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Abstract: A new set of force field parameters complementing the CHARMM27 all atom empirical force field for nucleic acids was 
developed for 2-thiouracil and 4-thiouracil, two naturally modified RNA bases. The new parameters allow for molecular modeling and 
molecular dynamics simulations of RNA containing 2-thiouracil and 4-thiouracil. 
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1. INTRODUCTION 

 Over the last several years, the main goal of molecular 
biology became the understanding of the functions of 
biological molecules in terms of structure, interactions and 
processes at the atomic level. Beside the experimental 
techniques, computer modeling and simulations, providing 
information at atomic level and enhancing the interpreta-
tion of the biophysical and biochemical experimental data 
are widely used in the study of biomolecules. Despite 
the extremely fast progress of computing power, such cal-
culations have to be based on a compromise between 
the complexity of the description of the molecular system, 
the number of atoms included, and the computational time 
required for a reliable description of the investigated 
process. 
 The most efficient and commonly used in studies of 
large and complex biological systems are the techniques 
based on empirical force field. The force field comprises 
the potential energy function U(R) and parameters [1]. The 
potential energy function is a mathematical equation which 
allows calculating the potential energy as a function of 
three-dimensional structure. Parameters are related to the 
chemical structure of studied molecule. The force field 
describes entire classes of the molecules with compromised 
accuracy, as an extrapolation from the empirical data of a 
representative set of molecules. 
 The majority of biomolecular simulations were per-
formed with CHARMM [2, 3] or AMBER [4] program. 
The force fields developed within these programs are re-
ferred to as CHARMM and AMBER force field, respec-
tively. 
 The potential energy for the CHARMM force field has 
a form: 

( ) ( )

( ) ( )( )

( )

2 2
0 UB 0

bonds UB

2
0

angle dihedrals

2
0

impropers

12 6
min min

nonbonded

( )

1 cos

.

θ χ

ϕ

θ θ χ δ

ϕ ϕ

ε

= − + − +

+ − + + − +

+ − +

       + − +              

∑ ∑

∑ ∑

∑

∑ ij ij

b

i j
ij

ij ij D ij

U R K b b K S S

K K n

K

R R q q
r r є r

 

 
 The optimized parameters are equilibrium values of 
bond length, b0, Urey-Bradley 1.3 distance, S0, valence 
angle, θ0, improper torsion angle, φ0, and force constants of 
bond, Kb, Urey-Bradley, KUB, valence angle, Kθ, dihedral 
angles, Kχ, and improper torsion angle, Kφ. The parameters 
n and δ in the dihedral term are the multiplicity and phase, 
respectively. These terms are referred to as internal pa-
rameters. Nonbonded parameters including partial atomic 
charges, qi, the Lennard-Jones (LJ) well depth, εij, and 
minimum interaction radius, minij

R  are also optimized. The 
force field parameters are adjusted to simultaneously re-
produce small molecule target data obtained from quantum 
mechanical (QM) calculations and experiments and experi-
mental results for nucleic acid oligomers, e.g., condensed 
phase structural properties of DNA and RNA. 
 The most recent CHARMM force field for nucleic acids 
is CHARMM27 [5, 6]. The AMBER force field for nucleic 
acid was developed by Cornell [7] and subtly modified by 
Cheatham [8]. Both force fields lead to the reliable 
description of the structure, energetics and dynamics of 
nucleic acids [9-13]. The AMBER force field does not have 
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Urey-Bradley term describing 1-3 interactions between 
the atoms bonded to the common atom. Furthermore, 
the improper torsion is described as the standard torsion 
term. The major difference between these force fields is in 
the way the parameters of the energy function are derived, 
although both force fields’ development relies on ab inito 
and experimental target data. In the CHARMM, partial 
atomic charges are manually adjusted to reproduce a set of 
ab inito calculated interaction energies between selected 
model compound and water molecule, whereas in the 
AMBER force field, partial atomic charges are derived 
using the restrained electrostatic potential (RESP) approach 
[14]. 
 The aim of this work is to extend the CHARMM27 
force field to be able to treat two chemically modified 
nucleic acid bases, 2-thiouracil (2SU) and 4-thiouracil 
(4SU). 
 The 2SU and 4SU are sulphur-containing analogues of 
uracil, a natural component of RNA. The 2SU is known to 
be a minor component of transfer ribonucleic acid (tRNA) 
[15]. In particular, tRNA(Lys)(UUU) has 2-thiouridine 
derivatives at wobble position 34. This modification is 
essential for Watson-Crick (AAA) and wobble (AAG) 
cognate codon recognition by tRNA(Lys)(UUU) at the ri-
bosomal aminoacyl and peptidyl sites [16, 17]. Chemically 
modified bases, including 2SU and 4SU were frequently 
studied for their numerous pharmacological, biochemical 
and biological capabilities. The 2SU and 4SU were also 
studied by theoretical chemists [18-21]. 

 

2. METHODS 

 Parameterization of 2SU and 4SU was performed 
according to the previously established protocol for the 
CHARMM force field [5, 22, 23]. Parameterization starts 
from the topology and the initial parameters assignment for 
the selected model compound. For a large molecule this is 
usually its fragment. Parameter optimization is a multistep 
process involving iterative recalculations with tuned 
external and internal parameters. Results obtained in 
CHARMM force field are compared to the target data from 
experiment or QM calculations and the parameters are 
manually adjusted to obtain the best agreement. The target 
data for charge optimization are the base-water minimum 
interaction energies and distances calculated ab initio, 
whereas target data for bond and angle equilibrium values 
are experimental data or the geometry from ab initio 
optimization. 
 The gas phase ab initio calculations were carried out 
with the Gaussian 03 program [24]. The QM minimum 
interaction energies and distances between different sites of 
the studied bases and individual water molecules placed in 
idealized orientations were determined at the HF/6-31G* 
level by optimizing the interaction distances. The intra-

molecular geometries were constrained to the gas phase 
HF/6-31G* optimized structure for the base and the TIP3P 
geometry for the water [25]. The interaction energies were 
calculated as the total energy of the base-water supra-
molecular complex minus the sum of the individual mono-
mer energies. 
 Molecular mechanics calculations in the gas phase were 
performed with the CHARMM program, version 30, with 
no truncation of nonbonded interactions and dielectric 
constant εD equal 1. Minimum interaction energies and 
geometries between bases and water molecules were 
determined in CHARMM by varying the interaction 
distances, with the intramolecular geometries constrained 
to the CHARMM gas phase minimized structure for 
the bases or the TIP3P geometry for water. The energy 
minimization involved 50 steps of steepest descent (SD) 
followed by 20 steps of Nepton-Raphson (NR) minimizer. 
The orientations of the individual water molecules were 
identical to those used in the QM calculations. 
 Total interaction energies for base pairs were deter-
mined as the difference between the total energy of the 
minimized dimer and the sum of the minimized monomer 
energies. Dimer minimization involved building the dimer 
from internal coordinates followed by 200 steps of Adopted 
Basis Nepton-Raphson (ABNR) minimization with har-
monic constrains 1.0 kcal/mol Å on all nonhydrogen atoms, 
followed by 200 ABNR steps without constrains. 
 

3. RESULTS AND DISCUSSION 

 To obtain parameters for 2SU and 4SU, which are 
compatible to CHARMM27 force field, the same procedure 
as for the development of the original force field was 
applied. This also included the choice of HF/G-31G* level 
of theory for QM calculations of base-water interactions. 
The emphasis has been placed on the optimization of 
the partial atomic charges. The proper representation of 
the electrostatic interactions is crucial for the force field for 
biological macromolecules. 
 The structures and atom numbering of 2SU is shown in 
Fig. 1. 
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Fig. 1. Molecular structure and atom numbering of 2SU 
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Table 1A. Ab initio and empirical energies and distances between 2SU and water molecule 

Ab initio CHARMM27 Difference 
Interaction 

Emin Rmin* Emin Rmin ∆E ∆R 
H1-OHH !8.725 1.94 !8.692 1.79 0.033 !0.15 
H3-OHH !7.568 1.92 !7.580 1.81 !0.012 !0.11 
H5-OHH !3.184 2.38 !3.132 2.35 0.052 !0.03 
H6-OHH !5.302 2.30 !5.316 2.29 !0.012 !0.01 
O4-HOH !4.633 1.90 !4.659 1.80 !0.026 !0.1 
S2-HOH !1.424 2.83 !1.447 2.50 !0.023 !0.33 
Energies are in kcal/mol and distances are in Å. Rmin* – minimum distances decreased by 0.2 for polar-neutral interactions, Ab initio 
energies are scaled by 1.16. See Fig. 2 for interaction orientations. 
 

Table 1B. Ab initio and empirical energies and distances between 4SU and water molecule 

Ab initio CHARMM27 Difference 
Interaction 

Emin Rmin* Emin Rmin ∆E ∆R 
H1-OHH !8.780 1.97 !8.819 1.78 0.039 !0.09 
H3-OHH !7.343 1.93 !7.350 1.81 0.007 !0.12 
H5-OHH !2.736 2.36 !2.769 2.39 0.033 0.03 
H6-OHH !5.187 2.30 !5.205 2.30 0.018 !0.0 
O2-HOH !4.801 1.90 !4.757 1.8 !0.044 !0.1 
S4-HOH !1.376 2.82 !1.338 2.5 0.038 !0.32 

Energies are in kcal/mol and distances are in Å. Rmin* – minimum distances decreased by 0.2 for polar-neutral interactions, Ab initio 
energies are scaled by 1.16. Orientations of the water molecules were the same as for 2SU in Fig. 2. 

 The initial topology information (connectivity, atom 
types), and as a consequence most internal parameters for 
2SU and 4SU were transferred directly from uracil (URA). 
For sulphur (S), atomic type found on methanethiol in 
topology and parameter file for small model compounds 
used in the development of the CHARMM22 protein all-
hydrogen parameters was taken, which simultaneously 
assigned its van der Waals (VDW) parameters. Missing 
parameters, unique to the new bases, were only bond, angle 
and torsion parameters associates with the sulphur atom. 
These parameters were assigned by the analogy to existing 
parameters. Preliminary partial atomic charges were also 
derived from URA and expected changes for 2SU and 4SU, 
based on the Muliken charges of an HF/6-31G* calculations 
for URA, 2SU and 4SU. 
 The initial parameters were subsequently optimized via 
an iterative approach. The optimization processes started 
from the determination of partial atomic charges. The par-
tial atomic charges were optimized to reproduce minimum 
energies and distances for individual water molecules 
interacting with different sites on 2SU and 4SU. Different 
interaction orientations between 2SU and water molecules 
are shown in Fig. 2. The same orientations of the water 
molecules were used for 4SU. Partial atomic charges were 
manually adjusted to get the best agreement between the 
energies and the distances obtained from CHARMM and 
QM calculation for all base-water interactions. QM 
energies were scaled by 1.16 factor for all interactions prior 
to the comparison with CHARMM energies [22]. The next 
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Fig. 2. Interaction orientations between 2SU and water used
         in optimization of the partial atomic charges 
 
step in the optimization process involved bond and angle 
terms. The 2SU and 4SU were energy minimized within 
CHARMM27 force field using initially assigned bond and 
angle equilibration values and partial atomic charges 
obtained in the previous step. The bond and angle equili-
bration values for newly introduced parameters were 
manually adjusted to better reproduce target data. 
The target data for geometry optimization of 2SU and 4SU 
was the geometry extracted  from the crystal structure of 
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Table 2. Average differences, RMS differences and average abso-
lute error between the base to water ab initio and empirical 
                      interaction energies [kcal/mol] 

Base Average 
difference RMS difference Average absolute 

error 

2SU 0.0004 0.03 0.03 

4SU !0.003 0.03 0.03 

Average absolute error is the sum of the absolute values of the 
differences divided by n, the number of interactions of water with 
each base. 

 
Table 3. Statistical analysis of bond and angle parameters dif- 
                        ferences with respect to target data 

Bonds [Å] Angles [deg] 
Base Average 

difference SD  Average 
difference SD 

2SU 0.008 0.003 1.3 0.3 

4SU 0.02 0.004 1.5 0.4 

SD – standard deviation. Analysis only for bonds and angles 
involving nonhydrogen atoms. 

2-thiouracil [26] and 1-methyl-4-thiouracil [27] respec-
tively. It should be noted that structures minimized in 
CHARMM do not have bonds lengths and angles that 
directly correspond to the equilibrium bond and angles 
parameters. 
 Following the initial optimization of the bond and angle 
parameters, partial atomic charges were reoptimized, and 
then the geometry was rechecked. For 2SU and 4SU, due to 
only limited number of new geometry parameters intro-
duced, the convergence in the loop was achieved immedi-
ately. 
 The minimum interaction energies and distances from both 
the ab initio HF/6-31G* and CHARMM27 calculations are 
presented in Table 1A and 1B. Small values of the average 
differences between base-water QM and CHARMM27 ener-
gies (0.0004 kcal/mol and !0.003 kcal/mol for 2SU and 4SU 
respectively) ensure that the overall solvation of the bases will 
be reasonable, and small rms differences (0.03 kcal/mol and 
0.03 kcal/mol for 2SU and 4SU respectively) ensure that no 
individual term is too far from target data (Table 2). 
 

Fig. 3. Base pairs structures 
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 An agreement between CHARMM27 results and target 
data for the bond and angle equilibrium values was satis-
factory when the pyrimidine ring of 2SU and 4SU was the 
same as of URA (Table 3). Better agreement with experi-
mental target data would require the introduction of the new 
atom types that is not necessary in our case. The bond and 
angle force constants, all dihedral and improper parameters, 
were transferred from the existing parameters for uracil. 
 In addition, the dipole moments are used as a reference 
data for the optimization of partial atomic charges. In 
general the dipole moments calculated with CHARMM27 
force field are systematically larger than the gas phase QM 
values due to the lack of induced polarizability in the 
CHARMM27 force field. Exception is uracil for which 
dipole moment in CHARMM27 is smaller than QM value 
[5]. The 2SU and 4SU, similar as URA, have the dipole 
moments in CHARMM27 smaller than in QM calculations 
(Table 4) 
 

Table 4. Dipole moments of the 2SU and 4SU from CHARMM27 
            and ab initio gas phase calculations [Debye] 

Base CHARMM27 HF/6-31G* MP2/6-31G* 
URA 4.29 4.72 5.03 
2SU 4.33 5.32 5.35 
4SU 4.05 5.67 5.67 

 

 Optimization of the base parameters also includes 
base pair interactions. Table 5 reports comparison of the 
CHARMM27 and the ab initio interaction energies for base 
dimers presented in Fig. 3. The larger difference occurs 
for G-2SU and G-4SU wobble base pairs (3.23 and 
!2.1 kcal/mol respectively). The CHARMM27 interaction 
energies for the 26 base pair defined by Hobza et al. [28] 
were reported to have a difference up to 2.45 kcal/mol [5]. 
The Lennard-Jones (LJ) terms contribute more to the total 
CHARMM27 interaction energies, when sulphur atom is 
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Fig. 4. CHARMM partial atomic charge and atom type parameters for 2SU and 4SU 

 
 

Table 5. Comparison of CHARMM27 and ab initio interaction energies for hydrogen bonded base pairs a [kcal/mol] 

CHARMM27b MP2//HFc Diff. 
Base pair 

Total Elec LJ Internal   
AU WC !12.80 !12.42 0.23 !0.62   
A2SU WC !13.24 !11.96 !0.52 !0.76 !12.1d !1.14 
A4SU WC !10.75 !9.24 !1.25 !0.26 !11.2d 0.45 
GU wobble !13.10 !12.56 0.07 !0.62 !12.7e !0.40 
G2SU wobble !8.87 !7.78 !0.97 !0.11 !12.1e 3.23 
G4SU wobble !14.20 !13.37 !0.09 !0.74 !12.1e !2.1 
UU-1 !10.45 !10.39 0.17 !0.23 !12.1be !0.45 
2SU-2SU 1 !7.59 !6.14 !1.33 !0.12 !8.8d 1.21 
2SU-2SU 2 !11.34 !10.90 0.15 !0.27 !9.6d !1.74 

a) base pairs are described in Fig. 3; 
b) in CHARMM27 force field total interaction energies (Total), electrostatic (Elec), Lennard-Jones (LJ) and internal energy 
(Internal) contributions are shown; 
c) MP2//HF – MP2/6-31G*(0.25)//HF/6-31G** level (interaction energies of H-bonded pairs were evaluated at the MP2 level 
with the 6-31G*(0.25) basis set using geometry optimised at level HF/6-31G**) with correction for bases-set superposition error 
(BSSE); 
d) from Table 2 in [18]; 
e) from Table 3 in [21]. 
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involved in hydrogen bonding (A-4SU WC, G-2SU wobble 
and 2SU-2SU 1 base pairs). These contributions may indi-
cate that the optimization of VDW parameters for the sul-
phur atom can be considered. 
 
Table 6. CHARMM27 parameters for 2SU and 4SU. Force con-
stants Kb, Kθ, Kχ and Kφ are in kcal/mol·Å2, equilibrium bond 
lengths b0 are in Å, equilibrium bond angles θ0, δ and φ0 are 
                                         in degrees 

Table 6A. Bonds parameters 

Bond type Kb b0 
2SU 
CN1T S 480.0 1.68 
4SU   
CNT S 480.0 1.67 

Table 6B. Angle parameters 

Angle type   Kθ    θ0 
2SU 
NN2B  CN1T  S 100.0 122.6 
NN2U  CN1T  S 100.0 123.4 
4SU 
NN2U  CN1  S 100.0 121.9 
CN3  CN1  S 100.0 125.5 

 
Table 6C. Dihedral parameters 

Angle type Kχ n δ 
2SU 
S CN1T NN2B HN2 0.0 2 180.0 
S CN1T NN2U HN2 0.0 2 180.0 
S CN1T NN2B CN3 0.9 2 180.0 
S CN1T NN2U CN1 0.9 2 180.0 
S CN1T NN2B CN7B 11.0 2 180.0 
4SU 
S CN1 NN2U HN2 0.0 2 180.0 
S CN1 CN3 HN3 6.0 2 180.0 
S CN1 NN2U CN1T 0.0 2 180.0 
S CN1 CN3 CN3 1.0 2 180.0 

 
Table 6D. Improper dihedral parameters 

Angle type Kφ φ0 
2SU 
S NN2U NN2B CN1T 90.0 0.0 
4SU 
S NN2U CN3 CN1 90.0 0.0 

 
 The final CHARMM27 charge parameters for 2SU and 
4SU are shown in Fig. 4 and the final internal parameters 
are presented in Table 6. In the topology of 2SU and 4SU 
the torsion angles are defined by analogy to those in URA, 
although force constants for some dihedrals in URA (and 
as a consequence in 2SU and 4SU) are equal to zero. This 

is useful if one wants to apply the new developed 
parameters to free energy calculations for URA → 2SU 
or URA → 4SU mutations using PERT module in 
CHARMM. The topology and parameter stream file for 
2SU and 4SU to direct use in a CHARMM input script is 
available on request. 
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