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Aim. To parameterize a modified chained residue and use a newborn topology for molecular 
dynamics simulation. Method. To deal with the problem, a series of ab initio and semi-empir-
ical methods were combined. The RESP (Restrained ElectroStatic Potential) program, which 
fits molecular electrostatic potential (MEP) at molecular surfaces using an atom-centered point 
charge model. All parameters were quantum mechanically calculated and processed with 
R.E.D.III server. Results. The method of molecular dynamics has potential advantages, like its 
capability to explore large systems, and disadvantages, like not being feasible to run on fly 
without a preliminary prepared topologies for identification of each molecule. In an attempt to 
find a balance between both features speed and accuracy and apply the approach in a compu-
tational study, a functional mechanism of prolyl-tRNA synthetase from E.faecalis was investi-
gated. In addition, a well validated protocol of topology preparation for non-canonical structure 
was developed. Conclusions. Computational approaches like molecular dynamics simulation 
and molecular docking had now become a strong in silico methods to study biological pro-
cesses. The major benefits of this methods are expensiveness and speed. It also a strong com-
petitor of quantum modeling approach. However, there is a need to include new structures that 
are not exist in the GROMACS library is associated with the growing use of different types of 
modified amino and nucleic acids (DNA derivatives and RNAs) both in fundamental studies in 
molecular biology, molecular biophy sics, etc., and in applied research related to the search for 
new drugs. The obtained data well correlate with the experimental data.
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Introduction

This paper is focused on detailing some meth-
ods related to the understanding of the editing 
mechanism provided by prolyl-tRNA synthe-
tase from E.faecalis and explanation of the 
preparation of aminoacyl molecule. In funda-

mental aspect the problems are associated with 
the realization of genetic information. In ap-
plied research on the antibiotics and drugs 
development, aminoacyl-tRNA synthetases 
(aaRSs) and tRNA are actually attractive tar-
gets. It is important to study RNA derivatives, 
where it is necessary to solve the problem of 
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wrongly included minor bases of nucleic acids, 
or at the stage of protein biosynthesis, when 
erroneously incorporated amino acids, like 
alanine, cause incorrect protein folding [1]. It 
is a very tedious work preparation of the mod-
ified residue, especially if a molecule of inter-
est comprises different chemical classes like 
aminoacyl, which is represented by ester of 
nucleic acid base and amino acid residue.

However, the fundamental research refer-
ring to a certain biological question has given 
rise to another problem, which forced us to 
figure out how to prepare a non-canonical 
residue for in silico modelling. There are many 
different methods to carry out a force field 
parameterization for molecular dynamics (MD) 
simulations, especially for single small mol-
ecules, by means of in-built software like 
Ambertools, developed for the library modifi-
cation, or online servers like ProDrug [2] or 
ParamChem [3]. It is also known how to deal 
with generation of post translational modifica-
tions like acetylation or methylation of protein 
residues, the parameters of which can be of-
fered directly by force field developers. It is 
evident that the problem of force field content 
and its diversification is very important for 
modern in silico studies.

However, some difficulty which many re-
searches are faced to is parameterization of 
hybrid molecules, implemented into the chain 
and possessing non-integer net charge, like 
aminoacyl-tRNA 3’-terminal residues. As we 
used an Amber99 force field [4] implemented 
in Gromacs package [5] we should abide by 
the rules of its charge distribution and atom 
typing. Due to the capping of terminal nucleo-
tides, chain-terminal nucleotide residues nor-
mally have non-integral charges, but the 5’ and 

3’ charges sum to an integer. The reason for 
such force field parameterization is a high 
charge density on the phosphate group. Thus, 
to obtain a topology, which wouldn’t stand out 
of the amber99 parameterization method, a 
non-integer charge of the 3’ end should be 
preserved taking into account, that amino acid 
block should be protonated in accordance to 
the N-terminal amino acid type.

The electrostatic potential (ESP) is an im-
portant characteristic of the molecule of inter-
est and a powerful tool for generation of real-
istic charge model [6]. Its more advanced al-
gorithm of charge assignment, called RESP 
(Restrained Electrostatic Potential), allows 
deriving partial charges, based on the atom-
centered point charge model common for all 
members of amber force fields [7]. 

In the previous paper, we have combined 
the experimental biology approach with the 
ab-initio quantum methods and molecular dy-
namics simulations to understand the putative 
mechanism editing aminoacyl molecule formed 
with the incorrect amino acid and 3’-terminal 
adenosine of tRNA, whereas this work is aimed 
to reveal some details of the modeling process. 
Some features of the substrate of the editing 
domain (INS domain) of prolyl-tRNA synthe-
tase allowed the performing of a deep study of 
the parameterization process, the development 
of a validated enough modeling method and 
further applying it to other systems.

Materials and Methods
While calculating the aminoacyl-tRNA frag-
ments’ charges we started from the docking 
coordinates of alanyl-tRNA bound to the pro-
lyl-tRNA synthetase (PDBID:2J3M) [8]. The 
protein structure was prepared and reconstruct-
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ed on the basis of the deposited X-ray (2J3M) 
to rebuild a full-length structure without gaps, 
using Swiss-model server [9]. The procedure 
of ligand-protein and nucleic acid-protein 
docking protocol has been already highlighted 
in the previous study [10]. A significant atten-
tion was paid to the torsion angle “CT-OS-C” 
of the aminoacyl-tRNA molecule, which is not 
a part of the AMBER99 force field but plays 
an important role in an excessive flexibility of 
the molecule during MD.

One of the most distinguishing features of 
the alanine-proline aminoacyls, the effect of 
which will be described later, is a small size of 
amino acid moiety and a low flexibility of the 
radical group. At the step of parameterization 
it also plays an important role. Following the 
mechanism of charge assignment and estimation 
of the best one, we prepared two sets of mole-
cules based on terminal adenine block with 
either methyl, dimethyl, glycine or acetate 
groups bound to O3’ of ribose (modified RA or 
RAM), and an amino acid block with either OH, 
OMe, or etheric bonded methylethyl, bound to 
the carboxyl oxygen of amino acid (or 
+NH3CHXCO-Z), where X defines an amino 
acid’s radical. M and Z are the formal substi-
tuted groups to be explicitly removed from the 
molecule together with a specific non-integer 
charge assigned to the group after application 
of a charge constraint (inter-molecular charge 
constraints and intra-molecular charge con-
straints) with the R.E.D.III algorithm.

All blocks used here were optimized using 
the common for amber force fields HF/6-
31G** theory level [11] and Gamess package 
[version 7.1.5]. A Rigid-Body Reorientation 
Algorithm (RBRA) implemented in R.E.D. 
was applied for each block to provide the re-

producibility of the atomic charge values be-
fore the charge fitting step. The molecular 
fragments were constructed by setting INTER- 
and INTRA-MCC to determine a more realis-
tic charge distribution.

All MD simulations were run using the 
Gromacs (ver 4.0.5) program and the amber99 
force field [12]. To ensure that tRNA confor-
mation is stable a long MD simulations of 50 
ns for ProRS (from E.faecalis) complex with 
a correspondent tRNA molecule were carried 
out. A positional constraint was also applied 
to the group of 3’-CCA atoms and the binding 
site residues for the first 20 ns to avoid unreli-
able bends of the tRNA stem. Thus, the com-
plex consisting of the protein and tRNAPro was 
adjusted by a harmonic function using a force 
constant of 500 kcal/mol per A2. In order to 
provide a smooth switch from steered MD to 
a free MD, the force constant was reduced to 
250, 125, 50, 10 and 5 kcal/mol per A2 in six 
MD simulations each of 250ps. After that, a 
free simulation of 5 ns MD was run at 310 K, 
using PME (Particle-mesh Ewald) method for 
calculation of long-range interactions. 
Thermostat v-rescale for temperature coupling 
and Parrinello-Rahman coupling algorithm 
were used to ensure a harmonization between 
temperature and pressure. The Coulomb cutoff 
radius of 1.1 nm for electrostatic and the 
Lennard-Jones interactions cutoff radius of 
1.1 nm were applied.

Results and Discussion
The aminoacylation site of any aaRS is 

responsible for the phosphoester bond forma-
tion between phosphate from AMP and car-
bonyl from amino acid. The next step, namely 
transfer of amino acid moiety to the 3’-CCA 
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end of tRNA molecule, is called aminoacyla-
tion and takes place in the same place. This 
process results in a bond rearrangement and 
connection of 2’OH group on ribose of 3’-ter-
minal adenine base to a carbonyl carbon of 
amino acid molecule. In ProRS a more precise 
editing domain (for example, INS domain of 
ProRS) exists and can hydrolyze the incor-
rectly aminoacylated (with alanine residue, 
instead of proline) tRNA to avoid the inclusion 
of non-cognate amino acid into the proteins. 

To compute missing atomic charges for 
non-parameterized compound, we used a meth-
od of common for Amber force field. This 
procedure required an initial HF/6-31G** 
quantum-chemical computation of our hybrid 
molecule. The MEP was derived from the 
calculations at the HF/6-31G** level with the 
Gamess package [14]. To avoid the issue, when 
unphysical high charges are generating on 
atoms [15], and to demonstrate the importance 
of correct charge mapping we created and 
validated another protocol for such non-stan-
dard residues using AnteRed from R.E.D.III 
server. To solve the problem of the energy 
minimum conformation the Rigid Body Re-
orientation Algorithm, which is implemented 
in R.E.D. III server options, was applied to the 
structure of interest just before the MEP cal-
culation and getting reproducible RESP charg-
es. This step was very important for the sub-
sequent molecular dynamics simulation. 

Parameterizing a novel residue
All charges for the aminoacyl-tRNA fragment 
were computed using the RESP method from 
a single docking output conformation after 
implementation of RBRA. To estimate the 
quality of the predicted topology a relative 

root-mean-square (RRMS) protocol, imple-
mented into the R.E.D.III server was applied 
to compare the ESP derived from the molecule 
in the presence and absence of charge con-
straints (INTER-MCC and INTRA-MCC) be-
fore the molecular dynamics run [13].

To meet the amber99 force field require-
ments we used the approach of charge distribu-
tion assignment, when the terminal RA3 frag-
ment is replaced with a RAM and the amino 
acid (alanine) is represented as a terminal link 
in the chain. At the same time RAM is a single 
internal adenosine with a total net charge of 
‘-1’, the charge distribution of which is also 
undergoing some transformation. During the 
charge fitting procedure RAM is represented 
as an M-substituted RA3 molecule, where M 
is either methyl, dimethyl, glycine or acetate 
group bound through the O3’ position of the 
ribose. Such construction together with ap-
plication of INTRA-MCC (intra-molecular 
charge constraint inside a single molecule) 
provides another charge redistribution com-
pared to a standard state of RNA’s adenosine, 
which suits our model with aminoacid bound 
to tRNA 3’CCA termini. Finally, RAM residue 
passed application of INTER-MCC (inter-
molecular charge constraint between different 
molecules) charge assignment of ‘-0.6919’ to 
the M-group, that tends to perpetuate the 
charge of the output RAM residue, after ex-
plicit removal of the M-group, which is still 
equal to ‘-1’, but supposes some rearrange-
ments of those partial charges belonging to O3’ 
and [the] nearest atoms of the source RA3 
residue. The procedure resulted in obtaining 
the almost unified charge model for the 3’-ter-
minal nucleotide with significant changes re-
garding only the atoms involved in the amino-
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acyl ester formation, especially C2’-O3’, 
whereas the general model of charge distribu-
tion and the total charge of the adenine base 
were not strongly affected. With regard to ala-
nine (+NH3CHXCO-Z) parameterization it 

was executed just in the same way with the 
general exception that INTRA-MCC charge 
value, applied to Z group, was ‘-0.6919’ and 
the output charge for the residue became 
‘+1.3081’. There is an example of the full net 

ProRS (E faecalis) 
3'O bonding without 2'OH group

DA3 DAM
atom 

names
atom 
types charges charges

P P 1.1659 1.1659
O1P O2 -0.7761 -0.7761
O2P O2 -0.7761 -0.7761
O5' OS -0.4954 -0.4954
C5' CT -0.0069 -0.0069

H5'1 H1 0.0754 0.0754
H5'2 H1 0.0754 0.0754
C4' CT 0.1629 0.1629
H4' H1 0.1176 0.1176
O4' OS -0.3691 -0.3691
C1' CT 0.0431 0.0431
H1' H2 0.1838 0.1838
N9 N* -0.0268 -0.0268
C8 CK 0.1607 0.1607
H8 H5 0.1877 0.1877
N7 NB -0.6175 -0.6175
C5 CB 0.0725 0.0725
C6 CA 0.6897 0.6897
N6 N2 -0.9123 -0.9123

H61 H 0.4167 0.4167
H62 H 0.4167 0.4167
N1 NC -0.7624 -0.7624
C2 CQ 0.5716 0.5716
H2 H5 0.0598 0.0598
N3 NC -0.7417 -0.7417
C4 CB 0.38 0.38
C3' CT 0.0713 0.0703
H3' H1 0.0985 0.0975
C2' CT -0.0854 -0.0867

H2'1 HC 0.0718 0.0711
H2'2 HC 0.0718 0.0711
 O3' OH -0.6549 -0.5185
H3T HO 0.4396  

ProRS (E faecalis) 
3'O bonding with 2'OH group

RA RAM
 atom 
names

 atom 
types charges charges

P P 1.1662 1.1662
O1P O2 -0.776 -0.776
O2P O2 -0.776 -0.776
O5' OS -0.4989 -0.4989
C5' CT 0.0558 0.0558
H5'1 H1 0.0679 0.0679
H5'2 H1 0.0679 0.0679
C4' CT 0.1065 0.1065
H4' H1 0.1174 0.1174
O4' OS -0.3548 -0.3548
C1' CT 0.0394 0.0394
H1' H2 0.2007 0.2007
N9  N* -0.0251 -0.0251
C8  CK 0.2006 0.2006
H8  H5 0.1553 0.1553
N7  NB -0.6073 -0.6073
C5  CB 0.0515 0.0515
C6  CA 0.7009 0.7009
N6  N2 -0.9019 -0.9019
H61 H 0.4115 0.4115
H62 H 0.4115 0.4115
N1  NC -0.7615 -0.7615
C2  CQ 0.5875 0.5875
H2  H5 0.0473 0.0473
N3  NC -0.6997 -0.6997
C4  CB 0.3053 0.3053
C3' CT 0.2022 0.2042
H3' H1 0.0615 0.0622
C2' CT 0.067 0.0634
H2'1 H1 0.0972 0.0902
O2' OH -0.6139 -0.6219
HO'2 HO 0.4186 0.4119
O3' OS -0.5246 -0.502

ProRS (E faecalis) 
3'O bonding

N-ALA MLA
atom 

names
atom 
types charges charges

N N3 0.1414 -0.5198
H1 H 0.1997 0.3636
H2 H 0.1997 0.3636
H3 H 0.1997 0.3636
CA CT 0.0962 0.0044
HA HP 0.0889 0.1012
CB CT -0.0597 -0.1496
HB1 HC 0.03 0.0892
HB2 HC 0.03 0.0892
HB3 HC 0.03 0.0892
C C 0.6163 1.2004
O O -0.5722 -0.6868

Table 1. The table represents origi-
nal and changed partial charges for 
RNA and DNA types of adenosine 
and N-Alanine, which were used for 
generation of alanyl-aminoacyl 
tRNA molecules with or without 
2’OH group, Red font marks those 
initial charges, affected during 
charge fitting, and blue font corre-
sponds to the output partial charges 
after the procedure of INTRA- and 
INTER-MCC. Black frame marks 
the atom which is missing in the out-
put topology.
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charge scheme for a short tRNA with alanine 
added to the last adenosine:

RA5 + RX + RX + RAM + ‘+NH3CHXCO’ 
= -0.3081 + (-1) + (-1) + (-1) + 1.3081 = -2 

The subsequent relative RMS error estima-
tion procedures (RRMS) on the server gave 
reasonable values of 0.046-0.068, while QM 
and derived charges were compared, and high-

er values of 0.08-0.95 were obtained, when the 
results were compared against unconstrained 
(MCC) RESP calculation. This is a standard 
protocol to verify reliability of the output 
structures – the lower value, the best result. 
However, the most accurate and illustrative 
estimation of the model is [an] implementation 
of the newborn topology in the MD simulation.

A

 

B

C

 

D

Fig. 1. Graphics and pictures represent an interaction energies (Electrostatic - A and Van der Waals – C) and substrate 
geometries (RESP prepared substrate in B and simple concatenation of parameters from amino acid and nucleic topol-
ogy databases in D), which confirm[s] a better compliance of RESP model with experimental data, described in the 
paper [10]. It is evident that a decrease of electrostatic interaction energy value during the MD is caused by an incor-
rect turn of alanine radical and loss of its hydrogen bonds and disappearance of water molecules (sterical repulsion), 
which are responsible for nucleophilic attack and hydrolysis.
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There was no significant difference between 
single-point energy calculation of multi-confor-
mational (or orientations offered with RRBA), 
for amino acid part of the aminoacyl. Compact 
and non-polar substituents, like 1-methylethyl 
ether and OMe, gave the smallest error for 
amino acid-based charge fitting. In turn, acetate 
and glycine substituted nucleo tides showed the 
lowest RRMS values and best results in MD. 

Application of the method in a funda-
mental study
To study the molecular mechanism of the edit-
ing reaction, the structure of ProRS from 
E.faecalis in complex with tRNAPro was re-
modeled and validated in appropriate way [10]. 
We studied a prolyl-tRNA synthetase (II class) 
system, which possess[es] an editing activity 
against misactivated alanyl-tRNA via INS do-
main. Along with the RESP charge generation 
procedure we used another widely employed 
approach, which violates many concepts of the 
force field structure, namely simple splicing 
of topologies of nucleic and amino acid resi-
dues, without any fittings and corrections. In 
both cases a simulation run was started from 
the same initial state, obtained from the docked 
ligand and preliminary optimized structure.

From the Figure it becomes evident that 
RESP charge gives much more accurate and 
reliable results, which correlate with the ex-
perimental data [10]. The molecular dynamics 
of ProRS system also aimed at investigation of 
the 2’OH group impact and showed the con-
formity between biochemical study and com-
putational calculations (not shown here). Prior 
to the QM calculation of deoxynucleotide, a 
range of MD simulations predicted the behav-
iour of both natural alanyl-tRNA with 2’OH 

group and the modified with 2’H atom (gener-
ated from DA3 residue, which misses a whole 
2’OH). The correct parameterization also al-
lowed the explanation of the influence of K279 
residue on the substrate specificity, as Lys279 
interacts with the O2 atom of C75 and the 2′OH 
group of C74, fixing the CCA end of the tRNA. 
This model was more realistic than those of 
Kumar et al. [16], which suggested that CCA-
terminal possessed an extended conformation 
and stacking interaction between A76 and C75. 
Our model was used for the QM calculations 
of all predictable reaction mechanisms. The 
approach used allowed us to perform the direct 
identification of the transition state of the reac-
tion pathway and to support a new mechanism 
of hydrolysis of misacylated Ala-tRNAPro [10].

Conclusions
In general the method of charge fitting is accurate 
and applicable, however it strongly depends on 
some starting point for equilibration. The greatest 
advantage is the fact, that topologies with RESP 
parameters are ready for straight implementation 
in a force field without any other refinements. 
However, the best result can be obtained after 
comparison of computational and experimental 
approaches, like it was done with prolyl-tRNA 
and leucyl-tRNA systems [10,17,18], to correct 
some inconsistency and set up the system.

The method for preparation of aminoacyl 
molecule proposed here can be useful in study-
ing the properties of aminoacyl-tRNA at dif-
ferent stages of the translation process. 
Moreover, it is extremely important in cases 
where non-proteinogenic amino acids are be-
ing studied. The examples of non-proteinogen-
ic include D–amino acids and other precursors 
and products of the genetically encoded protein 
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amino acids. A broad range of non-proteino-
genic amino acids can naturally accumulate 
under different conditions and their proofread-
ing is essential for normal cell growth [19].
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Обчислювальні методи для параметризації 
субстратів аміноацил-тРНК-синтетаз

О. В. Раєвський, М. А. Тукало

Мета. Параметризувати модифікований залишок в 
ланцюзi і використати отриману топологію для моде-
лювання методом молекулярної динаміки. Методи. Для 
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вирішення цієї проблеми була проведена серія ab initio 
і напівемпіричних розрахунків для отримання молеку-
лярного електростатичного потенціалу (MEP). 
Програма для розрахунку RESP (Restrained ElectroStatic 
Potential), яка застосовує отриманий розподіл MEP на 
молекулярні поверхні iз використанням атомно-цен-
трованої моделі точкових зарядів. Всі параметри були 
квантово-механічно розраховані і оброблені сервером 
R.E.D.III. Результати. Метод молекулярної динаміки 
має потенційні переваги, такі як можливість вивчати 
великі системи, і недоліки, такі як неможливість за-
пуску без попередньо підготовленої топології для кож-
ної молекули. У спробі знайти баланс між обома влас-
тивостями методу, швидкістю і точністю, та застосува-
ти підхід в обчислювальному дослідженні була вико-
ристана система для вивчення функціонального меха-
нізму пролiл-тРНК-синтетази у E.faecalis. Крім того, 
був розроблений добре перевірений протокол підготов-
ки топології для неканонічних структур. Висновки. 
Обчислювальні підходи, такі як моделювання методом 
молекулярної динаміки, є помiтним конкурентом кван-
тового моделювання. Тим не менш, необхiднiсть вклю-
чення нових структур, які не входять у бібліотеку 
GROMACS, пов’язана з неточнiстю в описi структур-
них параметрів. Прикладом такої ситуації є зростаню-
че використання різних типів модифікованих амінокис-
лот та нуклеїнових кислот (похідні ДНК та РНК). 
Правильна параметризація молекул має вирішальне 
значення для фундаментальних досліджень з молеку-
лярної біології, молекулярної біофізики тощо та інтер-
претації обчислювальних досліджень, пов’язаних iз 
пошуком нових лікарських засобів. У роботі описуєть-
ся метод підготовки вхідних даних на прикладi систе-
ми проліл-тРНК-синтетази та є посилання на попередні 
роботи, в яких отримані результати добре співвідно-
сяться iз експериментальними даними.
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Вычислительные методы для параметризации 
субстратов аминоацил-тРНК-синтетаз

А. В. Раевский, М. А. Тукало

Цель. Параметризовать модифицированный остаток 
цепи и использовать полученную топологию для мо-

делирования методом молекулярной динамики. 
Методы. Для решения этой проблемы была произве-
дена серия ab initio и полуэмпирических расчетов для 
получения молекулярного электростатического потен-
циала (MEP). Программа для расчета RESP (Restrained 
ElectroStatic Potential), которая применяет полученное 
распределение MEP на молекулярные поверхности с 
использованием атомно-центрированной модели то-
чечных зарядов. Все параметры были квантово-меха-
нически рассчитаны и обработаны сервером R.E.D.III. 
Результаты. Метод молекулярной динамики имеет 
потенциальные преимущества, такие как возможность 
изучать большие системы, и недостатки, такие как 
невозможность запуска без предварительно подготов-
ленной топологии для каждой молекулы. В попытке 
найти баланс между обоими свойствами метода, ско-
ростью и точностью, и применить подход в вычисли-
тельном исследовании была использована система для 
изучения функционального механизма пролил-тР-
НК-синтетазы у E.faecalis. Кроме того, был разработан 
хорошо проверенный протокол подготовки топологии 
для неканонических структур. Выводы. Вычисли-
тель ные подходы, такие как моделирование молеку-
лярной динамики и молекулярный докинг, преврати-
лись в мощные in silico методы изучения биологиче-
ских процессов. Основными преимуществами этих 
методов являются низкие системные требования и 
скорость. Подобные рассчеты являются конкурентами 
для квантового моделирования. Тем не менее, необ-
ходимость включать новые структуры, которых нет в 
библиотеке программ, связана с растущим использо-
ванием различных типов модифицированных амино-
кислот и нуклеиновых кислот (производных ДНК и 
РНК) как в фундаментальных исследованиях в обла-
сти молекулярной биологии, молекулярной биофизи-
ки, и т. д., так и в прикладных исследованиях, связан-
ных с поиском новых лекарств. В нашем случае, по-
лученные данные хорошо коррелируют с эксперимен-
тальными данными. 
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