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ABSTRACT
Aminoacyl-tRNA synthetases (aaRSs)
strictly discriminate their cognate amino acids.
Some aaRSs accomplish this via proofreading and
editing mechanisms. Mursinna and coworkers recently reported that substituting a highly conserved
threonine (T252) with an alanine within the editing
domain of Escherichia coli leucyl-tRNA synthetase
(LeuRS) caused LeuRS to cleave its cognate aminoacylated leucine from tRNALeu (Mursinna et al.,
Biochemistry 2001;40:5376 –5381). To achieve atomic
level insight into the role of T252 in LeuRS and the
editing reaction of aaRSs, a series of molecular
modeling studies including homology modeling and
automated docking simulations were carried out. A
3D structure of E. coli LeuRS was constructed via
homology modeling using the X-ray structure of
Thermus thermophilus LeuRS as a template because
the E. coli LeuRS structure is not available from
X-ray or NMR studies. However, both the X-ray T.
thermophilus and homology-modeled E. coli structures were used in our studies. Amino acid binding
sites in the proposed editing domain, which is also
called the connective polypeptide 1 (CP1) domain,
were investigated by automated docking studies.
The root mean square deviation (RMSD) for backbone atoms between the X-ray and homology-modeled structures was 1.18 Å overall and 0.60 Å for the
editing (CP1) domain. Automated docking studies of
a leucine ligand into the editing domain were performed for both structures: homology structure of E.
coli LeuRS and X-ray structure of T. thermophilus
LeuRS for comparison. The results of the docking
studies suggested that there are two possible amino
acid binding sites in the CP1 domain for both proteins. The ﬁrst site lies near a threonine-rich region
that includes the highly conserved T252 residue,
which is important for amino acid discrimination.
The second site is located in a ﬂexible loop region
surrounded by residues E292, A293, M295, A296, and
M298. The important T252 residue is at the bottom of
the ﬁrst binding pocket. Proteins 2004;54:693–704.
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INTRODUCTION
High ﬁdelity in protein synthesis is essential to all
biologic systems and the ﬁdelity is critically dependent on
accurate aminoacylation of an amino acid to its correct
cognate tRNA.1–3 The aminoacylation reaction for each of
the standard 20 amino acids is controlled by a family of
enzymes called the aminoacyl-tRNA synthetases (aaRSs).
The overall reaction is achieved by each aaRS in the
following two reactions:
aaRS

AA ⫹ ATP |
0 AA-AMP ⫹ PPi,

(1)

aaRS

¡ tRNA-AA ⫹ AMP.
AA-AMP ⫹ tRNA O

(2)

The ﬁrst step forms the activated intermediate, an aminoacyl-adenylate (AA-AMP), from the amino acid and adenosine triphosphate (ATP; eq. 1). The aminoacyl moiety is
transferred from the adenylate to the 3⬘-terminal adenosine (3⬘-A) of tRNA.1–3
Some aaRSs have an editing activity that hydrolyzes
incorrectly misactivated and/or misaminoacylated amino
acids.4 These include phenylalanyl-, lysyl-, methionyl-,
threonyl-, alanyl-, prolyl-, isoleucyl-, valyl-, and leucyltRNA synthetases.5–14 In each case, these aaRSs must
discriminate their cognate amino acid from other highly
similar or isosteric amino acids. Aminoacylation by the
aaRSs have been suggested to function by a “double-sieve”
model that relies on discrimination in separate aminoacylation and editing sites.4,8,13 These two different sieves
enable the aaRS to achieve high ﬁdelity by employing
varied amino acid speciﬁcity strategies. The ﬁrst activation or “coarse” sieve activates cognate amino acids as well
as isosteric or closely related noncognate amino acids that
ﬁt into the cognate amino acid binding pocket. The second
Abbreviations: aaRS, amino acid tRNA synthetase; LeuRS, leucyltRNA synthetase; IleRS, isoleucyl-tRNA synthetase; ValRS, valyltRNA synthetase; CP1, connective polypeptide 1.
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“ﬁne” or editing sieve excludes the cognate amino acid but
hydrolyzes/edits the misactivated noncognate amino acid
and/or mischarged tRNA. For IleRS and ValRS, the separation of the activation and editing sites has been identiﬁed.15–19 The activation site is located within the ATPbinding Rossmann fold that is common to all class I
aaRSs14,20 and the editing site lies in a large inserted
domain called connective polypeptide 1 (CP1).15–19
The CP1 domain of leucyl-tRNA synthetase (LeuRS)
shares extensive homology with the CP1 domain of IleRS
and ValRS. LeuRS has been shown to misactivate and edit
a series of amino acid derivatives.14,21,22 Mursinna and
coworkers recently reported that a highly conserved threonine residue (T252) within the CP1 domain of Escherichia
coli LeuRS plays a key role in the editing activity.14
Substitution of the threonine with an alanine (T252A)
altered the editing action of LeuRS such that it hydrolyzed
its cognate charged leucine from the tRNALeu. Therefore,
the T252A mutant cannot effectively discriminate leucine
from noncognate amino acids in its editing active site. The
main goal of this article is to attain an atomic-level
understanding of this editing-related phenomenon. To
achieve it, we carried out a series of molecular modeling
studies including homology modeling and automated docking simulations. Because no X-ray or NMR structure is
available for the E. coli LeuRS, the 3D structure was
constructed via homology modeling methods using the
X-ray structure of the Thermus thermophilus LeuRS12 as a
template. Automated docking experiments were carried
out to identify amino acid binding sites in the editing
domain of both structures: the homology structure of E.
coli LeuRS and the X-ray structure of T. thermophilus
LeuRS. We compared the results with the pocket that was
proposed by Mursinna et al.14 Identiﬁcation of the editing
active site is critically important for novel protein synthesis and drug design. In addition, atomic-level understanding of the mechanism of the editing activity of aaRSs is
critical to understand this fundamental process in biochemistry.
METHODS
Homology Modeling
Template structure and sequence alignment
Because currently only one X-ray structure is available
for LeuRS, a single X-ray structure was used as the
template for homology modeling. The X-ray structure of T.
thermophilus LeuRS was obtained from Cusack12 and
used as the template structure for building a model of our
E. coli LeuRS. The sequence of E. coli LeuRS was reported
by Haertlein et al.23–25 and obtained from the SWISSPROT data bank [SYL_ECOLI (P07813)]. The sequence
similarity and identity between the two are 73.3 and
45.0%, respectively, according to the ClustalX program.
The structure and sequence data were manipulated using
the HOMOLOGY and MODELER modules of INSIGHTII,
which are well-known homology modeling programs.26
Sequence alignment is a central technique in homology
modeling. It is used to establish a one-to-one correspondence between the amino acids of the reference protein(s)
and those of the unknown protein in the structurally

conserved regions. This correspondence is the basis for
transferring coordinates from the reference to the model
protein. The sequence alignment method we used here is
the segment pair overlap algorithm developed by Schuler
et al. based on local similarity measurements.27 The main
advantage of this method is that it not only aligns the
sequences but also identiﬁes blocks of related sequence
segments and estimates the probabilities that these highscoring blocks could be found by chance. Those blocks
showing high statistical signiﬁcance are likely to contain
structurally conserved regions.
3D structure generation
3D structures based on the information from the results
of the alignment procedure were generated by MODELER.
The method used in MODELER is different from those of
other general homology programs. The scheme developed
by Sali et al. employs probability density functions (PDFs)
as the spatial restraints rather than energy.28 –31 The
main-chain conformation of a given residue in the model
will be described by restraints that depend upon the
residue type, the main chain conformation of equivalent
residues in the reference proteins, and the local sequence
similarity. The PDFs that are used in restraining the
model structure are derived from correlations between
structural features in a database of families of homologous
proteins aligned on the basis of their 3D structures. These
functions are used to restrain C␣OC␣ distances, main
chain NOO distances, main-chain and side-chain dihedral
angles, etc. The individual restraints are assembled into a
single molecular PDF (MPDF). Each PDF has a similar
meaning as the energy terms in a molecular mechanics
(MM) force ﬁeld function. These PDFs were originally
constructed from over 400 protein structures in the Protein Data Bank (PDB). They were used, along with the
coordinate information from the template protein, to build
a ﬁnal MPDF. The related or reference protein structures
are used to derive spatial restraints expressed as PDFs for
each of the restrained features of the model. For the
aligned residues, all atomic coordinates of the residue are
copied from the template protein, according to the restraints. However, for the mismatched residues only the
C␣ atom coordinates are copied from the template protein
while the remaining atomic coordinates are constructed by
using internal coordinates derived from a CHARMM
(Chemistry at HARvard Macromolecular Mechanics) topology library.32 All of this coordinate information, as well as
the PDFs, are used to build a ﬁnal MPDF for the model
protein.
The 3D protein model is then obtained from an optimization of the newest MPDF. The optimization procedure
itself consists of a variable target function method33 with a
conjugate gradient minimization scheme. This method,
therefore, was designed to ﬁnd the most probable 3D
structure of a protein, given its amino acid sequence and
its alignment with related structures. This kind of homology modeling scheme is in general based on the assumption that the structure of an unknown protein is similar to
known structures of some reference proteins.
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Energy minimization
Before doing docking calculations, the homology-modeled structure was energy minimized to account for the
effect on the local structure of the mutation of threonine
252 to alanine (T252A). Because we performed a minimization for the T252A mutant protein, we also performed a
similar minimization on the WT structure so that both
resultant structures were reﬁned in the same way (i.e.,
through the same minimization procedure and to the same
gradient tolerance). Our full LeuRS homology-modeled
structure contains 800 residues and has dimensions of ca.
120 ⫻ 90 ⫻ 80 Å, so a water box for minimization or
molecular dynamics should be ca. 20 Å more in each
dimension. Because the full protein is so large, our minimization was performed with a 5-Å water layer (4012 water
molecules) for the T252A mutant as well as the wild-type
(WT) structure. The calculation was performed using the
CHARMM program with CHARMM27 parameters32 and a
12-Å cutoff. First, the steepest descent algorithm was used
for 1000 steps to remove close van der Waals contacts,
followed by the more efﬁcient Adopted Basis NewtonRaphson (ABNR) scheme until a tolerance of 0.05 kcal/
mol 䡠 Å in the gradient was reached.
Automated Docking Simulation
The automated docking of amino acids into the editing
site in the CP1 domain of LeuRS was performed with the
AUTODOCK3.0 program developed by Olson et al.34 –37 It
performs a rapid energy evaluation through precalculated
grids of afﬁnity potentials with a variety of search algorithms to ﬁnd suitable binding positions for the ligand to
the given protein. It also allows torsional ﬂexibility of the
ligand; however, the protein is required to be rigid in the
simulation.
Ligand and protein preparation
In the present work, Leu was docked to three different
proteins: WT and T252A of E. coli LeuRS and WT of T.
thermophilus LeuRS for comparison purposes. The lleucine amino acid structure was built with the BIOPOLYMER module of INSIGHTII; the terminal N and C moieties were charged as NH3⫹ and COO⫺.
The WT structure of T. thermophilus LeuRS was from
the X-ray structure and the WT structure of E. coli LeuRS
was homology modeled. As described above, the T252A of
E. coli LeuRS was constructed by virtual mutation from
the homology-modeled structure using the BIOPOLYMER
module of INSIGHTII. It was then energy minimized with
a 5-Å water layer in the same manner as for the WT. The
root mean square deviation (RMSD) of backbone atoms
between the WT and T252A after minimization was 0.24 Å
and the RMSD of backbone atoms between the minimized
and starting structures of WT was 0.68 Å.
Computational details
The rotatable torsional angles of ligand molecules are
speciﬁed by the AUTOTORS program. The center of a 34 ⫻
34 ⫻ 34-Å grid was placed near of the conserved T252
residue in the gorge of the CP1 domain of the three
different systems. An 85 ⫻ 85 ⫻ 85-point grid was used
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with a spacing between each grid point of 0.4 Å. Once the
grid size and center were determined, the potential energy
at the each grid point was calculated using the AUTOGRID program. After constructing all energy data for all
grid points, the main docking simulation followed. The
AUTODOCK program computes the interaction energy
between the ﬂexible ligand conformer and each grid point
via a combined searching algorithm. A translational step
of 0.2 Å and a rotational step of 5° were used. The initial
starting position and dihedral angles for rotatable angles
were selected randomly and ﬁnally 50 docking simulations
were run to obtain statistically acceptable docked structures of each ligand. Therefore, this docking simulation
resulted in 50 docked structures, along with their docking
energies per ligand in each protein structure. In these
docking studies, the entire protein containing 800 residues
was present, although docking was focused on the CP1
domain.
Lamarckian genetic algorithms
AUTODOCK3.0 can use a Lamarckian genetic algorithm (GA) as the search method for the docking simulations.37 GAs use concepts based on biologic evolution.38,39
In a molecular docking simulation, the particular arrangement of a ligand can be deﬁned by a set of state variables
that describe translation, orientation, and conformation of
the ligand. In GAs, each variable corresponds to a gene.
The ligand’s state corresponds to the genotype and the
atomic coordinates correspond to the phenotype. In molecular docking, the ﬁtness is the total interaction energy of the
ligand with the protein. After generating the population by
distributing the random values to the genotype, random
pairs of individuals are mated using crossover, in which
the new generation inherits genes from either parent. In
addition, some offspring undergo random mutation.37 In
addition to GA as the global search method, AUTODOCK
uses an adaptive local search (LS) method that is based on
that of Solis and Wets40 in that it adjusts the step size
depending upon the recent history of energy.37 The
Lamarckian genetic algorithm (LGA), as implemented in
AUTODOCK, is a hybrid of the GA method (for global
search) and adaptive LS (for local search) and has enhanced performance relative to simulated annealing and
GA alone.41
We used the LGA in our docking simulations with the
following settings: a maximum number of 1.5 ⫻ 106 energy
evaluations, an initial population of 50 randomly placed
individuals, a maximum number of 27,000 generations, a
mutation rate of 0.02, a crossover rate of 0.80, an elitism
value (number of top individuals that automatically survive) of 1, and ﬁnally 10 generations for picking the worst
individual. For the adaptive local search method, the
pseudo-Solis and Wets algorithm was applied using a
maximum of 300 iterations per search. The probability of
performing a local search on an individual in the population was 0.06 and the maximum number of consecutive
successes/failures before changing the local search step
size was 4.
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3D structure generation
Using a comparative protein modeling method, the 3D
structure of E. coli LeuRS was generated with the MODELER program using multiple alignment information and
molecular PDF functions. The ﬁnal 3D structure generated by our homology modeling method is displayed along
with the reference protein in Figure 2. Figure 2(A) shows
stereo ribbon diagrams of the X-ray structure of T. thermophilus LeuRS,12 while the ﬁnal homology-modeled structure of E. coli LeuRS is given in Figure 2(B). The RMSD for
the backbone atoms of the two entire structures is 1.18 Å;
however, the RMSD for the CP1 domains (195 residues of
224 – 417; green in Fig. 2) is only 0.60 Å. The small RMSD
can be interpreted to mean that the two structures share
common homology and the generated structure is reasonable. The worst aligned region is the leucyl-speciﬁc domain
(residues 572– 619; purple in the ﬁgure). This domain is
characteristic of the LeuRS protein and the size and shape
of it varies substantially among organisms.12 This domain
may be important for aminoacylation because it is close to
one of the key regions of the protein, the KMSKS region.42,43 However, our main concern in the present study
is with the CP1 domain [green in Fig. 2(B)] to investigate
the editing reaction. The CP1 domain is globular while the
full LeuRS is elongated with ca. 800 residues.
Protein structure validation

Fig. 1. Sequence alignment results. Bold indicates the blocks that
show high statistical signiﬁcance (see the text for details).

RESULTS
Homology Modeling
Sequence alignment
The sequence alignment from the segment pair overlap
algorithm is shown in Figure 1, where the bold letters
represent residues that were used for the blocks, as
previously described. The ﬁrst half (ca. 55%) of the sequence that comprises the conserved Rossmann binding
domain in class I aaRRs is almost perfectly aligned. The
second half of the protein, which is less conserved, however, contains several regions that were not well aligned.
In the ﬁgure, the last aligned residue of E. coli LeuRS is
Val796 and no template structure exists for the remaining
64 residues (from 797– 860). Therefore, the ﬁrst 800 residues, including 3 extra residues, were considered for the
structure generation procedure while the remaining 60
residues were discarded because a reliable structure could
not be generated for that region.

To validate our homology-modeled E. coli LeuRS structure, a Ramachandran plot was drawn and the structure was
analyzed by PROCHECK, a well-known protein structure
checking program,44,45 and PROSTAT from the HOMOLOGY module of INSIGHTII.26 The phi-psi plot is shown in
Figure 3 while the more detailed results are listed in Table I.
Figure 3 shows that the structure is reasonable overall
because the spot distributions for the homology-modeled
structure was similar to the standard X-ray structure.
Table I lists more detailed scores for both structures.
The results showed that our modeled structure was competitive with the standard structure. For example, the
percentage of the residues in “most favored regions” (the
darkest area in the ﬁgure) are 92.9% for X-ray T. thermophilus LeuRS and 91.8% for homology-modeled E. coli LeuRS
structure. The overall PROCHECK score for the homologymodeled structure is ⫺0.10. This score indicates that the
modeled structure is acceptable because the recommended
value is greater than ⫺0.5.44 In considering only the CP1
domains, which is the focus of this investigation, the
PROCHECK score for the modeled structure is ⫺0.06.
Another protein structure analysis program, PROSTAT
available in the HOMOLOGY module of INSIGHTII, was
used for structure validation.26 The program measures all
bond distances, bond angles, and dihedral angles for the
given protein structure and compares them with its own
database. It then reports the instances that are out of
usual ranges. The results are listed at the bottom of Table
I. They show that the two structures are comparable,
although the CP1 domains alone showed the best results.
Finally, the 3D homology-modeled structure was proﬁled using the VERIFY3D program46 and then compared
with the template structure. The 3D-1D scores averaged
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697

Fig. 2. Stereo ribbon diagrams of the X-ray structure of T. thermophilus LeuRS (A) and the homologymodeled structure of E. coli LeuRS (B). The domains are colored as follows: N-terminal extension (blue),
catalytic domain (Rossmann fold, yellow), Zn-1 domain (white), helical hairpin insertion (cyan), editing domain
(CP1, green), Zn-2 domain (orange), leucyl-speciﬁc insertion domain (purple), connecting module (gray),
anti-codon binding domain (red), and C-terminal extension (black). The backbone atom RMSD with respect to
the X-ray structure for the full modeled structure is 1.18 Å and for the CP1 domain only (green) is 0.60 Å. [Color
ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

over all residues were 0.35 for our modeled structure and
0.48 for the X-ray structure. The score value, for a wellfolded protein, should be above 0.1.46 A higher score
indicates a better 3D structure.

We conclude that our homology-modeled structure is
acceptable overall because it does not have any fatal
defects. Although the entire structure of the protein will be
used in future automated docking studies, our binding site
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Fig. 3. Ramachandran plot of the X-ray structure of T. thermophilus LeuRS (A) and the homology-modeled structure of E. coli LeuRS (B). The
different colored areas indicate “disallowed (white),” “generously allowed,” “additional allowed.” and “most favored (the darkest area)” regions in order of
increasing darkness (see Table I).

TABLE I. Results of Protein Structure Check by PROCHECK44,45 and PROSTAT26
T. thermophilus LeuRS
Residues in most favored regions
Residues in additional allowed regions
Residues in generously allowed regions
Residues in disallowed regions
Number of non-Gly and non-Pro residues
Number of end residues
Number of Gly residues (shown as white boxes)
Number of Pro residues
Total number of residues
Overall PROCHECK scorea
Number of bond distances with signiﬁcant deviationsb (by PROSTAT)
Number of bond angles with signiﬁcant deviationsb (by PROSTAT)
Number of dihedral angles with signiﬁcant deviationsb (by PROSTAT)
a
b

E. coli LeuRS

All

CP1 only

All

CP1 only

645 (92.9%)
45 (6.5%)
3 (0.4%)
1 (0.1%)
694 (100.0%)
2
60
58
814
0.36
0
0
3

149 (94.3%)
8 (5.1%)
1 (0.6%)
0 (0.0%)
158 (100.0%)
2
20
16
196
0.35
0
0
1

614 (91.8%)
46 (6.9%)
7 (1.0%)
2 (0.3%)
669 (100.0%)
2
52
39
800
⫺0.10
1
0
2

149 (93.7%)
9 (5.7%)
1 (0.6%)
0 (0.0%)
167 (100.0%)
2
17
8
194
⫺0.06
0
0
0

Recommended value ⬎ ⫺0.50 and investigation is needed for ⬍ ⫺1.0.
Number of instances for which the property differs more than 10 standard deviations from the reference value.

search will be focused on the CP1 domain (194 residues
from I224 to L417).

Automated Docking Simulations
Clustering the docked structures

Energy minimization

Results of automated docking simulations of a leucine
ligand with the CP1 domain of E. coli LeuRS are shown in
Figure 4: WT [Fig. 4(A)] and T252A mutant [Fig. 4(B)].
Additional docking results of leucine against the WT T.
thermophilus LeuRS CP1 domain are given in Figure 4(C)
for comparison purposes. In the ﬁgure, only the 50 C␣
atoms of the 50 docked leucines are rendered (as black
spheres). As Figure 4 shows, most of the spheres are
located in two major regions. For example, 45 of the 50
spheres are gathered in one of these two major regions in
the WT LeuRS with leucine [Fig. 4(A) and Table II]. The
two regions will be called POCKET 1 and POCKET 2 for

The backbone RMSD between the ﬁnal minimized WT
and the template (T. thermophilus) structure is 1.25 Å
while that between the starting homology-modeled structure and the template was only 1.18 Å, so the minimization did not appear to cause a substantial distortion in
the structure and appears to have accomplished the goal
of relieving steric clashes and close contacts. In addition, because we had to minimize the mutant protein
(T252A) we also had to minimize the WT protein so that
they were at the same level of reﬁnement for use in
further studies.
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Fig. 4. Automated docking results of the leucine against the CP1 domain. Only the CP1 domain and C␣ atoms (black spheres) of 50 docked leucines
are visualized for clarity. The results were given for the WT (A) and T252A mutant (B) of E. coli LeuRS and the WT (C) of T. thermophilus LeuRS for
validation and comparison purposes. The lowest-energy docked structures for each pocket are rendered by sticks and shown in both pockets. In each
panel, POCKET 1 is in the center and POCKET 2 is in the upper right.

TABLE II. Automated Docking Results of the 50 Leucine Ligands into the CP1
Domain of E. coli and T. thermophilus LeuRS

WT (E. coli)
T252A (E. coli)
WT (T. thermophilus)

Number of leucines
docked into
POCKET 1a

Number of leucines
docked into
POCKET 2a

Total number
of leucinesb

14
22
22

31
24
13

45
46
35

a
The number of the docked ligands in which the C␣ atom is located within 4 Å from that of the
lowest docked energy structures for each pocket.
b
The total number of the docked ligands in POCKET 1 or POCKET 2.

convenience. POCKET 1 lies in the central area that
contains the conserved threonine-rich editing region [Fig.
4(A)]. POCKET 1 is comprised of residues T247, T248,
T252, M336, D342, and D345, while POCKET 2 is surrounded by residues E292, A293, M295, A296, and M298.
For each cluster, the lowest-energy docked structure was
selected as a sample conformation for each pocket. The
representative docked leucine is visualized in the each
pocket to show the orientation of the molecule (Fig. 4).
Methionine and several other amino acids were also
docked into the CP1 domain and compared to the results
from the leucine docking. The overall docking trends are
similar to the leucine case (data not shown). The detailed
docking results of leucine are summarized in Table II. The
docking frequencies of leucine into POCKET 1 or POCKET
2 were determined from 50 runs. The values in the table
represent C␣ atoms of the docked ligands within 4 Å from
that of the lowest-energy docked ligands in each pocket.
The table shows that the two pockets are the dominating
docking sites. For leucine, 35– 46 runs from a total of 50
docked to one of the two pockets for both WT and T252A
mutant LeuRS. This strong clustering suggests that both
the docked structures and the docking sites are relevant.
Therefore, both clustered regions were proposed as amino
acid binding sites in the editing domain of the E. coil
LeuRS. Because the clustering patterns were also similar
for the methionine, isoleucine, and valine, we think the
pockets are not designed only for the leucine but for other
amino acids (results not shown).

Demonstration of the amino acid binding mode
Two sample structures of the docked leucines were
compared for the WT and T252A mutant [Figs. 5(A) and
5(B)]. The lowest-energy docked structures are shown
for the purposes of illustration of the binding modes. It
should be noted that the sampled structures do not
mean the real binding mode between the protein and the
ligand because in general the docking study has many
limitations to extract that kind of conclusion. Four
neighboring residues along with the important residue
T252 (A252 for the T252A mutant) are shown in the
ﬁgure. The overall docked conformations for both ligands are similar, although the positions of the sidechains are slightly rotated. The N atom in NH3⫹ of each
leucine was hydrogen bonded to the OD (O␦) atom of the
highly conserved D345 and an O atom in COO⫺ was
hydrogen bonded to the OG (O␥) atom of the T247. To
compare these binding patterns with the an experimentally determined structure, an image of the X-ray structure of the complex between valine and the isoleucyltRNA synthatase (IleRS) from T. thermophilus is shown
[Fig. 5(C)].8,15* The corresponding four residues are

*The X-ray structures of the IleRS were reported in “protein-only”
and “valine-complexed” form by Nureki et al.15 Because, currently, the
coordinates are available only for the protein-only form from the PDB
(code: 1ILE), a valine was introduced to the editing site and then
manually aligned along the ﬁgures in their articles8,15 only for rough
comparison purpose.
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Fig. 5. Binding modes of leucine with the lowest-energy docked leucine structures in POCKET 1 for the WT
(A) and T252A mutant E. coli LeuRS (B). Four neighboring residues of the docked leucine, including the highly
conserved threonine and aspartate (T252 and D345), are visualized. For the comparison of the amino acid
binding pattern to other systems, the editing site of the X-ray structure8 of T. thermophilus IleRS was also given
with a manually placed valine in its editing site (C).52

shown in the ﬁgure. Our binding site in E. coli LeuRS
and the binding mode seem to be reasonable compared to
the real amino acid binding structure in T. thermophilus
IleRS. In particular, the hydrogen bonds of the N atom
and O atom of the amino acid were perfectly recreated
with the corresponding residues, D328 and T228, which
are the key consensus residues of the editing domain in
T. thermophilus IleRS. This result strongly suggests
that our illustration for the amino acid binding mode is
meaningful.
Docked energy and predicted free energy
The energies used in the docking studies include intermolecular and intramolecular interaction energies.37
AUTODOCK reports the ﬁnal docked energies and estimated free energies for each run according to its energy
function for the ﬁnal docked structures. The predicted free
energy includes the intermolecular energy and torsional
free energies and an empirically parameterized free energy.37 In Table III, the docked energies and predicted free
energies are reported for the ﬁve lowest-energy docked
complexes. For WT E. coli LeuRS, the docking energies in
POCKET 1 and POCKET 2 are similar to one another
(average values of ⫺7.61 and ⫺7.42 kcal/mol, respectively)
and also the predicted free energy differences are small
(⫺5.61 and ⫺5.67 kcal/mol, respectively). The same is true
for WT T. thermophilus LeuRS. It was also found that
there was no substantial energy difference between the
WT and the T252A mutant, that is, the mutation of the
conserved threonine (T252) to alanine does not cause a
substantial environmental change in the pocket.
It is worth noting that there is a signiﬁcant difference in
average RMSD values for the docked leucines. The RMSD
values of the ﬁve lowest-energy docked leucines were
measured with the lowest-energy docked leucine of each

pocket. In E. coli LeuRS, the average RMSD values for the
T252A mutant are signiﬁcantly smaller in POCKET 1,
0.18 Å, as compared to other cases (1.04 –1.14 Å). Importantly, the mutation of T252 to alanine manipulates the
surface of POCKET 1 for the ligand leucine to be more
easily bound, as supported by the biochemical evidence
reported by Mursinna et al.14
Surface rendering for the docked structure
To visualize the amino acid binding pocket of the CP1
domain, the molecular surface of the CP1 domain is shown
in Figure 6. In Figure 6(A), two of the lowest-energy
docked leucines in each pocket are rendered in a spaceﬁlling model and the ﬁve residues nearest the docked
leucine are yellow. Interestingly, the surface of the protein
has a reverse L-shaped channel between the two pockets
that has been depicted in blue for clarity. In Figure 6(B),
the docked leucines were removed and the whole structure
was rotated around the Y-axis to show the relative positions of the highly conserved threonine (T252) along with
T247; the two threonines are red [Fig. 6(B)]. The residue to
the right is T247 and the one on the left is T252. Interestingly, T252 is located at the bottom of POCKET 1 while
T247 is near the entrance. Signiﬁcantly, this supports the
hypothesis that T252 interacts with the side-chain of the
incoming amino acid and plays an important role in amino
acid discrimination.
Leu-AMP docking to the CP1 domain
There are two different reactions for editing, pre- and
posttransfer.7,17,47,48 In the pretransfer editing pathway,
the aaRS directly hydrolyzes AA-AMP to AA ⫹ AMP.7,8 If
the amino acid moiety is transferred to the 3⬘-end of tRNA,
the posttransfer editing hydrolyzes the AA-tRNA to produce AA and tRNA. This indicates that the CP1 editing
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TABLE III. Docked Energy and Predicted Free Energy for the Five Lowest Docked Energy Structures
POCKET 1

No.
WT (E. coli) ⫹ Leu

Ave.
T252A (E. coli) ⫹ Leu

Ave.
WT (T. thermophilus) ⫹ Leu

Ave.
a

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

POCKET 2

Docked
energy
(kcal/mol)

Predicted
free energy
(kcal/mol)

RMSD
(Å)a

Docked
energy
(kcal/mol)

Predicted
free energy
(kcal/mol)

RMSD
(Å)a

⫺8.15
⫺7.85
⫺7.38
⫺7.35
⫺7.34
⫺7.61
⫺7.43
⫺7.43
⫺7.43
⫺7.42
⫺7.42
⫺7.43
⫺8.47
⫺8.44
⫺8.40
⫺8.40
⫺8.37
⫺8.42

⫺6.13
⫺5.76
⫺5.39
⫺5.41
⫺5.35
⫺5.61
⫺5.45
⫺5.45
⫺5.47
⫺5.43
⫺5.44
⫺5.45
⫺6.61
⫺6.48
⫺6.43
⫺6.46
⫺6.68
⫺6.53

0.00
1.03
1.14
1.10
1.12
1.10
0.00
0.13
0.25
0.18
0.16
0.18
0.00
0.76
0.83
0.71
0.56
0.72

⫺7.51
⫺7.49
⫺7.47
⫺7.37
⫺7.27
⫺7.42
⫺7.66
⫺7.21
⫺7.20
⫺7.19
⫺7.18
⫺7.29
⫺7.93
⫺7.91
⫺7.91
⫺7.87
⫺7.65
⫺7.85

⫺5.85
⫺5.58
⫺5.52
⫺5.68
⫺5.71
⫺5.67
⫺5.90
⫺5.29
⫺5.27
⫺5.27
⫺5.48
⫺5.44
⫺6.00
⫺6.07
⫺5.97
⫺5.91
⫺5.89
⫺5.96

0.00
0.92
1.06
1.33
1.24
1.14
0.00
0.98
0.98
1.01
1.19
1.04
0.00
0.85
0.24
0.32
1.17
0.65

RMSD values were measured with the best docked leucine of each pocket.

Fig. 6. Two amino acid binding pockets in the editing (CP1) domain of E. coli LeuRS. To visualize the two binding pockets, the molecular surface of
the protein was rendered using Connolly algorithm and visualized in the bottom view of the structures in Fig. 2(B). Two low-energy docked leucine
complexes, one for each pocket, were rendered by CPK in the both pockets (A). Yellow shows the closest residues to the docked ligands. The reverse
L-shaped channel between the two pockets is blue. To show the relative positions of T247 and T252 inside the pocket, the ligand leucines were removed
and the whole structure was slightly rotated around the Y-axis. The two threonines, T247 and T252, are red. The one on the right is T247 and the left is
T252. While T247 lies in the entrance, the highly conserved T252 is located at the bottom of the POCKET 1.

domain must bind to both the AA and AMP during
pretransfer editing as well as the AA attached to tRNA for
the posttransfer editing reaction.
Although only posttransfer editing has been demonstrated for E. coli LeuRS,14,49 it has been revealed that
some eukaryotic LeuRSs have pretransfer editing capability.49 To obtain some clues, in general, about the pretransfer editing capability of LeuRS, proposed binding sites of
Leu-AMP in the editing domain were investigated by

automated docking simulations with the pre- and posttransfer structures of AA-AMP. E. coli and T. thermophilus LeuRS were utilized as models although the former has
only been demonstrated to have posttransfer editing activity.14 From an evolutionary perspective, this approach
would be valuable because many aaRSs have evolved their
editing functions under external pressure. The results
showed that there were no acceptable clusterings for
Leu-AMP or other AA-AMP substrates (results not given),
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that is, the ﬁnal 50 docked structures were found in
different conformations from each other and were also
located in different positions, unlike the results for the
leucine amino acids. The space between the CP1 domain
and the main body of the protein in the current conformation may not be enough to accept AA-AMP because the size
of AA-AMP is much larger than the AA itself.
Fukai et al. proposed that there were two different
states of aaRSs in the editing reaction: an “open form” and
a “closed form.”8 According to this deﬁnition, our protein
conformation is in the closed form. In the open form,
however, the CP1 domain moves away from the main body
and may facilitate AA-AMP binding to the editing active
site. In an attempt to emulate the open form, the LeuRS
main body was removed to avoid the space deﬁciency
problem observed in the docking simulations. Again, no
acceptable clustering results were obtained from the docking studies. This shows that there is no acceptable region(s) that can accommodate the entire Leu-AMP structure in the CP1 domain, at least in the present
conformation. Alternatively, it may indicate that our emulation of the open form emulation was not enough to be
realistic. Finally, interactions may exist between the AMP
and the main body of the protein while the AA portion is
associated with the CP1 domain.
We also tried manual docking to bind the AA moiety of
AA-AMP in one pocket and the AMP part in the other.
From the results of automated docking studies, the distance between the two C␣ atoms of the two lowest-energy
docked leucines in both pockets is about 14 Å and the
distance between the two C␣ atoms of T248 and A293 is
about 20 Å. The longest interatomic distance in a stretched
conformation of Leu-AMP is about 15 Å and the distance
between the C␣ atom of the leucine and the center of the
purine ring in AMP approximates 9 –10 Å. The results
showed that the distance between the both pockets was too
far for them to ﬁt together simultaneously (data not
shown). A distance adjustment of 4 –5 Å between the two
pockets is required to achieve complete ﬁtting.
These AA-AMP docking simulation results may suggest
that the CP1 domain structures of E. coli and T. thermophilus LeuRS are not favorable for the pretransfer editing
reaction or that the conformations of the CP1 domain of
the LeuRSs should be substantially changed to accept
Leu-AMP or an AA-AMP into a “pretransfer” editing site.
DISCUSSION
The automated docking simulations using only the
amino acid as a ligand revealed that there are two possible
amino acid binding pockets in the editing (CP1) domain of
E. coli LeuRS. POCKET 2 is closer to the aminoacylation
site in the main body of LeuRS and POCKET 1 includes
T252 and resides near the central region of the CP1
domain. It is possible that one pocket is designed for
pretransfer editing and the other is for posttransfer editing as Fukai et al. suggested based on the ValRS crystal
structure.8 Mursinna et al. previously demonstrated that
the conserved threonine residue T252, located in POCKET
1, is critical to substrate speciﬁcity in posttransfer editing.14 The equivalent T252A mutation in yeast cytoplas-

mic LeuRS, which possesses the pretransfer editing activity, did not appear to affect editing activity (T.L. Lincecum
and S.A. Martinis, personal communication). This suggests that POCKET 1 may be exclusively designed for the
pretransfer editing. To date, there are no experimental
results suggesting that POCKET 2 is involved in pretransfer editing.
Alternatively, the mutation experiments for T252 in
POCKET 1 and A293 in POCKET 214,50,51 reported that
the editing activity of E. coli LeuRS was affected by
mutations in either pocket. Therefore, we can propose that
both pockets are related to the posttransfer editing reaction or that both pockets are the posttransfer editing active
sites. Possibly, both pockets may work together or allosterically affect the other pocket. This idea is also consistent
with the experimental mutation results because some
speciﬁc changes, such as T252A and A293D, in either
pocket affected the editing activity of the protein.14,51
Although it has been revealed that mutation of A293 in
POCKET 2 affects the aminoacylation and editing activity
of E. coli LeuRS,50,51 it is still unclear if POCKET 2 is an
editing active site. Chen et al. suggested that the mutation
of A293 might cause a substantial change in the editing
domain conformation. It can, therefore, be thought that
the conformational change, which may be induced by the
mutation of A293, would affect the function of POCKET 1
negatively. In this case, the function of POCKET 2 is
unclear and requires more experimental and modeling
studies to clarify.
In summary, some aaRSs discriminate their cognate
amino acids against the others via proofreading and
editing mechanisms. It has been reported that substituting a highly conserved threonine (T252) with an alanine
within the editing domain of E. coli LeuRS caused the
protein to hydrolytically cleave its cognate aminoacylated
leucine from tRNALeu.14 To achieve atomic-level insight
into the role of T252 in LeuRS and the editing reaction of
aaRSs, molecular modeling methods were applied to investigate amino acid binding sites in the editing domain of E.
coli LeuRS.
First, because the X-ray or NMR structure of E. coli
LeuRS is not available a 3D structure was constructed
using the X-ray structure of T. thermophilus LeuRS as a
template for homology modeling (Fig. 2). The RMSD for
backbone atoms between the two structures was 1.18 Å
overall and 0.60 Å for only the editing (CP1) domain.
Second, automated docking studies were carried out to
elucidate the amino acid binding site(s) in the CP1 domain
of both the X-ray T. thermophilus and homology-modeled
E. coli LeuRS structures The results indicate that there
are two possible amino acid binding sites in the editing
domain. In E. coli LeuRS structure, the ﬁrst is located near
the threonine-rich region comprised of residues T247,
T248, T252, M336, and D342 (POCKET 1) and the second
is in a ﬂexible loop region surrounded by residues E292,
A293, M295, A296, and M298 (POCKET 2). It was found
that the highly conserved threonine (T252) is located at
the bottom of the ﬁrst binding pocket (POCKET 1).
These automated docking results are supported by the
results of the mutation experiments for E. coli LeuRS.14,51
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The T252A mutant lost its discriminating ability for its
cognate leucine14 and the A293D mutation caused the
editing activity of LeuRS to decrease.50 Therefore, based
on the results of both computational and mutational
analyses, we conclude that both pockets we found are
highly correlated to the editing activity of E. coli LeuRS.
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