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Leucyl-tRNA synthetases (LRS) catalyze the linkage of leucine with tRNALeu. A large insertion CP1 domain
(Connective Polypeptide 1) in LRS is responsible for post-transfer editing of mis-charged aminoacyl-tRNAs.
Here, we characterized the CP1 domain of Leishmania donovani, a protozoan parasite, and its role in editing
activity and interaction with broad spectrum anti-fungal, AN2690. The deletion mutant of LRS, devoid of CP1
domain (LRS-CP1D) was constructed, followed by determination of its role in editing and aminoacylation.
Binding of AN2690 and different amino acids with CP1 deletion mutant and full length LRS was evaluated
using isothermal titration calorimetry (ITC) and molecular dynamics simulations. The recombinant LRS-CP1D
protein did not catalyze the aminoacylation and the editing reaction when compared to full-length LRS. Thus,
indicating that CP1 domain was imperative for both aminoacylation and editing activities of LRS. Binding
studies with different amino acids indicated selectivity of isoleucine by CP1 domain over other amino acids.
These studies also indicated high afﬁnity of AN2690 with the editing domain. Molecular docking studies
indicated that AN2690-CP1 domain complex was stabilized by hydrogen bonding and hydrophobic interactions resulting in high binding afﬁnity between the two. Our data suggests CP1 is crucial for the function of L.
donovani LRS.
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1. Introduction
Aminoacyl-tRNA synthetases (aaRS) constitute a
diverse group of enzymes which catalyze the esteriﬁcation of a speciﬁc amino acid to its cognate tRNA via
a two-step reaction. The ﬁrst step being, activation of
the amino acid with ATP in the active site of the
enzyme to form an aminoacyl adenylate intermediate,
followed by the second step, which is, esteriﬁcation of

the amino acids to the 30 -end of the cognate tRNA to
form the ‘charged’ aminoacyl tRNA. The ﬁdelity of
protein synthesis depends on the accuracy of these
reactions (Ibba and Soll 2000).
aaRS ensure quality control during aminoacylation
by discriminating between cognate and non-cognate
amino acids by employing proofreading (editing)
mechanisms which cause hydrolysis of the non-cognate
amino acid. Pre-transfer editing mechanisms manifest
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during the formation of a misactivated aminoacyl
adenylate (aa-AMP). Post-transfer editing occurs after
formation of a mischarged aminoacyl-tRNA (aatRNAaa) (Martinis and Boniecki 2010).
Leucyl-tRNA synthetase (LRS) exhibits a large
hydrophobic pocket at the aminoacylation active site for
leucine (Cusack et al. 2000). It has been found to
accommodate and misactivate structurally similar noncognate amino acids like isoleucine, methionine and
non-standard amino acids like norvaline, in vitro (Martinis and Fox 1998; Zhu et al. 2009; Cvetesic et al. 2014).
To rectify errors and maintain ﬁdelity, LRS recruits both
pre-transfer and post-transfer editing mechanisms
(Martinis and Fox 1998; Zhu et al. 2009; Cvetesic et al.
2014; Lincecum et al. 2003; Boniecki et al. 2008; Zhai
and Martinis 2005; Tukalo et al. 2005; Tan et al. 2010;
Zhou and Wang 2009; Zhou et al. 2009). Leucyl tRNA
synthetase possesses a characteristic catalytic core consisting of a Rossmann fold and a large insertion domain
called connective peptide 1 (CP1) (Lin et al. 1996). CP1
functions as an editing domain (Chen et al. 2000) and
folds independently in the tertiary structure to undertake
post-transfer editing of mischarged aminoacyl-tRNAs
(Huang et al. 2014). Apart from leucyl-tRNA synthetase,
this CP1 editing domain is also known to be present in
isoleucyl tRNA synthetase and valyl tRNA synthetase,
with all the three enzymes belonging to same sub-class Ia
of aminoacyl tRNA synthetases (Schimmel et al. 1992).
LRS-CP1 consists of a discrete stretch of around
200-300 amino acids connected to the catalytic core
domain via two b-strand linkers (Cusack et al. 2000).
The functioning of LRS requires the dynamic rotation
of CP1 to the coordinated conformation during the
aminoacylation or editing cycle. In the tRNA-bound
editing complex, LRS-CP1 domain extends away from
the aminoacylation core (Tukalo et al. 2005). However,
in the aminoacylation complex, CP1 descends upon the
aminoacylation active site to interact with the tRNA at
its 30 end (Palencia et al. 2012). In addition to its role in
post-transfer editing, LRS-CP1 domain also appears to
regulate the aminoacylation reaction and pre-transfer
editing of the aminoacyl adenylate intermediate by
interacting with tRNA and controlling access to the
aminoacylation active site (Boniecki et al. 2008).
We have previously reported the molecular and
enzymatic characterization of Leishmania donovani
LRS (LRS). Our data suggested that LRS is indispensable for the parasite’s survival and the broadspectrum antifungal, 5-ﬂuoro-1,3-dihydro-1-hydroxy2,1-benzoxaborole (AN2690) was found effective in
inhibiting the aminoacylation activity of the recombinant LRS (Manhas et al. 2018).

The present study was undertaken to characterize the
role of L. donovani CP1 domain in aminoacylation and
editing reactions of LRS. The CP1 domain was found to
be crucial for aminoacylation reaction along with catalysing the editing reaction as indicated by the lack of both
aminoacylation and editing activities observed in case of
the deletion mutant. CP1 domain was found to be necessary for the binding of AN2690 with LRS, indicated by
its lack of binding with the deletion mutant as observed
by ITC studies. The complex thus formed was found to
be stabilized by hydrogen bonding and hydrophobic
interactions as indicated by molecular docking studies.
ITC and molecular docking studies conﬁrmed the strong
binding afﬁnity of isoleucine with CP1 domain.
2. Materials and methods
2.1 Multiple sequence alignment and domain
architecture of CP1 domain
Multiple sequence alignment of CP1 domain sequences, obtained from Leucyl-tRNA synthetase sequences,
retrieved from NCBI, TritrypDB (Aslett et al. 2010),
SwissProt/Uniprotkb (Boutet et al. 2007), PlasmoDB,
using Pfam and InterProScan tools, was generated
using CLUSTAL W program. Using Pfam and
InterProScan tools, domain architecture of LRS of L.
donovani showing CP1 domain along with the core
domains was determined.

2.2 Construction of expression vector encoding
the CP1 domain
CP1 domain was PCR ampliﬁed using a forward primer with a ﬂanking BamHI site (50 -AAAGGATCCATGGAGTACGCATTGGTGAAG-30 ) and a reverse
primer with HindIII site (50 -CCCAAGCTTTTACAGCGCGACGACGCACTC-30 ) from previously
cloned L. donovani LRS (Manhas et al. 2018) serving
as a template. The 828 base pairs amplicon was then
inserted into the pET-30a expression vector to yield N
– terminal His6 tagged-CP1 domain.

2.3 Construction of expression vector encoding
the gene LRS–CP1D
The recombinant plasmid encoding for LRS–CP1D
was constructed using previously cloned L. donovani
LRS (Manhas et al. 2018) as template. Two fragments

CP1 domain of L. donovani leucyl-tRNA synthetase

were synthesized. The region preceding CP1 domain of
size 763 base pairs, encoding for the residues M1 –
Q253, was ampliﬁed by primers; P1 (50 -AAAGconGATCCATGTCCACGGCACGTCGCGAT-30 )
taining a BamHI site, and P2 (50 -TACTCGAGGT
ACCACTGGTCGCACTGCGGCAGCACACCCTCA
CCGCT-30 ). The second fragment was the region succeeding CP1 domain encoding for the residues C531 –
E1075 ampliﬁed by the primers P3 (50 –CGGT
GAGGGTGTGCTGCCGCAGTGCGACCAGTGGTA
CCTCGAGTA–30 ) and P4 (50 -CCGGAATTCCTA
CTCGCGCTTCACTACTGG-30 ) with an EcoRI site.
These two fragments were fused by overlap PCR
with primers P1 and P4. The fusion product thus
obtained, LRS–CP1D, was cloned into pET-30a
expression vector to yield N – terminal His6 tagged
LRS–CP1D.
2.4 Expression and puriﬁcation of recombinant
proteins
The recombinant plasmids were then transformed into
E. coli BL-21 (DE3) strain. Protein expression was
induced with 1 mM IPTG (isopropyl-b-D-thiogalactoside) at 16 °C for 16 h. Puriﬁcation of N-terminal
His6 tagged LRS, CP1 domain and LRS–CP1D was
performed by metal afﬁnity chromatography using
Ni2? - Nitrilotriacetic acid agarose resin (Qiagen,
Germany) by eluting with increasing concentrations of
imidazole (Manhas et al. 2018). Puriﬁed fractions were
concentrated using 30 kDa MWCO Centricon (Merck,
USA) ﬁlters.
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described (Manhas et al. 2018). tRNALeu template was
PCR ampliﬁed from genomic DNA using forward
primer, with T7 promoter sequence at its 50 end (50 TAATACGACTCACTATAGGG
GTGAGATGGT
CGAGTGGTCTA-30 ) and a reverse primer with TGG
sequence at its 50 end (50 -TGGTGATGAGAGTG
GGGTTTGAAC-30 ). In vitro transcription reaction was
performed with this template using MEGAScript T7
polymerase kit (Ambion; Life Technologies, USA).

2.7 Time course aminoacylation
Aminoacylation assays were performed in aminoacylation buffer (30 mM HEPES buffer, 140 mM NaCl, 30
mM KCl, 40 mM MgCl2) with 1 mM DTT, 200 lM ATP,
1 mM L – leucine, 2 U/ml inorganic pyrophosphatase
(PPiase; Sigma, USA), 8 lM tRNALeu, and 60 lg/ml
recombinant LRS or LRS–CP1D, to check whether
deletion of CP1 domain from LRS had any impact on its
aminoacylation activity. The reactions were carried out
in clear, ﬂat bottomed 96 wells plate (Nunc, Denmark)
with incubation at 37 °C for 5, 10, 15 and 20 min. After
each time point, the reaction was stopped by adding 10
mM EDTA and mixing on ice. Color development was
done by adding 12 ll of Malachite Green Development
solution and incubated at RT for 30 min in dark.
Absorbance was then measured at 620 nm using SpectraMax M2 microplate reader (Molecular devices, USA).
For background controls reactions without enzyme or
L-leucine were performed.

2.8 Editing activity by ATP consumption assay
2.5 Circular dichroism (CD) spectroscopy
Protein samples at the concentration of 0.30 mg/ml were
analyzed in 10 mM sodium phosphate buffer pH 7.4 on a
Jasco J-715 Spectropolarimeter at room temperature
(RT). A 0.1 cm path length cuvette was used and spectra
scans were accumulated over 5 scans. Background signals from the buffer were subtracted from each of the
spectrum. Estimation of secondary structure from CD
spectra was done using CAPITO-CD Analysing and
Plotting tool (Wiedemann et al. 2013).
2.6 Preparation of tRNA substrate
L. donovani tRNALeu (TritrypDB accession number
LdBPK_36tRNA4) was produced as previously

This assay works on the principle that when LRS
encounters misactivated tRNALeu with non-cognate
amino acids, it ‘edits’ the errors by hydrolysing the
misactivated tRNALeu consuming ATP, thus allowing
this editing activity to be measured in terms of ATP
breakdown (to AMP and PPi) (Splan et al. 2008).
This PPi is degraded by PPiase to release inorganic
phosphate (Pi) which is quantitated by Malachite
Green Assay as described previously (Manhas et al.
2018; Cestari and Stuart 2013; Baykov et al. 1988) to
measure the editing activity. This assay is basically a
modiﬁcation of aminoacylation assay as described
above with a single difference that instead of L-leucine as the substrate, non – cognate amino acids like
L-isoleucine or L-norvaline would be used as
substrate.
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2.9 Isothermal titration calorimetry (ITC)
ITC experiments were performed using ITC200 (Malvern, UK) as we have previously described (Manhas
et al. 2018). All the experiments were performed in 10
mM phosphate buffer (pH 7.5) at 25 °C with a cell
volume of 200 ll and syringe volume of 40ll and at a
stirring speed of 750 rpm . The syringe was loaded with
the ligands (leucine, isoleucine, norvaline, or AN2690)
at a concentration of 400–800 lM and sample cell was
ﬁlled with the protein (50 to 100 lM). A total of 20
injections were set with the initial injection of volume
0.4 ll followed by 19 injections each of 2 ll volume.
Control experiment of ligands with the buffer were also
set. The baseline subtracted data was analyzed using
the Origin software to obtain binding enthalpies (DH)
and binding constants (Ka) as previously described
(Ladbury 2010; Tiwary et al. 2018). The solid line
denotes the best ﬁt experimental data to single site
model yielding Ka (the association constant), DH°
(enthalpy change), and N (the molar binding stoichiometry). From this, the equilibrium dissociation
constant, Kd = 1/Ka, (where Kd is the dissociation
constant) was determined.
2.10 Homology modelling
The X-ray crystal structure of LRS of Leishmania
donovani is not available therefore homology model
was opted. The crystal structure of Leucyl-tRNA synthetase and tRNA(leucine) complex (Pyrococcus horikoshii) (PDB: 1WZ2) was chosen as the template to
perform the homology modelling of LdLRS. The
Modeller (Sali and Blundell 1993) stand-alone software was used to predict the LdLRS structure. The 3D
structure of the modeled protein was visualized using
PyMOL(DeLano 2002). The stereochemical structural
quality of the predicted model was validated by ProSA
server
(https://prosa.services.came.sbg.ac.at/prosa.
php).

workﬂow; hydrogen atoms were added according to
Epik v. 2.7(Schrödinger 2019) and minimized using the
OPLS3e force ﬁeld (Corbeil et al. 2012; Harder et al.
2016). The catalytic site, CP1 domain grid was built
with the dimensions of 63.6 Å 9 34.5 Å 9 25.4 Å (x,
y and z). Finally, molecular docking of LRS with different amino acids, leucine, isoleucine, norvaline and
inhibitor AN2690 was performed using the MOE
software (Sharma et al 2018). For docking (Sharma
et al 2018), the protein was kept rigid, and a maximum
of 10 conformations for each ligand was taken using
the default parameters of MOE using Triangle Matcher
placement. On the basis of MOE scoring [GeneralizedBornVolume Integral/Weighted Surface Area (GBVI/
WSA)] binding free energy calculation in the S ﬁeld
denoted the score. The GBVI/WSA is a scoring function that estimates the free energy of binding of the
ligand from a given pose. For all scoring functions,
lower scores indicate more favorable poses. Top ranked
docked conformations of ligands were selected for
further evaluation.
2.12 Molecular dynamics simulations
Molecular dynamics simulation (Eniyan et al. 2018;
Sharma et al. 2018) experiments were performed to
evaluate the stability of the docked complex of LRS
and different amino acids, leucine, isoleucine, norvaline and AN2690. The GROMACS 5.1.2 package
(Hess et al. 2008), with the GROMOS 96 force ﬁeld
was used to perform MD simulation. The MD simulation was performed as described in Reference (Eniyan et al. 2018; Sharma et al. 2018). The resulting
structural coordinates were saved at every 2ps of an
interval. XSCORE (Wang et al. 2002) and Drug Score
(Neudert and Klebe 2011) were also calculated to
estimate free energy of binding.
3. Results

2.11 Molecular docking

3.1 CP1 domain is required
for the conformational integrity of LRS

Molecular docking studies (Chadha et al. 2018; Eniyan
et al. 2018) were performed to investigate the intermolecular interactions between LRS and different
amino acids, leucine (Leu), isoleucine (Ile), norvaline
(Nva) and the inhibitor, AN2690 and to predict their
binding afﬁnities. The built homology model of LRS
was prepared using the Protein Preparation Wizard

The catalytic domain of LRS contains an insertion
called Connective polypeptide 1 (CP1) which is known
to have an editing activity (ﬁgure 1A). Multiple
sequence alignment of CP1 domain of LRS along with
the representative sequences from other eukaryotes
generated using CLUSTAL W (Thompson et al. 1994)
showed the presence of conserved ‘T-rich’ and ‘GTG’

CP1 domain of L. donovani leucyl-tRNA synthetase

motifs and the catalytically essential Asp residue (ﬁgure 1B). These ‘T-rich’ and ‘GTG’ motifs construct a
catalytic pocket which is responsible for the hydrolytic
editing reaction of LRS while the unanimously conserved ‘Asp’ residue is essential for the editing activity
as it forms a salt-bridge with the a-amino group of the
non-cognate amino acid to position it for hydrolysis by
a water molecule (Lincecum et al. 2003).
The region coding for CP1 domain was ampliﬁed
from LRS gene using speciﬁc primers and cloned into
pET-30a expression vector as reported in the Materials
and Methods section (ﬁgure 1C). Brieﬂy, the deletion
mutant, LRS-CP1D was synthesized by amplifying the
regions ﬂanking CP1 domain in LRS, followed by their
fusion by overlap PCR to generate gene sequence of
LRS devoid of region coding for the CP1 domain. The
whole cassette was then cloned into a pET-30a
expression vector (ﬁgure 1D). To delineate its function,
the CP1 domain and the deletion construct, LRSCP1D, were expressed (ﬁgure 2A and C) and puriﬁed.
Puriﬁcation of expressed proteins by metal afﬁnity
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chromatography yielded homogeneously puriﬁed
N-terminal His6- tagged recombinant CP1 and LRSCP1D proteins with molecular weights 36 kDa (ﬁgure 2B) and 97 kDa (ﬁgure 2D) respectively. Only the
purest fractions were concentrated using Centricon (30
kDa MWCO) ﬁlters and were used for further analysis.
To determine whether recombinant LRS-CP1D had
retained its aminoacylation activity, the puriﬁed
enzyme was subjected to a coupled enzyme assay,
based upon the detection of inorganic phosphate,
released in the presence of PPiase, by malachite green,
at different time points. Aminoacylation reaction with
LRS was also set up as a control. The recombinant
LRS-CP1D was found to be inactive as it failed to
catalyze the aminoacylation reaction (ﬁgure 3A).
To assess the editing activity of recombinant LRS,
the puriﬁed enzyme was subjected to a coupled enzyme
assay which works by detecting inorganic phosphate
(Pi) released by PPiase as a direct result of hydrolysis
of ATP into AMP and pyrophosphate during the
misaminoacylation reaction. Detection was done by

Figure 1. (A) Domain architecture of Leishmania donovani leucyl-tRNA synthetase CP1 domain. (B) Multiple sequence
alignment of kinetoplastid leucyl-tRNA synthetase CP1 domain along with representative domains from other eukaryotes
generated using CLUSTAL W. The ‘GTG’, ‘T-rich’ motifs and the catalytic aspartic acid residue are marked with a box. The
GenPept accession numbers of the LRS sequences whose CP1 domains were aligned are as follows: Leishmania donovani,
XP_003859311.1; Leishmania major, XP_001681854.1; Leishmania infantum, XP_001464129.1 Trypanosoma brucei,
EAN79342.1; Trypanosoma cruzi, XP_805515.1; Homo sapiens, AAI52423.1. (C) Construction of plasmid containing the
gene encoding His-6 tagged LRS-CP1 domain. (D) Construction of plasmid containing the gene encoding His-6 tagged LRSCP1D.
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Figure 2. (A, C) SDS-PAGE analysis of expressed Leishmania donovani CP1 domain and LRS-CP1D, carried out with
10% separating gel and 5% stacking gel. Visualization was done by staining with Coomassie Brilliant Blue: lane M—protein
standard marker with 116, 66, 45, 35 and 25 kDa molecular masses (top to bottom respectively); lane UI—uninduced cell
lysate; lane I—induced cell lysate followed by Ni2?-NTA puriﬁed protein fraction eluted at 100mM imidazole. (B, D) SDSPAGE analysis of puriﬁed fractions of Leishmania donovani CP1 domain and LRS-CP1D, carried out with 10% separating
gel and 5% stacking gel. Visualization was done by staining with Coomassie Brilliant Blue: lane M—protein standard marker
with 116, 66, 45, 35 and 25 kDa molecular masses (top to bottom respectively); For ﬁgure (B) lanes 1–7 represent protein
fractions eluted with increasing concentrations of imidazole starting from 50 mM to 300 mM. For ﬁgure (D) lanes 1–9
represent protein fractions eluted with increasing concentrations of imidazole starting with 20 mM to 300 mM. Red boxes
indicate the pure fractions which were concentrated using Centricon ﬁlters (30 kDa MWCO) and used for further analysis.

malachite green. Aminoacylation reaction with L-leucine served as a control. The increased amount of Pi
released when L-isoleucine was used as the substrate as
compared to L-leucine indicated the functional editing
capability of rLRS (ﬁgure 3B). To determine the
impact of CP1 domain deletion from LRS on its editing
activity, recombinant LRS-CP1D was also subjected to
a misaminoacylation reaction. The recombinant LRSCP1D was found to be inactive in catalyzing the editing
reaction (data not shown) like aminoacylation reaction.
To deduce whether the inability to catalyze the
aminoacylation reaction was due to altered secondary
structure of recombinant LRS-CP1D, the protein conformations were monitored using CD spectroscopy.
The CD spectra of CP1 domain indicated that it had a
deﬁnite secondary structure (ﬁgure 3C); as determined
by CAPITO-CD Analysing and Plotting tool (Wiedemann et al. 2013), however, the overall secondary
structures of LRS and LRS-CP1D were different
(table 1), suggesting that deletion of CP1 domain from
the LRS had a signiﬁcant effect on its secondary

structure. These results indicated that CP1 domain is
essential for the functional integrity of LRS and contributed to its aminoacylation and editing activities.
3.2 The CP1 domain binds speciﬁcally
to isoleucine
ITC studies provided detailed insight into the binding
energetics of LRS, CP1 and LRS-CP1D with leucine,
isoleucine and norvaline (supplementary ﬁgure 1). The
recombinant full-length LRS showed strong interaction
with leucine, and, very weak interaction with isoleucine and norvaline as we have described previously
(table 2) (Manhas et al. 2018). The CP1 domain
showed strong interaction with isoleucine (Kd = 11
lM) and was unable to bind to either leucine or norvaline (table 2). LRS-CP1D showed stronger interaction with leucine (Kd = 59 lM) as compared to
norvaline (Kd = 769 lM); the protein was unable to
interact with isoleucine (table 2).

CP1 domain of L. donovani leucyl-tRNA synthetase
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Figure 3. (A) Time course aminoacylation by LRS and LRS-CP1D. Reactions were performed using L-leucine and
tRNALeu as substrates, in duplicates, with the data shown being average of three experiments ± S.D. Filled circle represents
aminoacylation reaction by LRS while ﬁlled squares represent LRS-CP1D. (B) Editing activity of LRS using L-leucine (Leu),
L-isoleucine (Ile) and L-norvaline (Nva). Reactions were performed in duplicates with the data shown being average of three
experiments ± S.D. Filled circle represents editing reaction by LRS with Ile as substrate while ﬁlled squares represent editing
reaction with Nva and ﬁlled triangles depict that with Leu. (C) CD spectra of LRS, LRS-CP1D and CP1 domain. The CD
spectra of LRS (black), LRS-CP1D (blue) and LRS-CP1 domain (yellow) were collected over 5 scans.
Table 1. CD estimates of LRS, CP1 and LRS-CP1D
Protein secondary
structure
a-helix
b-strand
Random coils

LRS

CP1
Domain

LRSCP1D

22.63%
32.46%
44.91%

23.46%
25.57%
50.97%

58.51%
17.79%
23.7%

Estimation of secondary structure from CD spectra was done
using CAPITO-CD Analysing and Plotting tool (Wiedemann
et al. 2013).

3.3 CP1 domain is necessary and sufﬁcient
for interaction with AN2690
AN2690 is an antifungal benzoxaborole derivative
known to inhibit fungal LRS by binding to the editing
site (Rock et al. 2007; Palencia et al. 2016; Baker et al.
2006). ITC experiments were carried out to study the
interaction of AN2690 with CP1 domain (supplementary ﬁgure 2).
To assess whether CP1 domain is necessary and
sufﬁcient to bind to AN2690, the interaction of this

compound with LRS-CP1D and LRS was also studied.
AN2690 showed afﬁnity with LRS (Kd = 231±45 lM)
(table 3) as we have previously described (Manhas
et al. 2018). AN2690 was able to bind strongly to CP1
domain (Kd = 30 lM) but not to LRS-CP1D (table 3)
suggesting the CP1 domain was indeed necessary as
well as sufﬁcient for interaction with AN2690.
3.4 Homology modelling
Since the X-ray/NMR structure of LRS has not yet
been reported, we employed computational modelling
to predict its 3D structure. The crystal structure of
Leucyl-tRNA synthetase and tRNA complex from
Pyrococcus horikoshii (PDB ID: 1WZ2) showed a
27.7% sequence identity with LdLRS and a similarity
of 43.3% at 3.21 Å resolution and hence was used as a
template for the modelling. Modeller software (Sali and
Blundell 1993) was used to model the 3D structure of
L. donovani LRS (ﬁgure 4A). The stereochemical
quality of the LRS structure was validated using
ProSA. ProSA calculates a z-score that determines
overall model quality. The z-score of LRS structure was
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Table 2. ITC data showing binding interaction of LRS (Manhas et al. 2018), CP1 domain and LRS-CP1D with leucine,
isoleucine and norvaline
Protein
LRS
LRS-CP1 domain
LRS-CP1D

Ligands

N

Kd (lM)

DH (kcal/mol)

TDS (kcal/mol)

DG (kcal/mol)

Leucine
Isoleucine
Norvaline
Isoleucine
Leucine
Norvaline
Leucine
Isoleucine
Norvaline

1.06
Weak binding
Weak binding
0.8
No binding
No binding
0.8
No binding
1.0

43

? 4.6

? 10.6

- 6.0

11

? 1.2

? 8.0

- 6.8

59

? 2.1

? 7.9

- 5.8

769

? 12.6

? 17.0

- 4.4

Binding enthalpies and binding constants were obtained by analysing the baseline subtracted data using the Origin software
(Ladbury 2010; Tiwary et al. 2018).

Table 3. ITC data showing binding interaction of AN2690 with LRS (Manhas et al. 2018), CP1 and LRS-CP1D

LRS-CP1 domain
Full-length LRS
LRS-CP1D

N

Kd (lM)

DH (kcal/mol)

TDS (kcal/mol)

DG (kcal/mol)

1.3
0.98
No binding

30
231

- 1.0
? 4.3

? 5.1
? 9.2

- 6.1
- 4.9

Binding enthalpies and binding constants were obtained by analysing the baseline subtracted data using the Origin software
(Ladbury 2010; Tiwary et al. 2018).

-11.72 lying within the range of scores typically found
for native proteins of similar size demonstrating good
quality of the LRS structure (ﬁgure 4B).
3.5 Molecular dynamics simulations
The docking results (Chadha et al. 2018; Eniyan et al.
2018; Sharma et al. 2018) of CP1 domain and different
amino acids, leucine, isoleucine, norvaline and
AN2690 showed that AN2690 bound to the CP1
domain with the highest binding afﬁnity of -10.31
kcal/mol (table 4). Similarly, the binding afﬁnity for
isoleucine was found to be higher than that of norvaline
and leucine with CP1 domain (table 4). To validate the
above observations, the high scoring docking conformations of AN2690 and the different amino acids with
LRS were given as input for Molecular dynamics
simulations (Eniyan et al. 2018; Sharma et al. 2018). In
order to examine the stability of these LRS complexes,
ﬁve independent MD simulations were performed for a
total of 20 ns using GROMACS software (Hess et al.
2008) as explained in Materials and Methods section. The overall stability of the protein was monitored
throughout the simulations by the root-mean-square

deviation (Ca RMSD) and root-mean-square ﬂuctuation (RMSF) as shown in supplementary ﬁgure 3.
These two systems remained stable during the 20 ns
MD simulations.
The AN2690-LRS complex showed the lowest
average protein RMSD of 0.25 nm to 0.75 nm compared to the native, after 5ns, till the end of the simulation reached stable equilibrium. The Leu-LRS
complex had the average protein RMSD of 0.25 nm to
0.6 nm, where 2.5 ns to 5 ns were obtained when
stable trajectory followed by slight deviation attained
equilibrium. The Nva-LRS complex showed the average protein RMSD of 0.25 to 1.25 where 3 ns to 9 ns
were obtained when stable trajectory followed a
slightly higher deviation till 20 ns. The trajectory of IleLRS complex was higher compared to the native
throughout the simulation revealing that the complex
had the largest average protein RMSD value of 0.25
nm to 1 nm. The higher RMSD found for all the
complexes was constrained to 1 nm which describes
that the simulations obtained stable trajectories (supplementary ﬁgure 3A).
RMSF was calculated to measure the ﬂuctuation of
every amino acid of the respective ligand-protein
complexes. The highest ﬂuctuations of Nva, Ile, Leu
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Figure 4. (A) Structural superposition for 3D model of Leishmania donovani Leucyl-tRNA synthetase (gold) with
Pyrococcus horikoshii Leucyl-tRNA synthetase (cyan) (PDB ID:1WZ2). The template showed a sequence identity of 27.7%
with LdLRS and a similarity of 43.3% at 3.21 Å resolution. (B) The L. donovani LRS model was validated by ProSA
describing the model quality with an z-score of - 11.72 and root mean square deviation of 0.8Å.
Table 4. Docking of Leucyl tRNA synthetase (editing site) with AN2690 and different amino acids and their estimated
binding afﬁnities
S. No.
1
2
3
4

Protein
LRS-CP1
LRS-CP1
LRS-CP1
LRS-CP1

domain
domain
domain
domain

Ligands

MOE score (kcal/mol)

XSCORE (kcal/mol)

Drugscore (kcal/mol)

AN2690
Isoleucine
Norvaline
Leucine

- 10.31
- 7.54
- 5.90
- 5.77

- 10.58
- 7.33
- 5.46
- 4.62

- 11
-8
-6
-4

and the native were found near residues of, Pro-110,
Lys-260, Glu-465, Gly-475, Thr-480, Met-850 and
Phe-900.
AN2690-LRS complex showed lower values for
RMSD when compared with the native and Leu-LRS,
Ile-LRS and Nva-LRS simulations (supplementary
ﬁgure 3A) implying that the binding stability of
AN2690 with CP1 domain is higher than that of the
other complexes. Also, the ﬂuctuation patterns of
RMSF in case of the AN2690-LRS complex were
signiﬁcantly lower (0.1 nm) when compared with other
systems (up to 1.25 nm) as shown in supplementary
ﬁgure 3B.
The MOE binding afﬁnity, XSCORE free energy of
binding (Wang et al. 2002) and Drugscore (Neudert
and Klebe 2011) were calculated for AN2690 and
different amino acids (table 4). AN2690 showed the
highest afﬁnity with CP1 domain of LRS when compared with other complexes as indicated by the highest
docking scores (table 4). After AN2690, isoleucine

showed higher values of docking scores and free
energy of binding as compared to norvaline and leucine, suggesting stronger binding afﬁnity of isoleucine
with CP1 domain. Low docking scores of leucine
suggested very weak binding of leucine with CP1
domain, corresponding to the fact that leucine being the
true substrate of leucyl-tRNA synthetase should not be
edited by the editing domain.
The 2D diagram depicting the interaction of
AN2690, leucine, isoleucine and norvaline with crucial
residues of the CP1 domain in LRS is depicted in
ﬁgure 5. Following interactions were observed
between AN2690 and CP1 domain (ﬁgure 5A); seven
hydrogen bond interactions with the residues, Tyr-256,
Thr-383, Thr-385, Lys-388 and Met-394; Tyr-256, Thr290, Thr-383, Thr-385 and Ser-400, formed polar
interactions; hydrophobic interactions formed by Ala289, Leu-291, Ile-384, Val-393 and Met-394; acidic
amino acids,Asp-402, Asp-403, Glu-465 and basic
amino acids, Lys-388 and Lys-468 also contributed to
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Figure 5. Two-dimensional illustration showing interactions of ligands i.e., AN2690, leucine, isoleucine and norvaline,
with L. donovani CP1 domain.

the interactions. In case of Ile-CP1 domain complex
(ﬁgure 5B), Asp-402 and Lys-388 formed two hydrogen bonding interactions; Thr-383 and Thr-385 made
polar interactions while Ala-289, Ile-384 and Val-393
formed hydrophobic interactions. In case of the NvaCP1 domain complex (ﬁgure 5C), Asp-402 made
hydrogen bonding interaction; Lys-388 made a single
basic interaction; Thr-383 and Thr-385 made polar
interactions and Ile-394 formed hydrophobic interactions. For Leu-CP1 domain complex (ﬁgure 5D), Ser400 residue formed hydrogen bond interaction and Val393 contributed to hydrophobic interaction. All the
interactions between the CP1 domain and the ligands,
viz., AN2690, isoleucine, leucine and norvaline have
also been summarized in table 5.

4. Discussion
Protein synthesis machinery has always been a major
target for development of new antimicrobial compounds. Aminoacyl-tRNA synthetases are a group of
enzymes that have been validated to serve as new targets, across the prokaryotes and eukaryotes (Pham
et al. 2014), as these are involved in catalysing the ﬁrst

step of translation, i.e. charging of cognate amino acids
to their speciﬁc tRNA, along with maintaining the
ﬁdelity of translational process.
The present study gives insight into the editing
activity of previously characterized L. donovani LRS.
Here, a deletion mutant of LRS, devoid of CP1
domain, LRS-CP1D, was constructed. Also, CP1
domain was characterized as a stand-alone protein. The
deletion mutant, LRS-CP1D, did not retain the
aminoacylation activity unlike LRS. It was also unable
to catalyze the editing activity when subjected to
aminoacylation reaction with noncognate amino acids
as a substrate unlike LRS. CD spectroscopy data
revealed gross differences in secondary structure of
LRS and LRS-CP1D. These results indicate that CP1
domain is not only required for maintaining the ﬁdelity
by editing the mischarged tRNAs but is also required
for the aminoacylation activity.
ITC studies of LRS, CP1 and LRS-CP1D showed
their binding afﬁnities with speciﬁc amino acids. LRS
showed high binding interaction with leucine while
very weak binding with isoleucine and norvaline.
While in case of CP1 domain, it showed high binding
afﬁnity with isoleucine with no binding with leucine
and norvaline. This is in corroboration with the fact
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Table 5. Interactions of ligands i.e., AN2690, leucine, isoleucine and norvaline, with L. donovani CP1 domain
Hydrogen bonding interactions
No.

Protein

Ligand

AA residue

Ligand atom name

1

CP1

AN2690

Isoleucine

Tyr-256
Lys-383
Thr-385
Lys-388
Met-394
Lys-388

2

CP1

3

CP1

Norvaline

4

CP1

Leucine

Hydrophobic interactions
Polar

Acidic

Basic

Greasy

O
P=O
OH
O
NH2
O

Tyr-256
Thr-290
Thr-383
Thr-385
Ser-400
Thr-383
Thr-385

Asp-402
Asp-403
Glu-465

Lys-388
Lys-468

Asp-402

Lys-388

Asp-402

NH3

Thr-383
Thr-385

Asp-402

Lys-388

Ala-289
Leu-291
Ile-384
Val-393
Met-394
Ala-289
Ile-384
Val-393
Ile-384

Ser-400

O

that the editing site of LRS contains the pocket where
binding of non-cognate amino acids occurs (Rock et al.
2007). LRS-CP1D showed no binding with isoleucine
but did show binding with leucine and with norvaline.
Also, binding interaction of AN2690 was studied
with LRS, CP1 domain and LRS-CP1D. Both LRS and
CP1 domain showed binding with AN2690; CP1
domain showing comparatively high binding afﬁnity
with respect to LRS. This high binding afﬁnity of
AN2690 with CP1 domain and complete lack of
binding with LRS-CP1D is indicative of essentiality of
CP1 domain for binding of AN2690 with LRS. Based
on the ITC experiments of different ligands with LRS,
CP1 domain and LRS-CP1D, the stoichiometries
(N) were found to be around *1.0 (0.8 to 1.3; table 2
and table 3), indicating that complex formation takes
place approximately between single molecule of ligand
and single molecule of a protein thus, ruling out the
possibility of oligomarization or aggregation of any
protein under experimental conditions. In many other
organisms, based on the crystal structures, CP1 domain
has been reported to exist in monomeric form (Liu
et al. 2011; Seiradake et al. 2009; Sonoiki et al. 2016;
Cvetsic et al. 2014; Tukalo et al. 2005).
Since the X-ray/NMR structure of Leishmania
donovani Leucyl-tRNA synthetase is not available,
homology modelling was used to predict its three-dimensional structure using the crystal structure of Leucyl-tRNA synthetase and tRNA complex from
Pyrococcus horikoshii as template (Fukunaga and
Yokoyama 2005) as it showed maximum similarity to
the L. donovani LRS. Binding studies of CP1 domain
with different amino acids and AN2690 were also
carried out using Molecular Dynamics simulations

Val-393

revealing that binding stability of AN2690 with CP1
domain was higher than that of the amino acids as
indicated by the high docking stores. This strong
binding was the result of formation of a highly
stable complex stabilized by the means of hydrogen
bonds and hydrophobic interactions. The theoretical
free energies and the patterns of binding for AN2690
and isoleucine with CP1 domain were observed to be
higher than those calculated through ITC experiments.
Also, the trends of computational free energies of
binding of different ligands with CP1 domain were
found to be similar to those obtained from ITC
experiments but a little deviation was observed in the
case of binding between CP1 domain and norvaline.
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