM data nearly fit to the target
QM data. 0.5 kcal/mol is recommended RMSE value for
the compatible-CHARMM force field. Although the RMSE
was not the same as the recommended value, it was nearly
well-matched.

Simulations of CPT

The only experimental data which can be compared to
validate the generated force field of the cationic PT subject
to this work is the UV-VIS spectra of the complexes with
biological molecules (ATP, ADP, AMP, and DNA). There
is no X-ray or NMR data available in the literature to our
knowledge for this system. The UV-VIS calculations have
been performed for the conformer of the backbone of the
complex and oligomer composed of 20 monomers which

@ Springer
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Table3 The computational and experimental UV-VIS absorption Amax
values with TD/HF/3-21G level of calculations

20mer 20mer+AMP 20mer + ATP
A(nm) 292 302 305
A;‘Xp(nm) 400 416 538

“The experimental Ayax (Li et al. 2006)

has an average radius of gyration and end to end distance
given in Table 3 at TD/HF/3-21G level of theory in water.
Both experimental and theoretical results showed that, the
oligomer responded as a red shift in the absorption spectra
upon the complexation with AMP and ATP. However the
simulation results provide a small red shift. The errors in
absorption wavelength calculations can be explained by the
accounts; the calculations involve only one 20mer with 5
ATP or 10 AMP molecules but in experiments stacking of
complexes were supposed to form, also due to the size of
the system and computational demands a low level of theory
was used in the UV-VIS calculations. To observe the effect
of the number of phosphate groups on CPT complexes, two
different systems were prepared with ten AMP and five ATP
molecules. These molecules have the same adenine group
but the number of phosphate sides linking to adenine is
different.

N
1
RMSD = | =3 (71 = 7 0.)? )

i=1

RMSD (&)
— wn

w

—Oligomer
—AMP
—ATP

0 250 500 750 1000 1250 1500
Number of Frame

1750 2000

Fig.3 Time evolution of RMSD of 20-mer in water (blue), ATP (red),
and AMP (green) complexes
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The equilibration of simulations is achieved as shown in

Fig. 3 which has time evolution of root mean square

deviations (RMSD) calculated by using Eq. 2 where N
% ..

and 7 are number of atoms and position vector of

these atom, respectively. The small RMSD values illustrate

that the structural changes w.r.t the initial configuration
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(70,,-) at the propagation part of the simulation does not
alter much.
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>aym ©
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The distribution of end to end distance (Ree, the distance
between H-atoms on the first and the last thiophene of 20-
mer) which will be used as a measure of spatial extent of the
CPT backbone and the oligomer (20-mer) radius of gyration
(Rg) calculated by using Eq. 3 where N,_r), m, and 7com
are number of atoms, position vector, mass of atom, and
center of mass vector respectively, to indicate compactness
of the system, are given in Figs. 4 and 5, respectively.

The complexes with ATP and AMP have the longer
average (69 A) and most probable end to end distances than
20 mer in water (49 A). Based on our simulation results,
it can be concluded that, the backbone of oligomer gets
stretched with the addition of AMP and ATP.

Figure 5 shows that, there is a correlation between the num-
ber of phosphate groups on adenine and the compactness of

R, =

a)

the backbone structure of the oligomer in the complex. The
most probable/average value of R, increases with increas-
ing number of phosphate groups. 20-mer in water have
more compact structure than both complexes. The initial
configuration at the very beginning of the simulation and
position at average R, at the production part snapshots of
20-mer and its complexes are given in Fig. 6. These struc-
tures reflect the findings obtained from R, and R analyses;
the most elongated one is ATP complex, and the least one
is 20-mer.

We have examined cation — anion and 7 — cation inter-
action in order to achieve the dominant interaction present
in the complexes or to answer if there is a specific inter-
action for ATP, so that it can be attributed to spectroscopic
behavior of its complex.

The cation — anion interaction and 7 — cation interaction
were calculated using the distance between nitrogen atom of
CPT and O atom on phosphate group of adenine molecule
and between adenine six-membered ring and nitrogen atom
of CPT, respectively (see Fig. 7). The threshold distance was
taken as 6.5 A.

b)

Fig. 7 The representation of a the cation — anion interaction, and b 7 — cation interaction between 20-mer and phosphate group of adenine

molecules

@ Springer



34 Page80f 10

J Mol Model (2021) 27: 34

Conclusions

The normalized cation anion interactions were computed
by counting the distances which are less than the
threshold value and dividing this value by the total
number frames and corresponding number of possible
interactions. According to Fig. 8, ATP complex has higher
cation — anion interaction strength than AMP complex. On
the contrary, AMP complex which shows a minor shift in
the experimental absorption spectra have stronger 7 —cation
interaction. It seems that both electrostatic interactions
play an important role on the structural and spectroscopic
behavior of complexes, and ATP complex has weak 7 —
cation interaction which might be connected to strong red
shift of CPT in UV-VIS spectra with the addition of ATP.
We have also considered hydrogen atoms of ATP and
AMP close to N, O, and S atom on the backbone of the
oligomer and H atoms on the oligomer near to O and
N atoms on the adenine phosphate moieties to quantify
interactions (the threshold distance in our calculations was
taken as 3.5 A). ATP and AMP have different numbers
of oxygen atoms (5 ATP and 10 AMP were used in
the complexations) and so the number of H-interactions
is different in each complex. We have considered this
situation and reflected this effect dividing the normalized
hit number by probability of H-interaction in each case. It
should be noted that, we did not mention these interactions
as hydrogen bonds since the angles were not considered.
Hydrogens on the side groups and on the backbones of
oligomer were considered separately to differentiate their

u AMP
mATP

100%
90%
80%

70%

60%
50%
40%
30%
20%
10%

0%

cation - anion cation - 7

Fig.8 Normalized cation — anion and 7 — cation interactions between
20-mer and AMP, ATP along the simulations
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contributions to these interactions which are shown in the
Fig. 9. AMP complex have drastically higher amounts of H-
interactions than ATP in most cases. The only considerable
interactions present in ATP complex are between H atoms
in the side groups of oligomer and N or O atoms in ATP,
which may be due to electrostatic interactions. The strong
interactions in AMP complex are observed on the ‘H at
the backbone (methyl group); N atom at AMP’ and ‘S
atoms of thiophene; H atoms of AMP’; in other words,
AMP most likely interact with the backbone of oligomer
through the H-interactions which is completely absent in
ATP complex. Once again, the red shift in ATP complex
might be explained by the presence of weak interactions
with the complex constituents.

In this work, we have developed all-atom CHARMM
force field compatible parameters sets for a cationic thiophene
polyelectrolyte (N, N, N-trimethyl-3-(4-methylthiophen-3-
yl) oxy) propan-1-aminium) polymer) to perform atomistic
MD simulations of polyelectrolyte and its complexes with
biologically active compounds. We have carried out MD
simulations by using these parameter sets for the complex
formation with different adenine phosphate molecules, ATP
and AMP. The structural analysis was made to understand
the effect of phosphates on the spectroscopic behavior of
the oligo-electrolyte. Based on the simulation results, ATP
and AMP complexations make the oligomer backbone more
elongated. The response of the oligomer to the addition
of ATP as a strong red shift in the absorption spectra
might be explained by the weak 7 — cation interactions in

100% = AMP
mATP
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0% L
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Fig. 9 Hydrogen interactions (The first and second atoms belong to
the oligomer and nucleotide groups respectively; side and back refer
to side chain and backbone of the oligomer respectively)
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ATP complex which prevents the complex structure from
a random coil form. These simulations were done only
for the validation of the force field parameters. In our
current studies, more detailed simulations with biological
molecules and CPT are being continued.
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