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Cytoplasmic tyrosyl-tRNA synthetase (TyrRS) is one of the key enzymes of protein biosynthesis. TyrRSs of pathogenic
organisms have gained attention as potential targets for drug development. Identifying structural differences between var-
ious TyrRSs will facilitate the development of specific inhibitors for the TyrRSs of pathogenic organisms. However,
there is a deficiency in structural data for mammalian cytoplasmic TyrRS in complexes with substrates. In this work, we
constructed spatial structure of full-length Bos taurus TyrRS (BtTyrRS) and its complexes with substrates using the set
of computational modeling techniques. Special attention was paid to BtTyrRS complexes with substrates [L-tyrosine, K+

and ATP:Mg2+] and intermediate products [tyrosyl-adenylate (Tyr-AMP), K+ and PPi:Mg2+] with the different catalytic
loop conformations. In order to analyze their dynamical properties, we performed 100 ns of molecular dynamics (MD)
simulations. MD simulations revealed new structural data concerning the tyrosine activation reaction in mammalian
TyrRS. Formation of strong interaction between Lys154 and γ-phosphate suggests the additional role of CP1 insertion as
an important factor for ATP binding. The presence of a potassium-binding pocket within the active site of mammalian
TyrRS compensates the absence of the second lysine in the KMSKS motif. Our data provide new details concerning a
role of K+ ions at different stages of the first step of the tyrosylation reaction, including the coordination of substrates
and involvement in the PPi releasing. The results of this work suggest that differences between ATP-binding sites of
mammalian and bacterial TyrRSs are meaningful and could be exploited in the drug design.
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1. Introduction

Aminoacyl-tRNA synthetases (aaRSs) are universal pro-
teins that play an important role in translation of the
genetic code. Tyrosyl-tRNA synthetase is the subclass Ic
aaRS enzyme, which catalyzes the attachment of L-ty-
rosine to the 3′ terminus of the cognate tRNATyr at the
preribosomal step of protein synthesis. The aminoacyla-
tion reaction consists of two steps. At the first step, the
L-tyrosine is activated by ATP, forming the enzyme-
bound Tyr-AMP intermediate and releasing the diphos-
phate ion (PPi). At the second step of the reaction, the
activated L-tyrosine is transferred to tRNATyr to form the
tyrosyl-tRNATyr (Abergel, Rudinger-Thirion, Giege, &
Claverie, 2007; Bedouelle, 1990; Bonnefond, Giegé, &
Rudinger-Thirion, 2005; Kornelyuk, 1998).

In TyrRS, the described reaction occurs in the cat-
alytic Rossmann-fold domain (Figure 1(A)). The class I
aaRSs contain two conservative catalytic motifs having

signature “HIGH” and “KMSKS” sequences (49HVAY52

and 222KMSSS226 in case of mammalian TyrRS), which
take part at the first step of the reaction (Figures 1(A),
and 2(A)). These motifs facilitate ATP binding and allow
stabilization of the transition state (Yaremchuk, Kriklivyi,
Tukalo, & Cusack, 2002). A catalytic KMSKS loop
adopts different conformational states, which are usually
described as open, semi-open, and closed (Kobayashi
et al., 2005; Mykuliak, Dragan, & Kornelyuk, 2014).
Recently, Datt and Sharma proposed reclassification of
the three states into only two: extended and compact
depending of distance between the KMSKS motif and
the Rossmann fold (Datt & Sharma, 2014). In the crystal
structures of human cytoplasmic TyrRS (HsTyrRS) Pro-
tein Data Bank (PDB) IDs: 1N3L, 1Q11, 4QBT and
4Q93, the KMSKS motif’s coordinates are missing.

Recent in silico study of Mycobacterium tuberculosis
TyrRS (MtTyrRS) revealed that the compact state of the
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catalytic loop is stabilized by dynamic formation of two
short antiparallel β-sheets at its flanking ends which hold
the KMSKS-motif inside the active site (Mykuliak et al.,
2014). In this work, we also investigated behavior of
some disordered regions in the catalytic domain of
BtTyrRS, i.e. the catalytic loop and the Val153–His158

disordered region of the connecting polypeptide 1 (CP1)
(Figures 1(A) and 1(B)). It is necessary to note, that
mammalian TyrRSs are К+ depending enzymes; K+ func-
tionally replaces the second lysine of the KMSKS signa-
ture sequence (Austin & First, 2002b; Naidenov,
Vudmaska, & Matsuka, 2001).
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Figure 1. The structural elements of the modeled full-length BtTyrRS. A. The catalytic domain is in dark-gold, the anticodon-
binding domain is in green and the C-terminal domain is in magenta. Interdomain linker is in light-blue. The KMSKS motif and the
catalytic loop are in brown and pink, respectively, the HIGH motif is in blue, the ELR motif is in red. Dashed line shows an approxi-
mate interface between two N-terminal domains. TyrRS has no editing activity and contains only one (synthetic) active site per one
subunit. Rectangle shows region engaged in section B. B. Superposition of N-terminal domains of BtTyrRS with the compact and
extended conformation of the catalytic KMSSS loop and HsTyrRS (PDB ID: 1N3L). Only catalytic loops are colored in different
colors. The catalytic loop with “gap” from 1N3L is in red, the extended and compact loops of BtTyrRS are in yellow and green,
respectively. The distances between the Сα atoms of L-tyrosine and K1 and S5 (from KMSKS motif ) are shown in italic bold for the
compact conformation and simple bold for the extended conformation. Hydrogen atoms are removed in all figures for clarity.
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Structural studies of mammalian TyrRS have not
only fundamental, but also biomedical significance. It
was revealed that Charcot–Marie–Tooth disorder (CMT)
(Dominant Intermediate CMT disorder type C) may be
related to Gly41Arg and Glu196Lys point mutations and
Val153–Val156 deletion in human TyrRS (Jordanova
et al., 2006). In order to determine consequences of these
mutations, it is necessary to identify their influences on
the HsTyrRS structure and conformational dynamics
(Savytskyi & Kornelyuk, 2015). Moreover, TyrRS is an
attractive therapeutic target for finding novel antibacterial
agents (Chen et al., 2016; Xiao et al., 2015). Identifying
differences in the catalytic mechanisms of bacterial and
mammalian TyrRSs will facilitate the development of
antibiotics that selectively target the bacterial TyrRS
(Austin & First, 2002b). However, there are only few
structural data for mammalian TyrRS comparing to the
corresponding data for bacterial enzymes (Kobayashi
et al., 2005).

The crystal structure of the full-length mammalian
TyrRS is not currently available. Moreover, there are no
crystal structures of the HsTyrRS complexes with sub-
strates (except L-tyrosine) even for its catalytic core struc-
ture without C-terminal domain (mini-HsTyrRS).
Therefore, it is relevant to use computational modeling
and molecular dynamics (MD) for the mammalian TyrRS
study. Previously, the structural modeling and MD tech-
niques were applied for the full-length HsTyrRS structure
modeling (Savytskyi, Yesylevskyy, & Kornelyuk, 2013;
Yesylevskyy, Savytskyi, Odynets, & Kornelyuk, 2011). It
was established, that the ELR motif (Glu91, Leu92,
Arg93) is responsible for interleukin-8-like cytokine activ-
ity of mini-HsTyrRS (Wakasugi & Schimmel, 1999a,
1999b); C-terminal domains also have cytokine activity
(Kornelyuk, Tas, Dubrovsky, & Murray, 1999; Wakasugi
& Schimmel, 1999a, 1999b). Using the MD method in the
100 ns time interval, it was shown that full-length
HsTyrRS forms compact structure between N-terminal and
C-terminal domains, which may protect the ELR cytokine
motif (Savytskyi et al., 2013; Yesylevskyy et al., 2011).

Modern MD simulations are widely used in order to
explore conformational flexibility and mechanism of
enzymes (Hanoian, Liu, Hammes-Schiffer, & Benkovic,

2015; Swiderek, Tunon, Moliner, & Bertran, 2015),
especially for aminoacyl-tRNA synthetases (Budiman,
Knaggs, Fetrow, & Alexander, 2007; Li, Macnamara,
Leuchter, Alexander, & Cho, 2015; Strom, Fehling,
Bhattacharyya, & Hati, 2014). Substrate-induced confor-
mational changes are responsible for the specific binding
of substrates by enzymes. Previously, by fluorescent
spectroscopy investigation of BtTyrRS, it was revealed
conformational changes induced by Tyr-AMP formation
(Kornelyuk, Klimenko, & Odynets, 1995). In this work,
we performed computational modeling and MD simula-
tions of the BtTyrRS structure and its complexes with
substrates (Table 1).

2. Materials and methods

Full-length amino acid sequences of Bos taurus and
Homo sapiens TyrRSs were used from the NCBI Gene
database (https://www.ncbi.nlm.nih.gov/protein/) with
identification numbers DAA32266.1 and NP_003671.1,
respectively. The three-dimensional crystal structures
were obtained from RCSB PDB archive. Visualization of
macromolecules was performed using UCSF Chimera 1.
10.2 (Pettersen et al., 2004) and Maestro 10.3 (Schrödin-
ger, LLC, New York, 2015) packages.

2.1. Modeling of full-length BtTyrRSEx structure

For building the full-length BtTyrRSEx structure, previ-
ously reported the full-length HsTyrRS structure (Savyt-
skyi et al., 2013; Yesylevskyy et al., 2011) was used as
the template due to their high similarity (95% sequence
identity; 98% sequence similarity) (Figure 2(A)). The
structure of the full-length HsTyrRS dimer was con-
structed from the crystal structures of its N-terminal and
C-terminal domains (PDB IDs: 1N3L:A, residues Ala3–
Pro342 (Yang, Skene, McRee, & Schimmel, 2002) and
1NTG:A, residues Pro360–Ser528 (Yang, Liu, Skene,
McRee, & Schimmel, 2003), respectively) using Modeller
9.7 software (Eswar et al., 2006; Martí-Renom et al.,
2000). Missing N-terminal residues M1–D3, the residues
K222–E228 of the catalytic loop and the linker residues
D343–E359 were added using loops reconstruction option

Table 1. The modeled structures and complexes of full-length BtTyrRS.

BtTyrRS structure Abbreviation KMSSS loop conformation Occupancy of the active site MD simulations time (ns)

1 BtTyrRSEx Extended – –
2 BtTyrRSCm Compact – 100
3 BtTyrRSTyr Compact Tyr and K+ –
4 BtTyrRSATP+Tyr Compact Tyr, K+ and ATP:Mg2+ 100
5 BtTyrRSTyr-AMP Compact Tyr-AMP and K+ –
6 BtTyrRSCm

Tyr-AMP+PPi Compact Tyr-AMP, K+ and PPi:Mg2+ 100
7 BtTyrRSEx

Tyr-AMP+PPi Extended Tyr-AMP, K+ and PPi:Mg2+ 20

Note: Tyr-AMP – tyrosyl-adenylate, ATP:Mg2+ – adenosine-5’–triphosphate coordinated by Mg2+ ion, PPi:Mg2+ – inorganic diphosphate ion coordi-
nated by Mg2+.
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in Modeller 9.7 (Fiser, Do, & Šali, 2000). The best struc-
tures were selected from each ensemble using the DOPE
and MOF scores (Shen & Sali, 2006).

The Python script (mutate_model.py) in Modeller
9.15 was used to introduce 26 residue substitutions into
full-length HsTyrRS for both subunits (Figure 2(A)). For
the obtained BtTyrRS structure, addition of protocol
hydrogen atoms and energy minimization using steepest
descent and conjugated gradients algorithms were
applied in UCSF Chimera 1.10.2 package. All structures
were verified using the MolProbity web server (Chen
et al., 2009). The structure of mini-BtTyrRS was
obtained from previously described full-length BtTyrRS
by deletion of both C-terminal domains.

2.2. Modeling of compact KMSSS loop conformation

The compact catalytic loop modeling was performed
using Modeller 9.15 software. We modeled two alterna-
tive catalytic loops on base of the different templates:
Plasmodium falciparum TyrRS (PfTyrRS, PDB ID:
3VGJ) (Bhatt et al., 2011) and human tryptophanyl-
tRNA synthetase (HsTrpRS, PDB ID: 2QUI) (Shen
et al., 2008). However, catalytic loop based on PfTyrRS
was used for further analysis. Initial crystal structure
template (1N3L) had extended catalytic loop conforma-
tion with seven 222KMSSSEE228 residues missed. We
deleted and remodeled 15 residues in each subunit
between Pro216 and Ile232 (accounting two short

deletions) in both subunits of BtTyrRSEx (Figure 2(B)).
In result, we obtained BtTyrRSCm (Figure 1(B)).

2.3. Modeling of BtTyrRSTyr and BtTyrRSATP+Tyr

Complexes

BtTyrRSTyr complex was constructed using protein–
protein superposition of BtTyrRSCm and mini-HsTyrRS
in complex with L-tyrosine and K+ (PDB ID: 4QBT)
(Sajish & Schimmel, 2015) keeping BtTyrRSCm with K+

and the L-tyrosine substrate from 4QBT. Superposition
of both structures was done using PyMOL 1.7.0 software
(Schrödinger, LLC).

BtTyrRSTyr complex was used as a receptor for
BtTyrRSATP+Tyr complex modeling. The ATP:Mg2+ con-
formation was used from Geobacillus stearothermophilus
TrpRS (GsTrpRS, PDB ID: 1MAU) (Retailleau et al.,
2003). Before molecular docking processing, protocol
hydrogen atoms were added to the ATP molecule using
Chimera software. ATP:Mg2+ and other substrates were
docked only into subunit A leaving subunit B in a sub-
strate-free state. AutoDock 4.2.6 (Morris et al., 2009)
software was used for molecular docking. Rigid typical
ATP:Mg2+ conformation was docked into flexible active
site of BtTyrRS with 12 flexible residues: Trp40, Thr42,
His49, Tyr52, Val54, Asn212, Val215, Lys222, Met223,
Ser224, Ser225 and Ser226. All these residues surround
ATP in initial approximate complex constructed by
BtTyrRSTyr and GsTrpRS superposition (Figure 3).

(A)

(B)

Figure 2. Amino acid sequence comparison. А. Amino acid sequence alignment of the bovine and human cytoplasmic TyrRSs.
Differences between residues are colored in bold black while the active site residues (http://www.ncbi.nlm.nih.gov/protein/
NP_003671.1) are colored in red. The catalytic HIGH, KMSKS and cytokine ELR motifs are underlined. B. Multiple amino acid
sequence alignment of the remodeling fragment of the catalytic loop. HsTrpRS and PfTyrRS were considered as two alternative
structural templates since they contain the compact KMSKS loop conformation. In result, PfTyrRS was used for the catalytic loop
remodeling. The fragment from the bacterial TyrRS is shown to represent the sequence difference.
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The subunit`s A active site was placed into grid box
centering on HIGH i KMSKS motifs. The grid size was
set to 40 × 40 × 40 points with grid spacing 0.0375 nm.
We set such relatively small grid box to decrease degrees
of freedom and provide maximum accuracy of docking
results. The Mg2+ and K+ ions used AMBER force field
potentials as defined in the AutoDock software. We
assigned partial charges of ions manually as we found
that AutoDock automatically set them to neutral. Lamar-
ckian genetic algorithm (Morris et al., 1998) was chosen
for these studies because results of others (Chen et al.,
2007) indicated this as one of the most efficient and
robust algorithm for ligand-bound metal ions in docking
of small ligands. A maximum number of energy evalua-
tions parameter was set to 300,000 with a population
size 150. Several conformations with the lowest binding
energy were selected for further analysis.

2.4. Modeling of BtTyrRSTyr-AMP and BtTyrRSTyr-
AMP+PPi complexes

Structural coordinates of mammalian TyrRS in complex
with Tyr-AMP intermediate are still unknown. To con-
struct such complex, we attempted to carry out docking
of flexible Tyr-AMP into flexible BtTyrRS active site.
Unfortunately, this attempt was unsuccessful, since Auto-
Dock has a torsional number limit (32 torsions maxi-
mum). Even with torsional optimizations, results were
unsatisfactory. Thus, we carried out docking of rigid
Tyr-AMP into flexible active site.

There are several TyrRS crystal structures with interme-
diate product or its analogue present, however, to obtain
complex with the most accurate Tyr-AMP position and con-

formation we used following approach. Firstly, we
constructed approximate mini-BtTyrRS complex with
Tyr-AMP and K+ ion. For its construction, the atomic coor-
dinates of tyrosine moiety of Tyr-AMP from PfTyrRS
(PDB ID: 3VGJ) were superimposed on the L-tyrosine sub-
strate which located in BtTyrRSTyr (extended catalytic loop
conformation) using pair fitting function of PyMOL soft-
ware. After coordinates superposition, the mini-BtTyrRS,
K+, and Tyr-AMP were kept. Then, 100 ns MD simulations
of mini-BtTyrRS complex with Tyr-AMP and K+ have been
carried out to determine equilibrated Tyr-AMP conforma-
tion. Details concerning MD simulations are described in
the next section. Thus, optimized Tyr-AMP conformation
was used as rigid for further docking into flexible active
site. BtTyrRSATP+Tyr, after removing all ligands except K+,
was used as a receptor with conformation of the active site
optimized for ATP and Tyr moieties. Tyr39, Trp40, Thr42,
and His49 residues were set as flexible with all torsions
kept. Docking conditions were the same as previously
except grid box size (64 × 42 × 40) and energy evaluations
(700,000). One conformation with the lowest binding
energy was selected for further analysis.

BtTyrRSCm
Tyr-AMP+PPi complex was constructed by

BtTyrRSTyr-AMP and BtTyrRSATP+Tyr complexes superpo-
sition, keeping BtTyrRSTyr-AMP and PPi:Mg2+. Additional
BtTyrRSEx

Tyr-AMP+PPi with extended catalytic loop con-
formation was also constructed by the molecular docking
method with the same parameters. Since the BtTyrRSEx
with extended catalytic loop conformation was used as a
receptor–Tyr39, Trp40, Tyr52, Val54, Asp173, and
Asp187 were set as flexible residues with all torsions
kept. Addition of PPi:Mg2+ was performed by the same
instruction.

K1

K1

K+

K4 – (NH3+)

Lys154(CP1)
BtTyrRS

Lys111(CP1)
GsTrpRS

ATP:Mg2+

from GsTrpRS

KMSKS loop
from GsTrpRS

KMSSS loop
from BtTyrRS

Mg2+

Figure 3. Superposition of N-terminal domains of BtTyrRSTyr (green) and GsTrpRS (PDB ID: 1MAU) (red) complexed with ATP:
Mg2+ and Trp analogue. The active site and catalytic loop regions are zoomed. Superposition reveals same spatial position of the
NH3

+-group of the second lysine (K4) from the KMSKS motif and the K+ ion. Both K1 from the different loops have the same dis-
tance to the O1B atom of ATP. Due to these factors, the superposition of 1MAU and BtTyrRS can be used to determine an approxi-
mate position of the ATP molecule in BtTyrRS regarding the catalytic loop and the K+ ion. Lys111 of 1MAU, which corresponds to
Lys154 in BtTyrRS and HsTyrRS, forms hydrogen bond with γ-phosphate in the crystal structure of GsTrpRS while Lys154 is located
about 0.9 nm relatively ATP.

2776 V.O. Kravchuk et al.



2.5. MD simulations

Obtained different systems of mini-BtTyrRS (see 2.4) and
full-length BtTyrRS (Table 1) were simulated for 100 ns
time interval using all-atom MD simulations with
GROMACS 5.0 package (Páll, Abraham, Kutzner, Hess,
& Lindahl, 2015; Van Der Spoel et al., 2005). For all the
simulations conducted, the CHARMM27 force field
(Bjelkmar, Larsson, Cuendet, Hess, & Lindahl, 2010)
was used. Force field topologies for the ligands were
prepared using SwissParam web server (Zoete, Cuendet,
Grosdidier, & Michielin, 2011). We generated at least
three trajectories for each system. Mini-BtTyrRS
and full-length BtTyrRS were placed into rectangle
boxes with dimensions 15.1 × 14.1 × 14.1 nm and
18.0 × 14.0 × 13.0 nm, respectively. The explicit TIP3P
water molecules (Jorgensen & Madura, 1983) were
added. All simulations were performed under periodic
boundary conditions. In order to neutralize the overall
charge of systems with mini-BtTyrRS complexes, four
Na+ ions were added. Systems with full-size BtTyrRS
complexes were neutralized with К+ and Cl− counterions
at 150-мM KCl salt concentration. Each system was
energy minimized and then equilibrated with positioning
restraints on heavy atoms of the protein before the MD
simulations were initiated. The leap-frog integration algo-
rithm was used, together with a 2.0 fs time step. All bond
lengths were constrained using the LINCS algorithm
(Hess, Bekker, Berendsen, & Fraaije, 1997). Long-range
electrostatic interactions were computed using the fourth-
order particle mesh Ewald (PME) method (Essmann
et al., 1995) with a Fourier spacing of 0.16 nm. The real
space coulombic interactions and the pair-list calculations
were set to 1.0 nm for mini-BtTyrRS and 1.2 nm for full-
length BtTyrRS. A twin-range cut-off of 1.0 nm for mini-
BtTyrRS and 1.2 nm for full-length BtTyrRS was used
for the van der Waals interactions. The temperature of
310 K and pressure of 1 atm were maintained by cou-
pling temperature and pressure baths using the V-rescale
(Bussi, Donadio, & Parrinello, 2007) and Parrinello–
Rahman (Parrinello & Rahman, 1981) methods with
relaxation times of 0.2 and 1.0 ps, respectively.

MD simulations have several well-known difficulties
and limitations. Force fields are computational approxi-
mations; in other words, classical parameterization of
non-classical effects. In classical MD, the effect of the
electrons is approximated as a single potential energy
surface. Such classical treatment of particle-particle inter-
actions cannot reproduce chemical reactions. Also the
partial charges in MD simulations are represented as sta-
tic fixed charges that are located at the center of an atom
and such electronic effects like charge transfer and polar-
ization are predicted computationally. Researches of
aaRS, with using of MD methods, also may face some
challenges concerning the MD limitations (Kapustina &

Carter, 2006; Li et al., 2015). Finally, MD simulations
require a lot of computational resources. However, this
problem could be resolved to some extend using modern
computer technologies (see Section 2.7).

2.6. MD trajectory analysis

MD trajectories analysis was performed in GROMACS
software. The Root Mean Square Deviations (RMSD)
and Root Mean Square Fluctuations (RMSF) were calcu-
lated using gmx rms and gmx rmsf routines, respectively.
It is necessary to note that the difference between RMSD
and RMSF is that with the latter the average is taken
over time, giving a value for each Cα atom of a protein,
whereas with RMSD the average is taken over all the Cα

atoms, giving time-specific values. Hydrogen bonds were
monitored with the gmx hbond routine. The readHBmap
Python script (http://www.gromacs.org/Downloads/User_
contributions/Other_software) was used to extract the
hydrogen bond existences from HB Map file (.xpm) gen-
erated by gmx hbond routine from GROMACS 5.0. The
average structure from the most populated cluster during
MD simulations (MD simulated structure) was deter-
mined using gmx cluster routine with the gromos method
(Daura et al., 1999) and 0.2 nm cut-offs. Visual analysis
of MD trajectories was performed using VMD 1.9.2 soft-
ware (Humphrey, Dalke, & Schulten, 1996).

2.7. Technical details

Molecular modeling, MD simulations, and data analysis
were performed in the MolDynGrid Virtual Laboratory
(VL) (http://moldyngrid.org) as a part of Ukrainian
National Grid (UNG, http://ung.in.ua) and European Grid
Infrastructure (EGI, http://egi.eu). MolDynGrid VL was
established for interdisciplinary studies in computational
structural biology, especially for extensive MD simula-
tions of biological macromolecules and their complexes,
which required a high processing power and immense
storage space. It usually utilizes computing elements of 9
clusters and storage elements of 2 clusters that corre-
spond to ~2500 CPUs and ~100 TBytes of disk space,
respectively (Salnikov, Sliusar, Sudakov, Savytskyi, &
Kornelyuk, 2009, 2010; Savytskyi, Sliusar, Yesylevskyy,
Stirenko, & Kornelyuk, 2011; Yesylevskyy, 2015).

3. Results and discussion

In order to obtain the complexes and corresponding
structural elements, we developed a specific modeling
approach. In the result, seven BtTyrRS model structures
(among them five with low molecular weight substrates
and intermediates) with different conformations of the
catalytic loop, which correspond to different catalytic
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states of the catalytic reaction, were constructed. For the
selected complexes, we performed MD simulations
(Table 1). In this research, special attention was paid to
dynamical behavior of the enzyme, which occurs at the
first step of the catalytic reaction, namely upon the Tyr-
AMP formation. The first part of this work is devoted to
analysis of the modeled structures, while the second part
is devoted to their dynamical characteristics.

3.1. Compact KMSSS loop conformation analysis

The catalytic loop bearing the KMSKS motif of TyrRS
and plays the important role in the catalysis of the
L-tyrosine activation step of reaction (Austin & First,
2002a; First & Fersht, 1995). Catalytic KMSKS loop
connects the catalytic and the anticodon-binding domains
and in the same time, it is a critical structural element of
the active site in the whole class I aaRSs (Figures 1(A)
and 1(B)). However, the role of the KMSKS motif in
mammalian TyrRS is less expressed comparing to
prokaryotic TyrRS (Austin & First, 2002a). To distin-
guish the mammalian catalytic loop without the second
lysine residue, we annotated it as the KMSSS loop while
the catalytic loop in general is annotated as a KMSKS
loop. Each position of the motif’s residue was numbered
as K1 M2 S3 K4(S4) S5. Traditionally, three KMSKS loop
conformational states are described as open, semi-open,
and closed conformations (Li, Froeyen, & Herdewijn,
2008; Mykuliak et al., 2014). However, in recent work
Datt and Sharma proposed reclassification of the three
states into only two: extended and compact (Datt &
Sharma, 2014). The authors also revealed the second
lysine (K4) presence in ~87% of the TyrRS structural
and proteome-wide sequences. Because the KMSSS loop
structure had been unknown it was not accounted during
the Datt and Sharma analysis, however, we prefer to use
such classification for mammalian TyrRS.

Before protein–ligand docking processing, it was
necessary to perform structural modeling of compact
KMSSS loop conformation since contacts between a cat-
alytic loop and substrates are quite important (Austin &
First, 2002a; First & Fersht, 1995). For compact KMSSS
loop modeling, we considered two possible template
structures: PfTyrRS, PDB ID: 3VGJ (Bhatt et al., 2011)
and HsTrpRS, PDB ID: 2QUI (Shen et al., 2008).
HsTrpRS supposed to be a good template due to the
absence of the second lysine residue in KMSKS motif
(9/17 matches within the catalytic loop remodeling frag-
ment (Figure 2(B)). Moreover, high homology of both
these enzymes was indicated in other works (Doublié,
Bricogne, Gilmore, & Carter Jr, 1995; Shen et al., 2008).
However, two closely related subclass Ic aaRSs (TyrRS
and TrpRS) have developed different strategies to com-
pensate the missing second lysine residue in higher
eukaryotes (Yang et al., 2007). Since K+ ion plays role

of missing K4 in HsTyrRS (Austin & First, 2002b), we
suggest that structure with both lysines is the most
appropriate template for catalytic loop modeling. In con-
trast, the catalytic loop from MtTyrRS has very low
sequence homology (3/17 matches within the remodeling
fragment). Thus, we chose PfTyrRS, which is eukaryotic
TyrRS with high level of the catalytic loop sequence
identity comparing to the KMSSS loop (10/17 matches
within the remodeling fragment) (Figure 2(B)).

Since mammalian TyrRS has critical substitution
K4/S4 in the KMSKS motif, it is necessary to investigate
its structural and functional consequences. The modeled
compact KMSSS loop has similar conformation to other
KMSKS loop. Superposition of the BtTyrRSTyr and the
GsTrpRS monomers shows this structural similarity
while the GsTrpRS has not been used as a structural
template for modeling (Figure 3). In spite of the KMSSS
loop being shorter, the critical K1 residues have the same
(0.3 nm) distances between their NH3

+-groups and the
ATP’s O1B oxygen atom (Figure 3). Among the catalytic
loop residues, the position of KMSSS residues defines
its conformational state. To compare the conformational
states, distances from the Cα atoms of K1 and S5 to the
L-tyrosine’s Cα atom were calculated. The distances from
K1 at extended and compact conformations are 2.5 and
1.6 nm, respectively, while distances from S5 at extended
and compact conformations are 1.9 and 1.6 nm, respec-
tively (Figure 2(B)). Dynamical behavior of the KMSSS
loop is discussed in the next sections.

3.2. ATP:Mg2+ and Tyr-AMP localization in the active
site

The aminoacylation reaction occurs under the presence
of Mg2+ ion which is necessary to neutralize the four
negative charges of ATP triphosphate group (Doublié,
Bricogne, Gilmore, & Carter, 1995). To construct
BtTyrRSATP+Tyr complex, we carried out an analysis of
all class I aaRSs crystal structures in which ATP presents
in complex with Mg2+ (PDB IDs: 1J09, 1N75 (Sekine
et al., 2003), 1M83, 1MAU (Retailleau et al., 2003),
1YID (Buddha & Crane, 2005) and 2QUI). It was
revealed that ATP conformation in which Mg2+ coordi-
nates all three phosphate groups is typical for class I
aaRSs (Figure S1A–E). Analysis of these complexes also
suggests that conformation of ATP:Mg2+ where Mg2+

coordinates all three phosphates of ATP is inherent for
enzymes, which have both lysines in KMSKS motif.
Since K+ functionally replaces the absence of second
lysine (K4) in the KMSKS-like motif of HsTyrRS (Aus-
tin & First, 2002b), we carried out superposition of the
BtTyrRSTyr and the GsTrpRS (PDB ID: 1MAU) com-
plexes to investigate their structural relation (Figure 3).
As expected, superposition revealed the same spatial
position of the K4—(NH3+) group and the K+ ion.
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Therefore, among present structures, we used the typical
ATP:Mg2+ conformation from the most homologous to
mammalian TyrRS – GsTrpRS (Retailleau et al., 2003)
for protein–ligand docking (see Section 2.3). Also
GsTrpRS is one of the most studied class I aaRSs in
case of interactions between the enzyme and ATP:Mg2+

(Kapustina & Carter, 2006; Retailleau et al., 2003).
Thus, among selected lowest binding energy conforma-
tions, we chose one, which satisfied following criteria:
(1) presence of contacts with the HIGH and the KMSKS
motifs; (2) imitation of the K4 position by the K+ ion rel-
atively to the ATP molecule.

Before docking, the Tyr-AMP molecule was opti-
mized by the method of MD simulations (see Sec-
tion 2.4). Thus, Tyr-AMP localization was chosen on
base of the lowest binding energy. In result, both AMP
moieties of ATP and Tyr-AMP had similar location into
the active site.

3.3. Dynamical behavior of modeled complexes

Based on RSMD analysis, the obtained MD simulations
trajectories of BtTyrRS could be divided into two parts:
deviations calculated during the first ~50 ns (stabiliza-
tion) and 50–100 ns (equilibrated state). Calculated Cα

atoms’ RMSD values demonstrate the global stability of
the protein structure in the course of MD simulations
with the deviation of 1.25, 1.5, and 1.6 nm for
the full-length enzyme in BtTyrRSCm, BtTyrRSATP+Tyr,
and BtTyrRSCm

Tyr-AMP+PPi, respectively. In fact, the
C-terminal domain and the interdomain linker have sub-
stantial impact on whole RMSD values. Therefore, the
values were calculated for the separate N-terminal
domains with residue numbers 1–342 and 529–870 for
subunits A and B, respectively (Figure 4(A)). For the
same systems but only for the two N-terminal domains,
the deviations were 0.28, 0.35, and 0.28 nm, respectively
(Figure 4(A)). RMSD values of BtTyrRS are similar to
those for HsTyrRS (Savytskyi et al., 2013).

To monitor the changes in the “compactness” of the
protein during the MD simulations, we calculated its
radius of gyration (Rg) (Figure 4(B)). A decrease in Rg

during the course of MD simulations indicates the
structural changing from an elongated to a more
globular protein structure. Rg for BtTyrRSATP+Tyr and
BtTyrRSCm

Tyr-AMP+PPi decreased after ~25 ns from 4.3 to
4.2 and 3.4 nm, respectively, and for the separate
N-terminal domains stable values were 3.45 and 3.54 nm,
respectively. Rg of the substrate-free enzyme was decreas-
ing during 0–90 ns and then stabilized (Figure 4(B)). The
full-length BtTyrRSCm

Tyr-AMP+PPi and BtTyrRSCm show
lower Rg values comparing to BtTyrRSATP+Tyr with differ-
ence ~0.5 nm. These data support the idea that TyrRS in
solution consists of a number of asymmetric conforma-
tions with different degree of compactness (Savytskyi

et al., 2013; Yesylevskyy et al., 2011). C-terminal domain
and interdomain linker also influence on Rg values, so they
were calculated for N-terminal domains separately. N-ter-
minal domains of BtTyrRSCm

Tyr-AMP+PPi show less com-
pactness comparing to BtTyrRSATP+Tyr and BtTyrRSCm.
These data assume that the presence of both Tyr-AMP and
PPi induces decreasing of the catalytic domain’s compact-
ness and will be discussed in details in the next sections.

The RMSF values of Cα atoms for N-terminal
domains were analyzed at equilibrated state at 50–100 ns
time interval (Figure 4(C)). The flexible linkers and C-ter-
minal domains were omitted because of the reason
described before. This analysis revealed enhanced fluctu-
ations of the KMSSS loop and the CP1 insertion loop
(Val153–His158). According to these data, the KMSSS
loop may either maintain compact conformation during
whole simulation time or adopt an extended conformation
from the compact one in different BtTyrRSCm trajectories.
Therefore, the KMSSS loop may have either low or very
high fluctuations in a substrate-free state of the enzyme
(Figure 4(C), Video S1). To compare these different
KMSSS loop conformations adopted after MD simula-
tions with HsTyrRS crystal structure (PDB ID: 4QBT),
we superimposed them (Figure S2). If to remove residues
between Glu220 and Lys231, i.e. missing in 4QBT, both
loops will look quite similar to each other (Figure S2).
Taking together, these data suggest that substrate-free (or
only with L-tyrosine) mammalian TyrRS consists of the
structures with different KMSSS loop conformations.
Therefore, coordinates of KMSKS motif are missed in
the HsTyrRS crystal structures. This result is in good
agreement with the Datt and Sharma analysis of TyrRS in
which ATP binding pocket is not occupied (Datt &
Sharma, 2014). In recent research of MtTyrRS, it was
suggested that formation of two short antiparallel β-sheets
(before and after KMSKS motif) may stabilize catalytic
loop holding KMSKS motif inside the active site (Myku-
liak et al., 2014). In this work, we also noticed only one
similar β-sheet (before KMSKS motif) formation in
BtTyrRS but less expressed (Video S1). While in every
crystal of mammalian TyrRS the catalytic loop structure
is not full (at least seven residues are missing), the major-
ity of bacterial TyrRS structures contain the whole struc-
ture even without substrate presence. Thus, we suggest
that the catalytic loop in bacterial TyrRS may be much
more rigid than in mammalian TyrRS. This suggestion
supports the experimental study which stated that the role
of KMSKS motif is less expressed in mammalian TyrRS
comparing to bacterial TyrRS (Austin & First, 2002a).

3.4. Interactions between the active site and ATP/Tyr-
AMP

Hydrogen bonds between the BtTyrRS active site resi-
dues and ATP/Tyr-AMP revealed by MD simulations are
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listed in Table 2. Residues of the KMSKS motif form
hydrogen bonds with ATP. Lys222 (K1) is the donor of
hydrogen and positive charge, impact of Lys222 is one
of most significant in the ATP stabilization (Table 2).
During MD simulations, K1 has one of the lowest RMSF
values and the strongest interaction with ATP among
KMSSS residues (Figure 4(C), Table 2). Therefore, K1 is
one of the key factors that keep the KMSSS loop in the
compact conformation during whole simulations time of
BtTyrRSATP+Tyr complex.

In order to investigate conformational changes of the
active site, ligands’ surrounding with cut-off 0.4 nm were
compared between the initial and MD simulated

structures. In the initial BtTyrRSATP+Tyr complex within
0.4 nm of ATP molecule 19 residues (9 hydrophobic, 3
hydrophilic, 6 polar and 1 charged) were located, while
in the MD-simulated structure within the same radius 20
residues (10 hydrophobic, 2 hydrophilic, 6 polar and 2
charged) were located. In the initial structure, the ATP
forms hydrogen bonds with Trp40, Lys222, Ser224,
Ser226 and L-tyrosine, while in the MD-simulated struc-
ture with Trp40, Asn212, Val215, Lys222, Met223,
Ser224, Ser225, Ser226, and Lys154 (Figure 5(A)).

Among HsTyrRS crystal structures, there are two of
them in which potassium-binding pocket (Thr42, Ala43,
Tyr52 and Tyr97) is occupied by K+ (Sajish &

Figure 4. Dynamical characteristics of the modeled BtTyrRS complexes. The full-length enzyme contains 2x528 aa while one
N-terminal domain 342 aa. A. RMSD plots of the Cα atoms from the starting structure during MD simulations. In case of full-length
enzyme, values show global stability for both complexes after 50 ns of simulation time. Equilibration of full-length enzyme signifi-
cantly depends from linker and C-terminal module behavior. Values for core of N-terminal domains show stability of the catalytic
core during MD simulations. B. Radius of gyration of the BtTyrRS complexes during 100 ns of MD simulations. Values for the full-
length enzyme are different because there are no unique binding interfaces between N- and C-terminal domains. N-terminal domains
of BtTyrRSTyr-AMP+PPi complex are slightly less compact comparing to other. C. RMSF plots of the Cα atoms after equilibration (MD
simulation time 50–100 ns). Discontinuous blue line is distinguishing different subunits. The regions of the KMSSS and CP1 inser-
tion loops are pointed in the graph. 222KMSSSEEE229 residues, coordinates of which are missed in every HsTyrRS crystal structure,
may adopt different conformational states in different BtTyRSCm trajectories. Changing of conformational state is accompanied by
high RMSF values. The other RMSF peaks correspond to the unstructured regions located within N-terminal domain.
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Schimmel, 2015; Yang et al., 2003). Initially, localized
K+ ion had released from the active site during MD sim-
ulations and its place in potassium-binding pocket
rapidly took another K+ from the water-ion medium
(Figure 5(A), Video S2). This effect was also noticed in
HsTyrRS (Savytskyi et al., manuscript in preparation)
and is repeated in the BtTyrRS system.

In the initial BtTyrRSCm
Tyr-AMP+PPi complex, the Tyr-

AMP intermediate forms hydrogen bonds with Trp40,
Thr42, and Ala43, while in the MD-simulated structure
with Tyr39, Trp40, Thr42, Asp173, Asn212, and Val215.
Before MD simulation within 0.4 nm of the Tyr-AMP
molecule 23 residues (12 hydrophobic, 3 hydrophilic, 6
polar and 2 charged) were located, while in the MD sim-
ulated structure within the same radius 23 residues (15
hydrophobic, 3 hydrophilic, 4 polar and 1 charged) were
located (Figure 5(B)). In the course of MD simulations,
both complexes were forming hydrogen bonds between
the catalytic KMSSS loop (Val215 main-chain atoms)
and adenosine ring of Tyr-AMP. In addition, Asn212
was forming hydrogen bond with 2′OH ribose moiety.
These hydrogen bonds are typical for class I aaRSs
(Kobayashi et al., 2005).

Thus, here we observed formation of a number of
key interactions (hydrogen bonds which mentioned
above) between the enzyme and ATP/Tyr-AMP mole-
cules during MD simulations. It is not surprisingly that
they were not predicted by the molecular docking
method because the reference structure did not contain

both substrates (ATP and Tyr), which induce conforma-
tional changes of the enzyme. Therefore, we suggest that
it is necessary to perform MD simulations for such
systems after molecular docking.

3.5. New Role of CP1 insertion loop in mammalian
TyrRS during Tyr-AMP formation

The catalytic Rossmann-fold domain of class I aaRSs
contains an insertion, known as CP1 (Starzyk, Webster,
& Schimmel, 1987). The CP1 insertion is found in all
class I aaRS and, for some of them, contains the active
site for editing mistakes during translation. In TyrRS,
CP1 is small comparing to other class I enzymes and has
no editing active site. However, TyrRS has recognition
residues within CP1 for binding the acceptor stem of
tRNATyr and, in particular, the 39-aa peptide motif
(Leu125–Gly163 for mammalian TyrRS) within CP1 is
essential for discrimination of the first base pair C1:G72
of the acceptor stem (Naidenov, Vudmaska, Kornelyuk,
& Matsuka, 2000; Wakasugi, Quinn, Tao, & Schimmel,
1998). It was suggested that disordered region of CP1
(CP1 insertion loop, namely Val153–His158) probably
becomes ordered on binding to tRNATyr (Yang et al.,
2002). Our results suggest new function of this disor-
dered region. During MD simulations Lys154, which is
localized in this region, forms stable hydrogen bond with
γ-phosphate of ATP (Table 2, Figure 5(A)). It is neces-
sary to note, that Lys154 was not included in the set of
flexible residues during molecular docking since it was
located ~1.0 nm from γ-phosphate in the initial approxi-
mate complex (Figure 3). This result well correlates with
the investigation of two CMT type C disease-associated
HsTyrRS mutants that display a substantial (>100-fold)
decrease in the Tyr-AMP formation (Froelich & First,
2011). The first mutant form is Val153–Val156 deletion
and the second one is Gly41Arg substitution. Thus, the
probable reason for critical decreasing of catalytic activ-
ity in case of Val153–Val156 deletion is the direct loss
of the important Lys154. Recent analyses of MD simula-
tion trajectories of Gly41Arg mutant form of HsTyrRS
have shown the β-sheet formation in the region Lys147–
Glu157 between helices H9 and H10 of CP1 insertion
(Savytskyi & Kornelyuk, 2015). Thus, one of the reasons
for decreasing of catalytic activity in case of Gly41Arg
mutation could be the structural rearrangement of the
Val153–His158 region that causes another localization of
important Lys154.

In the case of the bacterial GsTrpRS (PDB ID:
1MAU), it was revealed the important role of the analo-
gous Lys111 residue (in CP1), which forms similar
hydrogen bond with γ-phosphate of ATP (Kapustina &
Carter, 2006; Retailleau et al., 2003). In GsTrpRS
1MAU crystal, CP1 insertion is more ordered than in
BtTyrRS. Most likely, that in a large timescale it is

Table 2. Hydrogen bonds formation in the BtTyrRS com-
plexes.

BtTyrRS’s atom Substrate’s atom Lifetime (%)

ATP
Val215(NH) N1 95.3
Asn212(ND2H1) O2′ 86.0
Trp40(NE1H) O3′ 84.5
Lys154(NZH1) O1G 77.8
Lys222(NZH1) O1B 62.2
Tyr52(OH) O2B 56.3
Ser225(NH) O2B 39.2
Met223(O) H1N6 38.4

Tyr-AMP
Ala43(NH) O2P 98.9
Thr42(OG1H) O2P 98.6
Asp173(OD1) HO 98.4
Tyr39(OH) OH 97.2
Asn212(ND2H1) O2′ 77.1
Val215(NH) N1 73.9
Trp40(NEH1) O3′ 63.3

Notes: Hydrogen bonds are listed between the substrates and the active
site residues of BtTyrRS. The bonds were analyzed within 50–100 ns
of simulation time (equilibrated state), where lifetime is relation of
frames in which hydrogen bond is present to the total number of frames
and multiplied by 100%. Only hydrogen bonds with lifetime more than
30% and major atom pairs are listed.
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possible to observe such ordering (coiling) of this region
in BtTyrRSATP+Tyr (Figure 3). The bacterial Thermus
thermophiles TyrRS (TtTyrRS, PDB ID: 1H3E) (Yarem-
chuk et al., 2002) has also an analogous residue Arg93,
which is close to γ-phosphate but does not form hydro-
gen bond with it. Probably such hydrogen bond forms
only when Mg2+ coordinates all three phosphates of ATP
providing appropriate triphosphate group conformation.
Using the superposition method, we modeled several
complexes of different aaRSs class Ic with the typical
ATP conformation (Figure S3). In result, all complexes
show similar ATP(Pγ):(NH3+)Lys/Arg interaction from
the opposite site of the catalytic loop. Moreover, muta-
tion of analogous Arg86 in GsTyrRS R86A displays rate
constants up to 8000 times lower comparing to the wild
type enzyme (Fersht, Knill-Jones, Bedouelle, & Winter,
1988). Thus, an evolutionary conserved ATP(Pγ):(NH3+)
Lys/Arg interaction, like Lys154 in the CP1 disordered

region Val153–His158 of BtTyrRS, is one of the crucial
interactions for the Tyr-AMP (Trp-AMP) formation in
subclass Ic aaRSs.

For bacterial TyrRS on the base of crystal structures
analysis, it was suggested that γ-phosphate of ATP can
interact with the TyrRS without an interaction with the
catalytic loop and contributes to the initial binding of the
ATP molecule (Kobayashi et al., 2005). Therefore,
Lys154 may play a similar role in case of mammalian
TyrRS. We also noticed that different enzymes of class
Ic aaRS may use different structural elements to interact
with γ-phosphate (Figure S3). For instance, CP1 insertion
does not interact with ATP in TtTyrRS while other loop
is responsible for γ-phosphate binding. Interesting that
interaction between Lys/Arg and γ-phosphate in mam-
malian TyrRS is more similar those in bacterial TrpRS
and archaeal TyrRS, but not to bacterial TyrRS and
human TrpRS (Figure S3).

MD

(A)

(B)

Initial (0 ns) MD simulated (100 ns)

Mg 2+

K+1

ATP
ATP

K+2

Mg 2+

MD

Initial (0 ns) MD simulated (100 ns)

K+1

Tyr-AMP
Tyr-AMP

K+1

Figure 5. Localization of the initial and MD simulated ATP:Mg2+(A) and Tyr-AMP (B) ligands into the active site of BtTyrRS.
Residues in cut-off 0.4 nm are shown: solvent exposure (grey), charged (red), polar (blue), hydrophobic (green), metal (dim grey).
Hydrogen bonds are shown: to side chain atom (dotted arrow) and to backbone atom (full arrow). MD simulated structure is the aver-
age structure of the most populated cluster during MD simulations. Both ATP and Tyr-AMP acquire hydrogen bonds between main-
chain of Val215 and adenine ring; Asn212 between 2’-OH group of ribose moiety. Lys154 from the CP1 insertion loop acquires
hydrogen bond with γ-phosphate of ATP. The K+ ion (K+

1) was changed by another K+ ion (K+
2) during MD.
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3.6. Interactions between the substrates and the ions
into the active site

Earlier, significant domains’ movement during L-trypto-
phan activation was shown for a bacterial TrpRS (Kapus-
tina & Carter, 2006; Retailleau et al., 2003). Such
movements of the anticodon binding and Rossman-fold
domains occur via hinge mechanism and bring the ATP
and L-tryptophan together to form Trp-AMP (Kapustina
& Carter, 2006; Retailleau et al., 2003). In contrast, such
hinge-like domains’ movement was not seen in TyrRS
(Kobayashi et al., 2005) raising the question how two
electronegative groups (triphosphate and carboxyl) of the
substrates can be attracted one to another.

Analysis of our MD simulations data revealed that
the Mg2+ and K+ ions bring together ATP and
L-tyrosine and bridge them (Figure 6). However,
because of limitations of the MD simulation method
(see Section 2.5), it is impossible to observe a chemical
reaction. We even could not observe approaching of L-
tyrosine (OT2) and ATP (PA) atoms on the covalent
bond distance. Nevertheless, during our MD simula-
tions, positively charged Mg2+ and K+ were dragging
negatively charged COO- group of L-tyrosine to ATP`s
phosphate group (Video S2). As a result, the minimum
distance detected between those pairs of atoms during
whole MD simulations was 0.338 nm (initial distance

was 0.53 nm). Thus, such ion-bridging mechanism in
mammalian TyrRS may be an analog of the hinge-like
mechanism in bacterial TrpRS.

3.7. Dynamics of pre- and post-PPi releasing state

Tyr-AMP and PPi are products of the first step of cat-
alytic reaction. MD simulation of BtTyrRSTyr-AMP+PPi

was performed with the purpose to investigate factors
leading to the PPi release. It was also unknown whether
Mg2+ and K+ ions take part in the further catalysis or
release with PPi. For bacterial TyrRS, it was suggested
that tRNATyr CCA-acceptor triplet cannot reach the cat-
alytic site without the removal of the KMSKS loop
cover; the catalytic loop should adopt a semi-open con-
formation to allow such movements (Kobayashi et al.,
2005).

Firstly, we carried out 100 ns MD simulations of
the BtTyrRSCm

Tyr-AMP+PPi complex with compact
KMSSS loop conformation. We expected that the loop
would partially open with further PPi releasing. How-
ever, both PPi:Mg2+ and K+ have been remaining in
the active site during the whole 100 ns MD simulation
interval (Figures 7(A) and 7(C)). During the course of
MD simulations, amino acid residues of the KMSSS
and CP1 insertion loops were covering the PPi. Such
cover prevents its releasing. By comparing the starting
structure and the structure after 100 ns of MD simula-
tion, we noticed that the KMSSS residues shifted out-
ward the active site for 0.36 nm. However, His49,
Lys154, and Lys231 still held PPi into the active site
region (Figure 7(B)). Thus, despite that such partial
opening had place to occur, it was not enough for PPi
releasing. In general, changing of conformation of the
catalytic loop from the compact to the extended is quite
possible since its “guiding” part (221SKMSSSEEES230)
is mostly composed of hydrophilic residues. Most
likely, that at such stage of the catalytic reaction, the
conformational change (opening) of the catalytic loop
occurs in a large timescale since it is complicated by
the presence of the intermediates. Therefore, we mod-
eled the additional BtTyrRSEx

Tyr-AMP+PPi complex with
the extended KMSSS loop conformation and produced
its short (20 ns) MD simulations.

It was revealed that PPi:Mg2+, together with K+, were
released rapidly (14 ns) from the active site when the
KMSSS loop is in the extended conformation (Figures
7(A) and 7(C)). In the yeast TyrRS crystal (TyrRS[Tyr-
AMP analogue] in complex with tRNATyr) (PDB id:
2DLC), 10 residues of the catalytic loop (including
KMSAS residues of the KMSKS motif) are missing
(Tsunoda et al., 2007). It is important to note that the
KMSAS loop in the yeast TyrRS is quite homological to
the KMSSS loop in mammalian TyrRS; in the 2DLC
crystal the yeast TyrRS active site contains Mg2+ ion

ATP Tyr

Lys222

Lys154

Mg2+

K+

Figure 6. Typical binding of the lysine residues and ATP:
Mg2+ into the active site of BtTyrRS. Lys222 (K1) and Lys154
(CP1) bind phosphate groups of ATP in a clump manner. Mg2+

and K+ ions are coordinating the electronegative groups of ATP
(triphosphate group) and L-tyrosine (carboxyl group) substrates
and bridge them keeping close to each other.
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which is bounded in the exact same way as the K+ ion
in mammalian TyrRS (Figure S4). On the basis of our
data, we suggest the following possible explanation why
the catalytic loop is disordered while the TyrRS is
bounded both to tRNATyr and Tyr-AMP: the catalytic
loop has the extended conformation and, therefore, is too
flexible to be detected. Taking together, these observa-
tions suggest that after Tyr-AMP formation the KMSSS
loop adopts the extended form. The extended form
would allow the diphosphate releasing and following
3′-CCA terminus of tRNATyr accessing to fully exposed
Tyr-AMP. This suggestion supports similar hypothesis of
the authors concerning the yeast TyrRS (Tsunoda et al.,
2007). Further MD simulations of mammalian TyrRS in
complex with tRNATyr should reveal details of this
process.

In the previous section, we mentioned that K+ ions
are attracted by the active site and can interchange. It is
curious, that during MD simulation course PPi:Mg2+

interacts with different K+ ions from the water-ion med-
ium. These K+ ions approach separately to PPi:Mg2+

dragging it away from the active site in a “step-by-step”
manner (Video S3).

Comparing to other TyrRSs (bacterial and archaeal),
the presence of the K+-binding pocket is inherent only
for mammalian TyrRS. Moreover, in mammalian TyrRS
the conservative H1I2G3H4 motif has meaningful substi-
tution: H4/Y4, where Y4 (Tyr52) is a part of potassium-
binding pocket (Figures 7(A) and 7(B)). Probably, these
differences between mammalian and other TyrRSs’
active sites may be used in designing of new inhibitors
of “pathogenic” TyrRS. We also assume that such
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Figure 7. Dynamical behavior of BtTyrRS complexes with the Tyr-AMP, PPi:Mg2+ and K+ ligands and different conformations of
KMSSS loop. Van der Waals radiuses of K+ and Mg2+ ions are decreased for clarity. A. The catalytic loops are in green (compact
conformation) and yellow (extended conformation). The CP1 insertion is in coral. Despite that KMSKS motif has slightly shifted
(0.36 nm) outwards the active site, PPi:Mg2+ has been remaining in the active site of BtTyRSCm

Tyr-AMP+PPi during 100 ns of simula-
tion time. In the BtTyRSEx

Tyr-AMP+PPi complex PPi:Mg2+ rapidly (14 ns) has left the active site. Up to five K+ ions took part in the
PPi releasing (see Video S3). Distances from Lys222 (K1) to adenine ring are shown to ensure different states of catalytic loop. B.
Another projection of the BtTyRSCm

Tyr-AMP+PPi at 96 ns frame. PPi:Mg2+ is covered by residues of the catalytic loop and the CP1
insertion loop, which prevent its releasing. Residues Thr42, Ala43, Tyr52 and Tyr97 (potassium-binding pocket) were coordinating
K+ ion. C. Graph shows distance between the Tyr-AMP and PPi molecules as a function of time in BtTyrRSTyr-AMP+PPi complexes
with the different catalytic loop conformations. In case of BtTyRSEx

Tyr-AMP+PPi the distance is growing, indicating on the releasing of
PPi:Mg2+ from the active site.
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mobility and van der Waals radius of K+ ion (comparing
to K4) may weaken the binding of non-specific mole-
cules (inhibitors of TyrRS of pathogenic organisms) to
the mammalian TyrRS active site.

4. Conclusion

In this study, we constructed the complexes of BtTyrRS
with substrates and intermediates using the set of compu-
tational modeling techniques. To understand the dynami-
cal features of each step of the catalytic reaction, several
100 ns of MD simulations for selected complexes were
performed.

Analysis of MD trajectories revealed high flexibility
of the catalytic KMSSS loop in the substrate-free state
that could explain the absence of 222KMSSSEEE229 resi-
dues coordinates in crystal structures of mini-HsTyrRS.
However, at the presence of ATP and L-tyrosine sub-
strates, the catalytic loop was keeping its compact con-
formation. Notably, the catalytic loop is quite different in
bacterial and mammalian TyrRSs regarding sequence
homology and conformational dynamics.

We analyzed interactions between the enzyme and
ions/substrates/intermediates by comparing structural
snapshots of initial and MD simulated BtTyrRS com-
plexes. Our data revealed BtTyrRS[ATP] binding interac-
tions and stable hydrogen bonds with Trp40, Asn212,
Val215, Lys222, and namely Lys154, which is localized
in the CP1 disordered region (Val153–His158) and prob-
ably plays a one of the key roles in ATP:Mg2+ binding.
While the interaction between the γ-phosphate and Lys/
Arg appears to be typical for class Ic aaRSs, our data
suggest that the enzymes of different organisms may use
different structural elements for realization of such
bonding.

This work revealed the crucial role of Mg2+ and K+

ions, which coordinate electronegative groups of ATP
(phosphate groups) and L-tyrosine (carboxyl group) and
probably compensate their electrostatic repulsion. We
revealed that PPi:Mg2+, together with K+

, rapidly left the
active site when the catalytic loop had the extended con-
formation, emphasizing that namely the extended confor-
mation is appropriate for 3′-CCA terminus of tRNATyr

entering.
Thus, using computational modeling we provided a

wide-range of structural data for mammalian TyrRS. The
set of different models has been uploaded on the Protein
Structure Database of the MolDynGrid VL web-portal.
This work will aid to the development of specific inhibi-
tors for TyrRS of different pathogenic organisms. In
addition, the structural data obtained are solid back-
ground for further in silico research of mammalian
TyrRS complexes and its mutant forms associated with
neurodegenerative diseases.

Supplementary material

The supplementary material for this paper is available online
at http://dx.doi.org/10.1080/07391102.2016.1235512. The
video files are available at the following links: Video_S1 –
goo.gl/0QdRNt; Video_S2 – goo.gl/rF9yRi; Video_S3 –
goo.gl/gBOeI3.
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