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Background: Asparagine synthetase A catalyzes the synthesis of asparagine from aspartate in the presence of ammonia as

a nitrogen donor.

Results: L. donovani ASNA enzyme is of bacterial origin and is both ammonia- and glutamine-dependent.
Conclusion: LAASNA is essential for survival of the Leishmania parasite.
Significance: The absence of LASNA homologs from humans validates Leishmania ASNA as a novel drug target.

Asparagine is formed by two structurally distinct asparagine
synthetases in prokaryotes. One is the ammonia-utilizing aspar-
agine synthetase A (AsnA), and the other is asparagine synthe-
tase B (AsnB) that uses glutamine or ammonia as a nitrogen
source. In a previous investigation using sequence-based analy-
sis, we had shown that Leishmania spp. possess asparagine-
tRNA synthetase paralog asparagine synthetase A (LAASNA)
that is ammonia-dependent. Here, we report the cloning,
expression, and kinetic analysis of ASNA from Leishmania don-
ovani. Interestingly, LIASNA was both ammonia- and gluta-
mine-dependent. To study the physiological role of ASNA in
Leishmania, gene deletion mutations were attempted via tar-
geted gene replacement. Gene deletion of LHASNA showed a
growth delay in mutants. However, chromosomal null mutants
of LAASNA could not be obtained as the double transfectant
mutants showed aneuploidy. These data suggest that LHASNA is
essential for survival of the Leishmania parasite. LAASNA
enzyme was recalcitrant toward crystallization so we instead
crystallized and solved the atomic structure of its close homolog
from Trypanosoma brucei (TPASNA) at 2.2 A. A very significant
conservation in active site residues is observed between
TbASNA and Escherichia coli AsnA. It is evident that the
absence of an LHASNA homolog from humans and its essential-
ity for the parasites make LASNA a novel drug target.
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Leishmania donovani is a protozoan parasite that causes vis-
ceral leishmaniasis, a disease that is fatal if left untreated. Vis-
ceral leishmaniasis treatment primarily relies on chemotherapy
due to problems related to vector control and lack of an effec-
tive vaccine to treat the disease (1). Because of the development
of resistance against currently available antileishmanial drugs
(2, 3), there is a growing need for discovering novel drug targets
and developing new inhibitors.

Asparagine synthetase (L-aspartate:ammonia ligase (AMP-
forming), EC 6.3.1.1) is an enzyme that catalyzes the synthesis
of asparagine from aspartate using adenosine triphosphate
(ATP) as the energy source in the presence of a nitrogen donor
(4). The nitrogen donor can be glutamine or ammonia. Two
families of asparagine synthetases are known to date. One is
asparagine synthetase A (AsnA),® which utilizes nitrogen only
from an ammonia source (4). AsnA family members have been
reported from prokaryotes such as Escherichia coli and Kleb-
siella aerogenes (5, 6) as well as from archaea such as Pyrococcus
abyssi (7,8). The other family is asparagine synthetase B (AsnB)
whose members are found in prokaryotes and eukaryotes
(9-11). Members of the AsnB family preferentially utilize glu-
tamine as the nitrogen source, although they are capable of
utilizing both glutamine and ammonia. E. coli and K. aerogenes
have two asparagine synthetase genes, asnA and asnB, and the
presence of either ensures sufficient asparagine biosynthesis,
whereas inactivation of both causes asparagine auxotrophy
(12). Although they are eukaryotes, Leishmania and Trypano-
soma surprisingly possess both ASNA (LmjF.26.0830) and
ASNB (LmjF.29.1490) (13).

Asparagine is formed in two steps: the -carboxylate group of
aspartate is first activated by ATP to form an aminoacyl-AMP
before its amidation by a nucleophilic attack with an ammonium
ion. Interestingly, this mechanism of amino acid activation resem-

® The abbreviations used are: AsnA, asparagine synthetase A; AsnB, aspara-
gine synthetase B; LAASNA, L. donovani asparagine synthetase A; TDASNA,
T. brucei asparagine synthetase A; ASNAOE, ASNA overexpressor; CMXRos,
chloromethyl-X-rosamine; HYG, hygromycin phosphotransferase gene;
NEO, neomycin phosphotransferase gene; EcAsnA, E. coli asparagine syn-
thetase A.
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FIGURE 1. Schematic representation of the reaction mechanisms of asparagine synthetase A and aspartyl-tRNA synthetase enzymes. Step 7 involves
activation of the selective carboxyl groups by the respective enzymes to form aminoacyl-AMP. Step 2 involves amidation of the aminoacyl-AMP by asparagine
synthetase A and transfer of the activated amino acid to the cognate tRNA by aspartyl-tRNA synthetase.

bles that used by aminoacyl-tRNA synthetases, which first activate
the a-carboxylate group of an amino acid to form also an amino-
acyl-AMP before they transfer the activated amino acid onto cog-
nate tRNA (Fig. 1) (4). We had previously reported a novel aspar-
agine-tRNA synthetase paralog, asparagine synthetase A from
Leishmania major (13). These paralogs retain the typical amino-
acyl-tRNA synthetase catalytic domain with class I motifs but are
devoid of the anticodon binding domain (14). Such paralogs have
been reported only from prokaryotes and archaea so far (8, 15)
where they participate in amino acid biosynthesis (e.¢ AsnA and
HisZ) and lysylation of a specific lysine in elongation factor P
(GenX/PoxA) (8, 14, 16-20).

Asparagine biosynthesis is an unexplored area in kinetoplas-
tids. Despite being eukaryotes, kinetoplastids and other para-
sites such as Trichomonas vaginalis, Entamoeba histolytica,
and Cryptosporidium parvum possess an ammonia-dependent
asparagine synthetase (AsnA-type) enzyme (13). Detailed
sequence-based phylogenetic analysis reveals a close relation-
ship of these parasitic ASNA enzymes to the ammonia-depen-
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dent AsnA-type enzymes of E. coli and other bacteria (13). A
recent report indicates that asparagine synthetase A-knocked
down T. brucei were auxotrophic to asparagine (21). To date, crys-
tal structures of AsnA-type enzymes from E. coli and P. abyssi are
known (8, 22). We report, for the first time, identification, molec-
ular cloning, expression, and enzymatic characterization of a
eukaryotic ASNA-type enzyme from Leishmania donovani. We
additionally crystallized and solved the atomic structure of the L.
donovani ASNA (LAASNA) homolog from Trypanosoma brucei
(TASNA). L. donovani and T. brucei share a sequence identity of
~80%; therefore, the crystal structure of ThASNA provides a plat-
form for structure-function studies on these enzymes. Gene
replacement study indicates that the enzyme asparagine synthe-
tase A (ASNA) from Leishmania donovani plays an essential role
in the viability of this pathogenic organism.

EXPERIMENTAL PROCEDURES

Materials—All restriction enzymes and DNA-modifying
enzymes were obtained from MBI Fermentas (Germany). Neo-
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mycin, paromomycin, blasticidin, and hygromycin were
obtained from Sigma-Aldrich. Plasmid pET-30a was obtained
from Novagen. Protein markers and DNA ladders were
acquired from New England Biolabs. L-Aspartic acid, L-gluta-
mine, lactate dehydrogenase, myokinase, and pyruvate kinase
were obtained from Sigma-Aldrich. Other materials used in
this study were of analytical grade and were commercially
available.

Leishmania Strains and Culture Conditions—L. donovani
Bob (LdBob strain/MHOM/SD/62/1SCL2D) promastigotes
were cultured at 22 °C in M199 medium (Sigma) supplemented
with 100 units/ml penicillin (Sigma), 100 ug/ml streptomycin
(Sigma), and 5% heat-inactivated fetal bovine serum (Hyclone).
Medium was additionally supplemented with 10 pg/ml hemin.
Genetically manipulated parasites were derived from wild type
L. donovani Bob originally obtained from Dr. Stephen Beverley
(Washington University, St. Louis, MO). Wild type (WT) par-
asites were routinely cultured in medium with no drug supple-
mentations, whereas the ASNA heterozygotes (ASNA/HYG
and ASNA/NEO) and ASNA/NEO/HYG parasites were main-
tained in either 150 ug/ml hygromycin, 300 ug/ml paromomy-
cin, or both, respectively. The ASNA overexpressor (ASNAOE)
parasites were maintained in 10 ug/ml blasticidin. pSP72-a-
neo-a-GFP-ASNA-transfected parasites were maintained in 40
png/ml G418. For characterizing the single transfectant, double
transfectant, and ASNA-overexpressing parasites phenotypi-
cally, cells were subcultured without the selection marker prior
to experiments.

Construction of Expression Vectors and Purification of the
Proteins—A 1062-bp DNA fragment encompassing the whole
open reading frame (ORF) of the LAASNA gene was amplified
from genomic DNA using a sense primer with a flanking
BamHI site (5'-CGGGATCCATGTCGTCCAGTCCGCAG-
GAGTACATT-3') and an antisense primer with a flanking
HindIII site (5'-CCCAAGCTTTTACAATAAGGAGTACT-
GCGTCGTGACCTC-3'). A single ~1062-bp PCR product
was obtained. The amplified product was cloned into BamHI
and HindlII restriction sites of pET-30a vector using T4 DNA
ligase (New England Biolabs). The fidelity of the PCR amplifi-
cation of LHASNA was confirmed by automated DNA sequenc-
ing. Sequence comparison of ASNA was done using the NCBI
search algorithm BLAST. Multiple amino acid sequence align-
ment was performed using the program ClustalW with default
parameters (23). The T. brucei (TbPASNA-pET28a) construct
was kindly provided by Dr. Cordeiro da Silva (Institute for
Molecular and Cell Biology, University of Porto, Portugal) (21).
LAASNA-pET30a or ThASNA-pET28a constructs containing a
His, tag at the N terminus were transformed into E. coli BL-21
strain. Expression from the constructs LASNA-pET30a or
ThASNA-pET28a was induced at an Ay ,,,, of 0.6 with 0.1 mm
isopropyl 1-B-p-galactopyranoside at 16 °C for 16 h. Bacteria
were then harvested by centrifugation at 5000 X g for 10 min,
and the cell pellet was resuspended in lysis buffer (50 mm Tris-
Cl, pH 7.4, 10 mM imidazole, 300 mM sodium chloride, 2 mm
phenylmethylsulfonyl fluoride, and protease inhibitor mix-
ture). The resulting cell suspension was sonicated six times for
30 s at 1-min intervals. The lysate was centrifuged at 10,000 X g
for 30 min at 4 °C. The resulting supernatant, which contained
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the protein, was loaded onto pre-equilibrated Ni*" -nitrilotri-
acetic acid-agarose resin (Qiagen). The protein was eluted with
increasing concentrations of imidazole. The purified protein
was found to be >95% pure as judged by SDS-PAGE.

TbASNA was used for crystallization studies. The purest
fractions were checked by SDS-PAGE and concentrated by
using a 10-kDa-cutoff Centricon centrifugal device (Millipore).
The protein was further purified by gel filtration chromatogra-
phy on an S200 analytical gel filtration column (GE Biosciences)
in buffer containing 50 mm Tris-Cl, 200 mm NaCl, and 10 mm
B-mercaptoethanol, pH 7.5, for apoenzyme crystallization. The
final protein was concentrated to ~73 mg/ml (using A,go 1)
and stored at —80 °C. The concentration of the purified protein
was determined using Bradford reagent (Sigma).

Sequence Identification Decoding Analysis of ASNA Protein
by MALDI-TOF—After protein visualization, the ASNA pro-
tein band was excised from SDS-PAGE gel and subjected to
matrix-assisted laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF/TOF). The MALDI-TOF mass
spectra were recorded with an Autoflex II mass spectrometer
(Bruker Daltonics, Germany) installed in the Advanced Instru-
mentation Facility, Jawaharlal Nehru University (New Delhi,
India). The obtained spectra were calibrated externally with
software available with the instrument. Initial sequences were
subjected to flexControl and BioTools. Final sequence identifi-
cation and scoring was performed using the Mascot search tool.

Asparagine Synthetase Assay—LdASNA-catalyzed aspara-
gine synthesis activity was measured in a coupled enzyme sys-
tem at 37 °C using a Varian Cary® 100 UV-visible spectropho-
tometer. The formed product (AMP) was coupled to an
adenylate kinase, pyruvate kinase, and lactate dehydrogenase
reaction for oxidation of NADH to NAD. The resultant
decrease of NADH was monitored at 340 nm (4). The reaction
mixture (1.0 ml) contained 100 mm Tris-HCI, pH 7.8, 1.5 mm
L-aspartic acid, 20 mm NH,Cl, 3 mm ATP, 100 mm KCI, 10 mm
(CH;COO),Mg, 1 mm phosphoenolpyruvate, 0.24 mwm of
NADH, 5 mm DTT, 2 units of myokinase, 10 units of pyruvate
kinase, and 25 units of lactate dehydrogenase. Kinetic analysis
was done using 20 ug of the enzyme. Progress of the reaction
was scanned against a buffer blank for 1200 s with an interval of
30 s at a wavelength of 340 nm. Determination of the K, and
V... for L-aspartate, ATP, and NH; was achieved by varying
the concentration of each component in the reaction mixture
while maintaining others in excess. To confirm substrate spec-
ificity of the enzyme, L-glutamine was used as a nitrogen source
instead of NH,Cl. The LAASNA activity in cell lysates of WT
Bob, ASNAOE, and heterozygous (ASNA/HYG and ASNA/
NEO) parasites was determined as reported above. Cell lysates
of all the strains were prepared by repeated freeze/thaw. Statis-
tical analyses were undertaken using GraphPad Prism 5.0
(GraphPad Software, Inc.).

Cloning of the pSP-o-blast-a-ASNA and pSP72-o-neo-a-
GFP-ASNA Episome—For overexpression of ASNA gene in L.
donovani, the 1062-bp ASNA ORF was amplified by PCR using
the forward primer 5'-TTTTTCTAGAATGTCGTCCAGTC-
CGCAGGAGTACATT-3" with a flanking Xbal site (un-
derlined) and the reverse primer 5’"CCCAAGCTTTTACAAT-
AAGGAGTACTGCGTCGTGACCTC-3" with a flanking
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TABLE 1

Asparagine Synthetase A from L. donovani

Primers used for generation of the hygromycin (Hyg)- and neomycin (Neo)-specific linear replacement cassette fragments

L. donovani primers Sequences

A 5'-ACAGCGAACGAAATCGAGCG-3'

Biiyg 5'-GGTGAGTTCAGGCTTTTTCATGGCTGGCAGTGAAAGAAAAAGGGATGAATGGA-3’
Chyg 5'-TCCATTCATCCCTTTTTTCTTTCACTGCCAGCCATGAAAAAGCCTGAACTCAC-3'
Dyiyg 5'-GTTCCACCACCCTCCCCCGTCTTTCTATTCCTTTGCCCTCGGACGAG-3'

Eiyg 5'-CTCGTCCGAGGGCAAAGGAATAGAAAGACGGGGGAGGGTGGGTGGGAACGCCT-3'
Breo 5'-AATCCATCTTGTTCAATCATGGCTGGCAGTGAAAGAAAAAGGGATGAATGGA-3'
Creo 5'-TCCATTCATCCCTTTTTTCTTTCACTGCCAGCCATGATTGAACAAGATGGATT-3'
Dyeo 5'-GTTCCACCACCCTCCCCCGTCTTTTCAGAAGAACTCGTCAAGAAG-3’

Eneo 5'-CTTCTGACGAGTTCTTCTGAAAAGACGGGGGAGGGTGGGTGGGAACGCCT-3'

F 5'-AGGCGTCGCTCCGCTCTGCACTTTC-3’

HindIII site (underlined). The amplified DNA fragment
LdAASNA was cloned into the Xbal-HindIII site of pSP-a-bla-
st-a vector (Leishmania-specific vector) containing a blastic-
idin acetyltransferase gene as the selection marker as reported
earlier (24). The LAASNA-GFP construct was made by cloning
LdASNA in pSP72-a-neo-a-GFP vector at BamHI and Xbal
sites. The forward primer 5'-TTTGGATCCATGTCGTCCAGT-
CCGCAGGAGTACATT-3’ (BamHI site underlined) and the
reverse primer 5'-TTTTTCTAGACAATAAAGAGTACTG-
CGCCGTGACCTC-3" (Xbal site underlined) were used for
amplification. Correct orientation and sequence fidelity of the
inserts were verified by nucleotide sequence analysis.
Localization of ASNA in L. donovani—pSP72-a-neo-o-GFP-
ASNA-transfected promastigotes were used for studying the
localization of ASNA in L. donovani. Fluorescence imaging of
stabilized culture was performed using a confocal laser scan-
ning microscope (Zeiss LSM 510 META) equipped with a 63X
objective at an excitation wavelength of 488 nm. Briefly, 10°
promastigotes/ml were pelleted and resuspended in phos-
phate-buffered saline (PBS) containing 1% fetal bovine serum
(FBS) with identical final cell concentration. Cells were pelleted
and resuspended in 500 ul of ice-cold 4% paraformaldehyde
and incubated on ice for 20 min. Promastigotes were then
washed with PBS before treating them with 0.5% Triton X-100
in PBS for 5 min at room temperature. DAPI (0.5 ug/ml) (Invit-
rogen) was added and washed with PBS before microscopy.
Parasites stained with DAPI were observed at an excitation
wavelength of 405 nm. Furthermore, to investigate possible
mitochondrial localization, 10” promastigotes/ml were pelleted
and stained with MitoTracker Red-CMXRos (1 nm) (Molecular
Probes, Eugene, OR) in fresh medium for 10-15 min to locate
mitochondria. The cells were then washed twice with PBS con-
taining 1% FBS and resuspended in the same PBS solution with
identical final cell concentration. Promastigotes were then
immobilized on poly-1-lysine-coated glass slides. For observing
fluorescence of parasites stained with MitoTracker Red-
CMXRos, the parasites were visualized using a confocal laser
scanning microscope at an excitation wavelength of 568 nm.
Molecular Constructs for the Replacement of the ASNA
Alleles—A targeted gene replacement strategy was used for
inactivation of ASNA gene in L. donovani. A fusion PCR-based
strategy was used as reported earlier (25). Briefly, ASNA-flank-
ing regions were amplified from L. donovani wild type genomic
DNA and ligated to hygromycin phosphotransferase gene
(HYG) or neomycin phosphotransferase gene (NEO). The 5'-
UTR (1000 bp) of L. donovani ASNA was obtained by PCR
amplification with primers A and B, or primers A and By,

Hyg
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TABLE 2

Primers used for the molecular characterization of the genetically
manipulated parasites by PCR-based analysis

L. donovani

primers Sequences
Primer 1 5'-TGTAGAAGTACTCGCCGATAGTGG-3'
Primer 2 5'-CGACACAATACTCTGGCGCTGGAGC-3’
Primer 3 5-CGCAGCTATTTACCCGCAGGACAT-3'
Primer 4 5'-ATGACGGAGGCCCTCTCCTTTTTGC-3’
Primer 5 5'-ATAGCGTTGGCTACCCGTGATATTGC-3’
Primer 6 5-AACACGGCGGCATCAGAGCAGCCGATTG-3'
Primer 7 5'-CGAGGTCACGGCGCAGTACTCTTTA-3'
Primer 8 5'-GGTCTGGAGATCAATGTACTCCTGC-3'

(Table 1). The NEO gene was amplified from pX63-NEO with
primers Cy., and Dy,,. The HYG gene was amplified from
pX63-HYG with primers Cyy,,, and D, (Table 1). The 3'-UTR
(750 bp) of L. donovani ASNA was obtained from L. donovani
wild type genomic DNA by PCR amplification using primer
Eyy, and reverse primer F or with primer Ey., and reverse
primer F (Table 1). The 5'-UTR of L. donovani ASNA was then
ligated to the antibiotic resistance marker gene by PCR using
primers A and Dy, or A and Dy, This fragment (5’-UTR-
marker gene) was fused with 3'-UTR of ASNA using primers
A and F, yielding the fragment 5'-UTR-Hyg-3'-UTR or
5'-UTR-Neo-3'-UTR.

Generation of Genetically Manipulated Parasites— After
PCR amplification and purification, ~2-3 ug of linear replace-
ment cassette fragment 5'-UTR-Hyg-3'-UTR or 5'-UTR-Neo-
3'-UTR were individually transfected by electroporation in
wild type L. donovani promastigotes (26). Depending on the
marker gene, transfectants were selected in the presence of 150
pg/ml hygromycin (Sigma) or 300 ug/ml paromomycin (Sig-
ma). After three to four passages, cells resistant to antibiotic
selection were subjected to PCR-based analysis to check for the
correct integration of the replacement cassettes using primers
shown in Table 2. Thereafter, a second round of transfection
was initiated to knock out the other copy of ASNA gene. The
replacement cassette fragment 5'-UTR-Hyg-3'-UTR was used
to transfect ASNA/NEO heterozygous parasites, and 5'-UTR-
Neo-3'-UTR was used to transfect ASNA/HYG heterozygous
parasites to generate homozygous ASNA gene deletion muta-
nts. A similar PCR-based analysis was carried out to check for
the correct integration of the replacement cassettes as was done
in the case of ASNA heterozygotes. Furthermore, the genotypes
of the ASNA mutants were confirmed by Southern analysis
using standard protocols (27).

The L. donovani strain overexpressing ASNA was made by
transfecting wild type L. donovani promastigotes with the pSP-
a-blast-a-ASNA construct. The transfected cells were main-
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tained in 10 wg/ml blasticidin. Wild type L. donovani trans-
fected with pSP-a-blast-a vector was used for comparison. 20
g of pSP72-a-neo-a-GFP-ASNA plasmid was transfected into
the wild type L. donovani promastigotes for localization studies.
The transfected cells were maintained in 40 ug/ml G418. A
control transfection with vector alone was used for comparison.

Growth Studies—Growth rate experiments were conducted
by inoculating stationary phase parasites at a density of 1 X 10°
cells/mlin M199 medium with 5% FBS in 25-cm? flasks without
respective selection drug and culturing at 22 °C. Growth rates
of each of the cultures were determined at 24-h intervals by
using a Neubauer hemocytometer. Growth studies with each
individual cell line were done at least three times, and similar
results were obtained each time.

Crystallization, Data Collection, and Structure Determination—
TbASNA crystals (apo form) were obtained at 20 °C by the
hanging drop vapor diffusion method using 1 ul of ThASNA
and 1 ul of 10% (w/v) PEG 20000, 20% (v/v) PEG monomethyl
ether 550, 0.03 M NPS (sodium nitrate, disodium hydrogen
phosphate, ammonium sulfate), and 0.1 m MOPS/HEPES-Na,
pH 7.5. A plate-shaped single crystal was directly mounted in
cooled nitrogen gas at 100 K. X-ray diffraction data were col-
lected on a MAR CCD x-ray detector at BM14 beam line of the
European Synchrotron Radiation Facility at Grenoble, France.
A total of 360 images were collected with 12-s exposure each
and 0.5° oscillations per frame. The diffraction images were
processed and scaled with HKL2000 (28). The initial model was
built by AutoBuild in PHENIX (29), which was subsequently
rebuilt manually using Coot (30). Model refinement was per-
formed using phenix.refine in PHENIX. Structural superimpo-
sition and figures were generated using Chimera (31). Coordi-
nates and structure factors for ThASNA have been deposited in
the RCSB Protein Data Bank under accession code 4LNS.

Statistical Analysis—Data are represented as mean = S.D. A
value of p < 0.05 was accepted as an indication of statistical
significance. Results for enzyme activity in the cell lysates were
entered as column data in GraphPad Prism 5.0 (GraphPad Soft-
ware, Inc.) and analyzed by Student’s ¢ test.

RESULTS

Sequence Analysis and Genomic Organization—ASNA
sequences have been identified in each of the Leishmania infan-
tum and L. major genomes (see the European Molecular Biol-
ogy Laboratory-European Bioinformatics Institute web site).
ASNA sequences have also been identified in the T. brucei
927 (Th927.7.1110) and Trypanosoma cruzi Es genomes
(Tc00.1047053503899.90). In addition to kinetoplastids, BLAST
searches against EuPathDB (32) suggest that parasites such as
T. vaginalis (A2EKG5), E. histolytica (C4LT17), and C. parvum
(Q5CPDY) possess a copy of ASNA gene. BLAST analysis of L.
major and L. infantum genomes revealed that the ASNA-en-
coding gene is present on chromosome 26. Trypanosoma and
Leishmania contain a single copy of ASNA gene (33). Sequence
analysis, database search, and alignment of the LHASNA amino
acid sequence were performed. The LAASNA amino acid
sequence had a single open reading frame consisting of 1062 bp.
The ORF encoded a putative polypeptide of 353 amino acids
with a predicted molecular mass of 40 kDa. Sequence analysis
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suggests that asparagine synthetase A enzymes from kineto-
plastids share reasonably high sequence identity (~60%). E. coli
AsnA is 58% identical to LAASNA and 60% identical to
ThASNA. Lactobacillus delbrueckii and E. histolytica share
sequence identity of ~45% with LJASNA and ThHASNA.
Archaeal sequences are distant homologs with low (<15%)
identity to LAASNA and ThASNA sequences. Phylogenetic
analysis reveals a close relationship of kinetoplastid enzymes to
E. coli and other bacterial ammonia-dependent AsnA-type
enzymes (13).

Cloning, Overexpression, and Purification of LAASNA—
LAASNA is predicted to be of ~40-kDa molecular mass with a
theoretical pl of 5.4 using the ExPASy bioinformatics tool
ProtParam. To characterize the recombinant LASNA protein,
the full-length gene was cloned into the backbone fragment of
pET-30a expression vector. The resultant construct pET30a-
LAASNA with an N-terminal His, tag and thrombin protease
cleavage site was transformed into E. coli (BL21). A single band
of homogenously purified LHASNA protein with an N-terminal
His, tag was identified with a molecular mass of ~44 kDa (Fig.
2A). Purification yielded ~3 mg of purified protein/liter of bac-
terial culture. To further characterize LAASNA, the purified
protein was analyzed by MALDI-TOF/TOF mass spectroscopy
(Fig. 2B). The spectrum of the protein analyzed by BioTools
version 2.2 showed an intensity coverage of 35.8% for putative
asparagine synthetase A (L. infantum JPCM5). The polypeptide
sequence fragments covered in the MS/MS data for each peak
are colored red in Fig. 2B. A sequence search analysis by a Mas-
cot search revealed top scores of 99 and 74 with putative aspar-
agine synthetase A of Leishmania spp. with accession numbers
gi|146089599 and gi|398016957, respectively. These results
confirm the presence of a putative asparagine synthetase A in L.
donovani.

Enzymatic Activity and Kinetic Parameters for LAASNA—
Asparagine synthetase A catalyzes the synthesis of asparagine,
AMP, and PP, in the presence of ATP, L-aspartate, and NH (4).
To determine any ammonium-dependent asparagine synthesis
activity of LAASNA, the product AMP was coupled with an
NADH oxidation reaction (4). In the case of prokaryotic organ-
isms, ammonium- and glutamine-dependent asparagine syn-
thesis activity, each corresponding to a nitrogen source of
NH; or glutamine, respectively, has been reported (10, 15).
In archaea bacteria, e.g. P. abyssi, asparagine formation
occurs only by the process of amidation of aspartate (34). To
establish the kinetic parameters and specificity of LIASNA
using L-aspartate, ATP, and N, source, we examined the
effect of various concentrations of substrate L-aspartate
while other components were kept constant (Fig. 34). The
Vnax Value for L-aspartate was determined to be 69.6 = 2
nmol min~" mg of protein™'. The K,, value of LAASNA for
L-aspartate was measured to be 0.6 = 0.08 mwm, which is
closer to that reported in the case of K. aerogenes (0.91 mm)
(6). ATP is an essential component for substrate amidation
during the asparagine synthesis reaction. Therefore, we per-
formed ATP-dependent enzyme kinetic studies (Fig. 3B). In
the case of LAASNA, the estimated V____valuewas 63.5 £ 1.3

max

nmol min~' mg of protein™ ', and the K, for ATP was 1.2 *
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lane 3, induced cell lysate; lane 4, eluted fraction with 200 mm imidazole showing purified LdASNA. B, MALDI-TOF peptide mass fingerprinting and alignment
of the identified peptides of a tryptic digest of LdASNA protein obtained after nickel-nitrilotriacetic acid purification.
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FIGURE 4. A, confocal microscopy of wild type L. donovani transfected with pSP72-a-neo-a-GFP-ASNA. First panel, wild type L. donovani expressing LAASNA as
a GFP translational fusion protein; second panel, wild type L. donovani stained with DAPI; third panel, phase-contrast image; fourth panel, merged micrograph.
B, co-localization of LdAASNA in mitochondria. First panel, wild type L. donovani expressing LdASNA as a GFP translational fusion protein; second panel, wild type
L. donovani stained with MitoTracker Red; third panel, phase-contrast image; fourth panel, merged micrograph. “k” and “n” indicate kinetoplastid and nuclear
DNA, respectively. Results are representative data from three separate experiments. DIC, differential interference contrast.

0.09 mm. To establish the N, source specificity, we measured
LdASNA activity with various concentrations of NH; and
L-glutamine (Fig. 3, C and D). An LdASNA V_ . value of
68.4 = 3.6 nmol min ' mg of protein ' and K,, value of
5.95 = 0.8 mM was obtained for NH; , which is closer to that
reported for Streptococcus bovis (4.0 mm) and T. brucei (5.55
mM) (21, 35). Interestingly, LdASNA was found to be capable
of utilizing L-glutamine as the nitrogen source. This feature
never reported before appears to be unique for kinetoplastid
ASNAs as has also been recently reported in case of 7. brucei and
T. cruzi (21). The kinetic parameters obtained for the utilization of
L-glutamine for LAASNA were a V, , value of 63.4 = 1.8 nmol
min~ ' mgof protein ' and K, value of 10.3 = 0.7 mm. Hence, we
conclude that LAASNA is active and preferentially utilizes ammo-
nia, although it is also capable of utilizing glutamine as a nitrogen
source (Fig. 3, C and D).

Subcellular Localization of LAASNA—The GFP-LAASNA
construct was designed for episomal expression in L. donovani
parasites as described under “Experimental Procedures.” This
construct was electrotransformed in parasites and selected as
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reported earlier (36). L. donovani parasites transfected with the
GFP-LAASNA fusion constructs were fixed and analyzed by
fluorescence microscopy. GFP fluorescence was detectable in
~60% of the cells transfected with the fusion constructs. The
kinetoplast and nuclear DNA in these cells were readily identi-
fied by their bright staining with DAPI (Fig. 44). GFP-LAASNA
was found to be present in the cytoplasm of the parasite (Fig.
4A). We repeated localization studies several times and viewed
~90 different parasites. The parasites transfected with the GFP
vector alone (lacking an insert) showed GFP fluorescence in the
entire promastigote (data not shown). L. major ASNA appears
to have predicted mitochondrial (PSORT II) and cytosolic
(MARSPred) localization. However, the mitochondrion-target-
ing signal peptide sequences and the cleavage sites could not be
predicted by any of the currently available computational tools.
Therefore, we wanted to probe mitochondrial localization of
LAASNA, so GFP-LAASNA construct-transfected parasites
were stained with MitoTracker Red (Fig. 4B). Our data indicate
localization of ASNA in both the cytosol and mitochondria of
the parasites.
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FIGURE 5. A, restriction map of the LAASNA genomic locus and the location of the primers used for confirmation by PCR analysis along with the expected band
sizes. Primer 4 was designed as a forward primer to match the upstream region of LdASNA gene, and primers 8, 3, and 6 were designed to be internal to ASNA,
HYG, and NEO coding regions, respectively. Primer 2 was designed as a reverse primer to match the downstream region of LdASNA gene, and primers 7, 1, and
5were designed as forward primers internal to ASNA, HYG, and NEO coding regions, respectively. B, genomic DNA from ASNA/HYG and ASNA/NEO heterozygous
parasites was used as a template for PCR analysis. The specific integration of the replacement cassette was checked with LdASNA- and HYG- or NEO-specific
primers. Mindicates the molecular size marker in kb. C, growth analysis of L. donovani WT and single transfectants ASNA/HYG and ASNA/NEO. The parasites were
counted after 4 days on a hemocytometer. These results represent mean = S.D. (error bars) with n = 3. D, comparison of the LdASNA enzyme activity (nmol
min~ ' mg~") of WT Bob, ASNAOE, ASNA/HYG, and ASNA/NEO in the respective cell lysates by an NADH-ATP coupled reaction. These results represent mean *+

S.D. (error bars) with n = 3. %%, p < 0.01.

Gene Deletion Studies of Asparagine Synthetase A—The
essentiality of LAASNA was assessed by classical gene replace-
ment experiments where attempts were made to replace both
copies of LAASNA by drug resistance genes. Cassettes having
HYG or NEO as selection markers along with the flanking
5'-UTR and 3'-UTR of LdASNA gene were used to replace
LdASNA as described under “Experimental Procedures” (Fig.
5A). Linear replacement cassettes made by fusion PCR were
electrotransfected into wild type L. donovani promastigotes,
leading to generation of heterozygous parasites in which one copy
of LAASNA gene was replaced with either the hygromycin or
neomycin drug resistance gene. Replacement of a single copy of
LAASNA gene from the chromosome by the hygromycin or
neomycin drug resistance gene cassette was confirmed by
PCR-based analysis by using primers external to the inactiva-
tion cassette of LHASNA gene (Fig. 5A). Cells transfected with
the replacement cassette were selected after three to four pass-
ages. DNA from the transfected L. donovani promastigotes was
isolated and subjected to PCR-based analysis. 1.1- and 1.0-kb
bands in the case of the HYG cassette and 1.1- and 1.1-kb bands
in the case of the NEO cassette along with the 1.0-kb and 979-bp
bands corresponding to the WT LdASNA gene were also ob-
tained (Fig. 5B). This confirmed that a single copy of LdASNA
gene had been replaced in heterozygotes parasites. Interesting-
ly, the heterozygous parasites consistently showed a growth
delay compared with wild type parasites (Fig. 5C). The ASNA
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activity was lower in heterozygous parasites in comparison with
the wild type strain (Fig. 5D). It is reasonable to assume that a
gene dosage effect resulted in the production of lesser ASNA
protein, and such a conjecture would suggest that ASNA is
involved in optimal cell proliferation.

LAASNA heterozygotes were subsequently transfected with
a second cassette to replace the second copy of the gene. PCR
analysis demonstrated that cells selected on the double antibi-
otic medium showed HYG and NEO replacement cassettes at
the LAASNA gene locus similar to the heterozygotes, but these
transfectants also showed 1.0-kb and 979-bp bands corre-
sponding to the WT LJASNA gene (data not shown). This
result indicates the presence of wild type gene in the double
transfectants.

The presence of WT LAASNA gene along with HYG and NEO
replacement cassettes in the LHASNA gene locus was further
checked by Southern blot analysis by digesting the genomic
DNA with Xhol. In the WT cells, digestion of WT' LdAASNA
gene locus with Xhol was expected to yield a 2.7-kb band after
probing with the 5'-UTR of LAASNA gene as probe (Fig. 64).
Integration of the HYG or NEO cassette in single transfectants
was expected to yield 5- and 4.8-kb 5'-UTR-hybridizing bands,
respectively, in addition to the 2.7-kb wild type band (Fig. 6A).
Bands of the expected sizes hybridizing with the L. donovani
ASNA 5'-UTR as probe were obtained in the case of the het-
erozygous parasites (Fig. 6B), but in the case of double trans-
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FIGURE 6. A, restriction map of the LdASNA locus and the predicted chromosomal rearrangements occurring during HYG and NEO replacement of ASNA in the
chromosomal locus. B, Southern blot analysis of WT Bob, single transfectant ASNA/NEO, and double transfectant ASNA/NEO/HYG. Genomic DNA was digested
with Xhol, separated on a 0.6% agarose gel, and probed with the 5’-UTR of LdASNA. Molecular size markers are indicated to the right of the blot. Cand D, blot
in B was striped and reprobed with the NEO or HYG gene, respectively, to indicate the presence of NEO and HYG in single and double transfectants.

fectants, a band corresponding to the WT LdASNA was found,
indicating the presence of WT gene in these transfectants. The
same blot probed with the HYG and NEO genes as probes
showed the presence of both HYG and NEO in double trans-
fectants (Fig. 6, C and D). At least five clones of each of the
transfectant cell lines were picked and screened for phenotypic
characterization. All attempts to generate LdASNA homozy-
gous null mutant were unsuccessful. Southern blot analyses
demonstrated that the LIASNA gene was still present in the
genome of these parasite lines, indicating that LHASNA may be
an essential gene.

Because the double transfectant mutant clones (ASNA/
HYG/NEO) were found to contain 2.7-kb wild type ASNA allele
as well as HYG and NEO integrations, DNA content-based
analysis was performed to check the ploidy levels of the cells.
Fluorescence-activated cell sorting (FACS) analysis of fixed
cells stained with propidium iodide was performed to deter-
mine the ploidy levels of WT and single and double transfec-
tants. In the wild type cells, two peaks corresponding to 2N (G;)
and 4N (G,) DNA content were observed as expected. An iden-
tical pattern was observed with the heterozygous mutants
ASNA/HYG and ASNA/NEO, thus indicating that these
heterozygous parasites contain normal diploid DNA content
similar to wild type cells. Interestingly, FACS analysis of the
double transfected parasite clone (ASNA/HYG/NEO) showed
peaks that corresponded to 3N and 6N DNA content (data not
shown). This suggests a difference in the ploidy level in the cell
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population of the double transfectant parasites when compared
with the single transfectants and wild type cells. The G; and G,
peaks of the double transfected parasite indicated that these
cells are aneuploid (data not shown). All the single and double
transfected clones screened showed similar results.

Crystal Structure Analysis—The TbASNA crystal structure
was solved by molecular replacement using EcAsnA (Protein
Data Bank code 11AS) as the search model in apo form. The
structure was refined using native diffraction data at 2.2-A res-
olution. ThASNA crystals belong to space group (P6,22) with
one monomer of ThASNA in the asymmetric unit. ThASNA
exists as a homodimer inside the crystals (based on packing
considerations) (Table 3). The final electron density for the
ThASNA model is well defined except for loop 1 (residues
51-57) and loop 2 (residues 210 -250; Figs. 7-9). The structure
of ThASNA (monomer) consists of 10 B-strands and 10 a-heli-
ces (Fig. 7). Sequence identity between Leishmania and the
E. coli enzyme counterpart is ~57%, and the overall fold of
TbASNA is hence very similar to that of EcAsnA. ThPASNA and
EcAsnA monomers superimpose with a root mean square devi-
ation of ~1.2 A for 304 C* atoms. However, residues 210 —250
in ThASNA have a unique ~19-residue insertion (in the
TbASNA sequence, this insertion is QVVFPRTSKPIPTMNSLSS;
in LAASNA, it is KIGFPTADDEKPSVNTIMS) as part of loop 2
(Fig. 8). The significance of this insertion at this location in the
structure of ThASNA is unclear because in the crystal structure
of apo-ThASNA this loop is completely disordered. Further-
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more, these ~19-residue insertions seem to have little
sequence conservation between ThASNA and LJASNA. In
contrast, a structure-based multiple sequence alignment
between T. brucei and L. donovani ASNA shows very few
regions of sequence divergence (Fig. 7). Therefore, the role of
insertion sequences in ASNAs may need to be explored sepa-

TABLE 3
Data collection and refinement statistics

Values in parentheses are for the highest resolution shell. r.m.s.d., root mean square
deviation.

Data collection

Wavelength (A) 0.976
Crystal-to-detector distance (mm) 232.1
Exposure time (s) 12
Number of frames 360

a=7155b=7155c=268.63;
a=90,B=90,y=120

Unit cell parameters (A; °)

Space group P6,22
Resolution (A) 25.0-2.20 (2.24-2.20)
Unique reflections 21721 (1082)
Multiplicity 8.0 (8.5)
Completeness (%) 99.6 (100)
Ia(l) 27.14 (3.2)
Rierge 0.076 (0.482)
Refinement
Resolution (A) 24.6-2.20
Reflections in work set/test set 20,543/1,105
Ryondd Riree (%) 20.5/25.0
Stereochemistry .
r.m.s.d. in bond lengths (A) 0.008
r.m.s.d. in bond angles (°) 1.17
Ramachandran plot
Residues in most favored regions (%) 93.7

Residues in additionally allowed 6.3
regions (%)

Asparagine Synthetase A from L. donovani

FIGURE 8. A, overall structure of TbASNA in apo form. The monomers that
form ASNA dimer are shown with loop 1 and loop 2 highlighted in black dots.
Loops 1 and 2 are disordered in TBASNA, although in the E. coli apoenzyme,
they are ordered. B, superposition of TbASNA and EcAsnA monomer showing
a-helices 6 and 7 that are displaced from their ECAsnA counterparts by ~9 A.
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FIGURE 7. Sequence alignment of TbDASNA and LdASNA with EcAsnA. The secondary structure (Sec Str) elements derived from the crystal structure of
TbASNA are placed at the bottom of the alignment. The loop in TDASNA and LdASNA (herein called loop 2) contains a ~19-residue insertion (red box) that is

absent in E. coli and archaeal AsnAs.
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rately. From the structure of ThASNA, it is evident that a-heli-
ces 6 and 7 are distinctly displaced from their E. coli AsnA
counterparts by up to ~9 A. Furthermore, in EcAsnA, there are
no major conformational changes between the apo and holo
forms of the enzyme. Indeed, the apo form of THASNA shows
no significant deviation from its E. coli counterpart except in
the noted ~9-A displacement near a-helices 6 and 7 (Fig. 8B).
Using visualization software (Chimera), we cataloged active site
amino acid residues (a total of 15) that interact with L-Asn and
AMP in the crystal structure of EcAsnA (Protein Data Bank
code 12AS). We then mapped these L-Asn- and AMP-binding
active site residues onto the ThASNA structure (Fig. 9). Inter-
estingly, all 15 active site residues (of which seven recognize
L-Asn and eight bind AMP) are conserved among E. coli,
TbASNA, and LAASNA. Residue Tyr-218 in EcAsnA is part of
loop 2, and although it remains conserved, it is disordered in
TbASNA. These constraints within the active sites of ASNAs,
therefore, can be exploited to screen specific inhibitors that can
selectively target these enzymes. The high resolution atomic
structure presented here can serve as a platform for develop-
ment of specific inhibitors against both ThASNA and Leishma-
nia ASNA.

DISCUSSION

Aminoacyl-tRNA synthetase paralogs involved in amino acid
biosynthesis have been known for many years (8, 14, 16-19).
These activities include AsnA (asparagine-tRNA synthetase
paralog), HisZ (histidyl-tRNA synthetase paralog), and lysyla-
tion of a specific lysine in bacterial elongation factor P (GenX/
PoxA). Among these, E. coli AsnA and GenX/PoxA are well
characterized (8, 14, 1620, 22). Because they are absent in
humans but present in pathogenic organisms like Leishmania,
these paralogs form a novel category of drug targets. Our earlier
detailed bioinformatics analysis revealed the presence of ASNA
paralogs in certain eukaryotic pathogens (13, 37). Recently,
characterization of ASNA from T. brucei and T. cruzi has been
reported (21). Although the asparagine-tRNA synthetases con-
tain a synthetase domain and an anticodon binding domain,
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these paralogs contain only the synthetase domain to perform
asparagine biosynthesis (13). We had reported earlier that
although aminoacyl-tRNA synthetases of L. major are sug-
gested to be of archaeal/eukaryotic origins, L. major asparagine
synthetase A is likely to be of bacterial origin (13).

Two structurally distinct groups of asparagine synthetases
are known in prokaryotes: the ammonia-utilizing asparagine
synthetases (AsnA) and glutamine-utilizing asparagine synthe-
tases (AsnB). Although asnB genes are reported from all three
domains of life, asnA genes have been reported from pro-
karyotes (15), archaea (8), and very recently eukaryotic patho-
gens (13, 21, 37). AsnA is present in certain anaerobic Gram-
positive bacteria such as Clostridium perfringens, Bacillus
anthracis, Streptococcus pneumoniae, and Clostridium botuli-
num. AsnA also exists in certain facultative anaerobic Gram-
negative bacteria such as E. coli, Yersinia enterocolitica, Salmo-
nella enterica, Yersinia pestis, and Shigella flexneri (33).
Enterocytozoon bieneusi is the only fungal pathogen that has an
ASNA gene (33). It is also the only eukaryotic pathogen with 45
copies of ASNA genes of variable amino acid lengths ranging
from 50 to 300 amino acids long (33). Interestingly, ASNA is
present only in C. parvum and Cryptosporidium hominis and is
absent from other apicomplexan parasites (33). Among Viridi-
plantae, a single copy of ASNA gene is present in Thalassiosira
pseudonana CCMP 1335 (33). T. vaginalis is the other eukary-
otic pathogen that carries a copy of ASNA gene (13).

In this study, we show that LASNA is an ammonia-depen-
dent AsnA-type enzyme also capable of utilizing glutamine as
the nitrogen source. The overall K, values deduced by kinetic
analysis for LAASNA appear to be closer to those reported ear-
lier in the case of prokaryotic organisms (6, 35) Attempts to
delete the ASNA gene from the parasite genome failed, and
these parasites showed aneuploidy. Thus, L. donovani ASNA
appears to be an essential gene. However, ASNA knockdown in
T. brucei did not affect in vitro growth of bloodstream forms of
the parasite (21).

Previous crystal structure analysis of EcAsnA suggested a
class II catalytic core of aminoacyl-tRNA synthetases for these
enzymes (22). Structure-based sequence comparison of
EcAsnA with the catalytic domain of yeast aspartyl-tRNA syn-
thetase showed a high conservation of catalytic residues (22).
Although the substrates of these two enzymes are similar, the
activation of carboxyl groups on the aspartyl residues is differ-
ent. Yeast aspartyl-tRNA synthetase activates the a-carboxyl
group of the substrate, whereas EcAsnA activates the (3-car-
boxyl group (22). The recent crystal structure of an archaeal
AsnA from P. abyssi in various substrate-bound forms helped
to decode the plausible mechanism of asparagine biosynthesis
by AsnA in archaea (8). Sequence-based phylogenetic analysis
of the LAASNA followed by structural modeling and compari-
son with the E. coli AsnA suggested an evolutionary origin of
kinetoplastid ASNA genes closer to that of the prokaryotic
AsnA rather than the archaeal enzyme (13). The LAASNA is
also expected to follow a similar catalytic mechanism as
EcAsnA based on its structural similarity to archaeal AsnA (13).
Our extensive attempts to crystallize recombinant LZASNA
failed, but we were able to solve the high resolution crystal
structure of the highly homologous ThASNA. Sequence iden-
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tity between LJASNA and ThASNA is ~80%. As expected, the
overall fold of ThASNA is similar to that of EcAsnA, and their
respective monomers superimpose with a root mean square
deviation of ~1.2 A for 304 C* atoms (Figs. 7-9). The loop in
TbASNA and LAASNA (herein called loop 2) contains a unique
19-residue insertion of variable sequence that is absent from
E. coli and archaeal AsnAs. In both the apo and holo structures
of EcAsnA, loop 2 is ordered, suggesting that ligand engage-
ment is not necessary for ordering of loop 2. However, in the
TbASNA structure of the apoenzyme, the corresponding loop 2
with its unique 19-residue insertion remains fully disordered.
We also observed very high sequence conservation in 15 resi-
dues that line the active site pockets of these enzymes (Fig. 9).
Hence, the presented crystal structure of ThASNA can serve as
a model for structure-based inhibitor design against not only
LdASNA but, given the extensive active site conservation (res-
idues that interact with L-Asn and AMP are identical) noted
previously, possibly also for other homologs of ASNA from var-
ious pathogens that harbor this enzyme.

Asparagine synthetase is a potential target for cancer chem-
otherapy (38) because asparagine depletion caused by the
administration of L-asparaginase is presently being used as a
protocol for the treatment of acute lymphoblastic leukemia
(39). Therefore, it is highly desirable to develop inhibitors of
ASNA that could be used as chemotherapeutic agents. Koizumi
et al. (40) synthesized a transition state analog of cysteine
sulfoximine, N-adenylated S-methyl-L-cysteine sulfoximine.
This inhibitor was found to be an extremely potent slow bind-
ing inhibitor of E. coli AsnA. This inhibitor was also found to
inhibit AsnB effectively and irreversibly (41). The crystal struc-
ture of E. coli asparagine synthetase A in complex with its
potent slow binding inhibitor has revealed the structural basis
for transition state stabilization as well as for substrate recog-
nition (40). Our analyses of ASNA from Leishmania parasites
along with the structure of its homolog from Trypanosoma
together provide a rationale for targeting this enzyme in drug
discovery efforts. The absence of ASNA from humans and its
essentiality in Leishmania together provide a new window for
exploiting ASNA for drug development to treat visceral
leishmaniasis.
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