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Abstract

Replication of KDNA in the mitochondrion of the kinetoplastid protozoan is an essential process.
One of the proteins that may be required for the KDNA replication is the ribonuclease H (RNase
H; EC 3.1.26.4). We have identified four distinct ribonuclease H genes in Leishmania, one type |
(LRNase HI) and three type Il (LRNase HIIA, LRNase HIIB and LRNase HIIC). We detail here
molecular characterization of LRNase HIIC. The coding sequence of LRNase HIIC is 1425 bp in
length encoding a 474-amino acid protein with a calculated molecular mass of ~53 kDa. While
LRNase HIIC shares several conserved domains with mitochondrial RNase H from other
organisms, it has three extra patches of amino acid sequences unique to this enzyme. Functional
identity of this protein as an RNase H was verified by genetic complementation in RNase H-
deficient Escherichia coli. The precursor protein may be enzymatically inactive as it failed to
complement the E. coli mutant. The mitochondrial localization signal in LRNase HIIC is within
the first 40 amino acid residues at the N-terminus. In vitro import of the protein by the
mitochondrial vesicles showed that the precursor protein is processed to a 49-kDa protein.
Antisense ablation of LRNase HIIC gene expression is lethal to the parasite cells both in vitro and
in vivo. This study not only reveals the significance of the LRNase HIIC in the kinetoplast biology
but also identifies a potential molecular target for antileishmanial chemotherapy.
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1. Introduction

Ribonuclease H (RNase H; EC 3.1.26.4) is a ubiquitous endoribonuclease that hydrolyzes
the RNA in a RNA/DNA heteroduplex [1-3]. RNase H activity has been suggested to be
involved in DNA replication, recombination repair and transcription [4,5]. Genes encoding
RNase H are ubiquitously present in all the kingdoms of life starting from viruses to the
humans [1].
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RNase H enzymes were initially characterized from Escherichia coli [3]. Depending upon
their amino acid sequence similarity with the two E. coli RNase H enzymes and requirement
of either Mg2* or Mn2*, RNases H are classified into three families: types I, Il and 111 [6].
Enzymes that require Mg2* for their activity and share conserved amino acid residues/
domains with that of E. coli RNase HI are classified as type | RNase H [6]. Those sharing
conserved domains with E. coli RNase HII and require Mn2* for their activity are classified
as type 11 [6]. The third type of RNase H share conserved domains with E. coli RNase HII
but requires Mg?* for their activities [6]. Apart from the difference in the divalent metal ion
requirement RNases H from different families have differences in their specific activities
and specificities for cleavage sites on the target [4—6]. RNase H has been shown to be
essential in mouse mitochondria [7] and in Drosophila [8]. This enzyme also has been
shown to play a critical role in the antisense effects of oligodeoxynucleotides in the ablation
of the sense mMRNA function [1,9-11]. We report here the characterization of a putative
mitochondrial RNase H from the parasitic protozoan Leishmania. As RNase H is involved in
the vital metabolism of the cell, any differential biochemistry and molecular biology of these
enzymes in a parasite as compared to that of its host could be exploited for rational drug
design against the parasite infection.

The kinetoplastid protozoan parasite Leishmania are transmitted by the phlebotomine
sandfly and cause different clinical forms of leishmaniasis [12]. Visceral leishmaniasis is
often fatal if untreated, mucocutaneous leishmaniasis is a mutilating disease, diffuse
cutaneous leishmaniasis is disabling and cutaneous leishmaniasis can result in an unaesthetic
stigma if multiple lesions occur [12]. Disability-adjusted life years (DALY lost due to
leishmaniasis are close to 2.4 million; there is 1.0-1.5 million cases of cutaneous and
500,000 cases of visceral leishmaniasis each year and a population of 350 million is at risk
[12]. Leishmania is transmitted from the infected sandfly vectors to the mammalian hosts
during blood meal [13,14]. Leishmania exists as the extracellular flagellated promastigotes
in the gut of the fly vector and as the intracellular non-motile amastigote in the macrophages
of the human host [13,15]. Amastigotes multiply in the macrophages, come out of them by
killing the macrophages and then infect the neighboring macrophages thereby establishing
the infection.

Kinetoplastids are also important as one of the earliest diverging eukaryotic groups that
contain a mitochondrion [16,17]. They only have one mitochondrion per cell. The
mitochondrial DNA creates a unique structure, known as the kinetoplast [16,17]. The
kinetoplast contains several thousands of double stranded circular DNA catenated into a
single disc-shaped network (KDNA), which is placed near the basal body of the flagellum in
the mitochondrial matrix [18,19].

The mechanism of kKDNA replication has been explored for many years, as it is very
important for the survival of the parasite [17,20,21]. Kinetoplast DNA replication has been
shown in Trypanosoma brucei to be critical for the survival of the parasite cells [20,21]. In
Crithidia, protozoan cells related to Leishmania, Ferguson et al. [22] have shown the
involvement of two antipodal sites in K-DNA replication. Thus, various enzymes involved in
the KDNA replication are strategically placed around the kDNA disc. The DNA polymerase
B [20], topoisomerase Il [21], DNA ligase [23] and SSE1 [24] are localized in two antipodal
sites, while the universal minicircle sequence binding protein [25] is found in the
kinetoflagellar zone (KFZ). Primase was found to be on both the sides of the kDNA disc
[26]. During the time of replication, the DNA circles are released from the kDNA network
in the KFZ, where they replicate and newly formed progeny appear to migrate towards the
antipodal sites where they are attached to the network periphery by topoisomerase Il [27].
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Since RNase H should be important in the replication of KDNA, we explored whether this
enzyme in the Leishmania mitochondrion is essential for the survival of the parasite. We
report here molecular cloning and characterization of a mitochondrial RNase H from
Leishmania (we call it LRNase HIIC). Our data reveal that this is a type 1l RNase H that is
apparently synthesized as an inactive proenzyme. This proenzyme is possibly activated upon
the entry into the mitochondrion. We have also shown that this enzyme is essential for the
survival of the parasite and thus it could be a potential target for antileishmanial
chemotherapy.

2. Materials and methods

2.1. Cell culture

The promastigotes and the amastigotes of L. major (Friedlin) and L. donovani (DD8) were
used in this study. The promastigotes were grown at 25 °C in medium M199 with 10% heat-
inactivated fetal bovine serum [10,11]. The amastigotes were maintained in mouse tail-base
lesions or in infected J774G8 cultures [11]. Virulent promastigotes were differentiated from
the amastigotes freshly isolated from infected macrophages [28]. We used the mouse
macrophage cell line J774A1 for our study. These cells were grown in tissue culture flasks
in RPMI 1640 with 20% heat-inactivated (56 °C, 30 min) fetal bovine serum at 37 °C, as
described [11,29].

2.2. Analysis of DNA and RNA

Genomic libraries of L. donovani and L. major in AZAP Express (Stratagene, La Jolla, CA)
were screened to obtain their LRNase HIIC genes. Leishmania genomic library was
constructed from Sau3Al-digested genomic DNA fragments (2—6 kb) in AZAP Express
vector (Stratagene) following standard protocols [30]. We searched the Sanger Center L.
major genomic sequence database with T. brucei RNase HII protein sequence as bait to get a
homologous probe. An “end sequence’ was found with significant (P/N: 2.5¢72°) similarity.
Primers P1/P2 (Table 1) were used to amplify the genomic DNA fragment which was used
as probe for library screening. After repeated screening of the library, the LRNase HIIC
gene was rescued following standard protocols [30]. Restriction endonuclease digestions
followed by agarose gel electrophoresis and Southern blotting revealed the restriction map
of the clones [30]. RNA was isolated from Leishmania promastigotes and axenic
amastigotes using Trizol reagent (Invitrogen, Carlsbad, CA). Total RNA was fractionated on
a formaldehyde-agarose (1%) gel, transferred to a nylon membrane and probed with LRNase
HIIC ORF [30]. Sequencing of the full-length clones was done using the T7 and SP6
universal primers in an automated DNA sequencer.

2.3. Complementation of conditional-lethal E. coli rnh™ mutant

E. coli mutant MIC2067 [F~A™ IN(rrnD-rrnE)1 rnhA339::cat rnhB716::kam] was a
generous gift from Dr. M. Itaya, Tokyo. These cells form colonies at 30 °C but do not grow
at 42 °C due to the absence of functionally active RNase H and can be complemented to
grow at 42 °C with the functional expression of a homo- or heterologous RNase H [31]. For
genetic complementation, LRNase HIIC coding region were amplified with (primer P7/P8)
or without (primer P9/P8) the putative mitochondrial localization signal (MLS) and cloned
behind the arabinose-inducible promoter at the Nco 1 site of pPBAD/His A vector
(Invitrogen). Chemically competent E. coli MIC2067 cells were transformed [30] with the
pBAD, pBAD-LRNase HIIC or pBAD-LRNase HIICAMLS constructs and were plated on
LB-agar containing 100 ug/ml ampicillin, 25 pg/ml kanamycin, 5 pg/ml chloramphenicol
and 0.2% arabinose and incubated at 30 °C. After the growth at 30 °C, the transformants
were streaked in the above mentioned antibiotic-agar plates, one set of plates were incubated
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at 30 °C and the duplicate set of plates were incubated at 42 °C for 16 h. The control plates
had all the antibiotics but no arabinose.

2.4. Expression of recombinant LRNase HIIC and immunoblot analysis

The LRNase HIIC ORF was amplified and cloned in pET100/D-TOPO (Invitrogen). The
recombinant protein was expressed after induction of the recombinant E. coli BL21 Star
(DE3) cells with IPTG (0.2 mM, 3 h) and was purified from the lysate by immobilized-metal
affinity chromatography using Ni-NTA resin (Qiagen, Valencia, CA) under denaturing
conditions following the supplier’s protocols. Polyclonal antibodies against recombinant
LRNase HIIC were custom developed (Antibody Solutions, Mountain View, CA) in rabbits.
Affinity purified antibodies were used for immunoblot analysis following standard protocols
[32]. The purified antibodies were immobilized onto a Protein A-Sepharose column (SeizeX
Protein A Immunoprecipitation kit, Pierce Biotechnology, Rockford, IL) and the LRNase
HIIC or LRNase HIICAMLS protein was affinity purified following the protocol
recommended by the supplier.

2.5. RNase H assay

We evaluated LRNase HIIC activity by zymogram analysis using the synthetic 32P-labeled
RNA:DNA hybrid as the substrate [1]. [32P]Poly(rA):poly(dT) was synthesized using E. coli
RNA polymerase on poly (dT), as described before [10,11]. Bovine pancreatic RNase A
(Type 1A, Sigma Chemical Co.) and E. coli RNase H (Invitrogen) were used as negative
and positive control, respectively, to verify the efficacy and specificity of the substrate.

2.6. Isolation of mitochondrial vesicles and in vitro import assay

Mitochondrial vesicles were obtained from the promastigotes after lysis of the cells by
nitrogen cavitation, as described [33]. We used in vitro synthesized 3°S-labeled precursor
LRNase HIIC protein to study its in vitro uptake by the isolated mitochondrial vesicles. Full-
length LRNase HIIC ORF or its AMLS derivative was cloned at the Nde I site in the
pET100/D vector behind the T7 RNA polymerase promoter. Radiolabeled LRNase HIIC
protein was synthesized using T7 RNA polymerase in the TNT Quick coupled transcription/
translation system (Promega, Madison, W1) and [3°S]-methionine. The 3°S-methionine-
labeled precursor protein was incubated with isolated mitochondrial vesicles for in vitro
import study, as described [33]. Reaction was started by the addition of 10 pl of rabbit
reticulocyte lysate containing 3°S-methionine labeled LRNase HIIC precursor protein and
incubated at 30 °C. After 30 min, samples were collected, and divided into two parts, one
part was treated with proteinase K (30 pg/ml) and the other part left untreated. Proteinase K
reaction was stopped by the addition of PMSF (2 mM). In one set of experiment,
valinomycin (0.5 uM) was added to disrupt the membrane potential. Mitochondrial vesicles
were pelleted by centrifugation, washed with 200 pl of SME buffer (0.25 M sucrose, 10 mM
MOPS/KOH at pH 7.2 and 2 mM EDTA). Radiolabeled proteins in the pellet were analyzed
by SDS-PAGE and autoradiography [33].

2.7. Antisense phosphorothioate gapmer-mediated knock down of LRNase HIIC
expression in the promastigotes and the amastigotes

To knock down the LRNase HIIC mRNA, we employed an antisense deoxyribonucleotide
(ODN) gapmer designed against this mMRNA. We designed the 18-mer antisense ODN
(ASN) “‘gapmer’ from the predicted translation start site (—9 to +9) in the mRNA nucleotide
sequence. Five nucleotides from each terminus in the gapmer contained 2’-O-methy!| ribose
whereas the middle eight nucleotides were connected via phosphorothioate backbones but
had 2'-deoxyribose. The control ODNSs included in the study were SSN (sense ODN), INV
(inverted sequence), and SCR (scrambled sequence) (Table 1). The oligonucleotides were
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custom synthesized from Trilink Biotech (San Diego, CA) and purified by reverse-phase
HPLC. We also used anti-miniexon oligonucleotide ASM as a positive control [34]. The
promastigotes (1 x 108 cells/ml) were incubated in complete growth medium in 24-well
plates with different concentrations (0-30 puM) of specific ODN, which were added directly
in the culture media, at 26 °C, for 72 h and counted the number of cells/ml using a
hemocytometer as a measure of growth [10,11]. To study the effects of these ODNs against
the amastigotes of L. major in J774A1 macrophage cells, we employed the scavenger
receptor-mediated drug targeting techniques, described before [34]. J774A1 cells were
infected with virulent stocks of L. major (derived from mouse tail-base lesions) by
incubating the cells for 5 h in the growth medium with 1:10 macrophage to Leishmania
promastigotes ratio. The infected J774A1 cells were washed in PBS and incubated with
medium containing the liposome encapsulated ODN. The numbers of Leishmania
amastigotes per 100 macrophages were counted after 5 days of incubation with the ODN-
liposome preparations [34].

3. Results and discussion

3.1. Leishmania has four ribonuclease H genes

Our objective was to identify the mitochondrial RNase H from Leishmania and to explore
whether this enzyme can be targeted for the development of rational chemotherapy against
the diseases caused by Leishmania and other related pathogenic parasites. We have
amplified, cloned and characterized four RNase H genes from L. major and L. donovani
(Table 2). BLAST searches were performed at either the Sanger center
(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/I_major/omni) or National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/BLAST/) web sites to
search for the RNase H genes in L. major data bank. Query RNase H protein sequences used
were RNase HI, -HII of E. coli, Saccharomyces pombe, S. cerevisiae, Crithidia, T. brucei
and human. Nucleotide and derived amino acid sequence analyses revealed that one of these
RNase H is a type | enzyme (LRNase HI) and the other three enzymes are type Il (LRNase
HIIA, LRNase HIIB and LRNase HIIC, named according to increasing molecular sizes). T.
brucei and T. cruzi have homologues for RNase HI, RNase HIIB and RNase HIIC (Table 2)
that were found by searching their respective gene databases. RNase HIIA is apparently
present only in Leishmania. The nucleotide sequences of the RNase H genes in Leishmania
do not share any significant similarities among each other. Majority of organisms so far
studied have two RNase H genes: one of type | and other of type Il [1]. Recently, genome
database analysis revealed multiple type 11 RNase H genes in organisms like Bacillus
subtilis [6] and Caenorhabditis elegans [35]. Thus, the presence of multiple types Il RNase
H in Leishmania and related protozoa may not be unusual, but the biological roles played by
many of these enzymes are yet to be determined.

Computational analysis of the LRNase H amino acid sequences using web-based programs
like Mitoprot and PSORTII suggested that only LRNase HIIC has the potential to be the
mitochondrial enzyme with a putative mitochondrial localization signal (MLS), which is
located within the N-terminal 40 amino acid residues (Fig. 1A). The predicted cleavage site
for the signal peptide is given as FRP/PP (Fig. 1A). The results of the PSORT Il prediction
were 82.6% mitochondrial. Mitoprot predicted the probability of LRNase HIIC to be
imported to mitochondria as 0.9862. We experimentally verified that the 40 amino acid
residues in the N-terminal sequences are responsible for mitochondrial localization of
LRNase HIIC (see below). Other than moderate similarity (49%) with the nucleotide
sequences of T. brucei and T. cruzi RNase HIIC, there is no significant similarity of the
LRNase HIIC nucleotide sequence with any other RNase HII nucleotide sequences available
in the Entrez database, as was revealed by BLASTn analysis. Since the nucleotide sequence
of LRNase HIIC mRNA has no significant similarity with that of the human ortholog, this
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parasite molecule can potentially be targeted for the development of antileishmanial
antisense nucleic acid based chemotherapy, provided this is essential for the growth of the
parasite (see below).

3.2. Along with the signhature sequences, LRNase HIIC protein also has extra patches of
amino acid sequences unique to this protein

3.3. LRNase

3.4. LRNase

Amino acid sequences of LRNase HIIC were aligned with homologous sequences from
many eukaryotes including Trypanosoma, Plasmodium, yeast, nematode, plant and mammal
(Fig. 1B). Highly conserved motifs, previously identified as hallmarks of RNase HII [36] are
present in LRNase HIIC (Fig. 1A and B). One remarkable feature in the LRNase HIIC
amino acid sequence is the presence of three unique patches of amino acid sequences
(patch#1, residues 189-167; patch#2, residues 197-220, and patch#3, residues 264-271)
which are significantly conserved in the RNase HIIC of the kinetoplastid flagellates but are
absent in the RNase HII of plasmodia as well as in the non-protozoan cells (Fig. 1A and B).
The antipodal sites of the kinetoplast are thought to be very critical for its proposed role in
the replication of KDNA [22] and the mitochondrial RNase H of Leishmania thus may be
located at these sites to aid in the KDNA replication process. It is thus possible that the
unique patches in the kinetoplastid mitochondrial RNase H are participating in this proposed
localization at the kinetoplast disk. Whether LRNase HIIC is localized at the antipodal
nodes of the kinetoplast and whether this proposed strategic localization of LRNase HIIC in
the kinetoplast is mediated through the extra patches of the identified sequences are yet to be
determined.

HIIC is a single copy gene

Southern analysis of Leishmania genomic DNA restriction digests with LRNase HIIC probe
showed only single band (Fig. 2A and B), indicating single copy of the gene in the haploid
genome of these diploid cells. In Leishmania and related other protozoa, the genes are
transcribed as poly-cistronic messages. So determination of the copy number of a gene may
help to understand how it is regulated. This information will also help to design experiments
to knock out the gene by homologous recombination to study the contribution of the enzyme
in parasite metabolism.

HIIC is enriched in the mitochondrial fraction as a 49-kDa protein

Analysis of RNase H activities in the total cellular extracts from the promastigotes

using 32P-Poly(rA):Poly(dT) as substrate [10,11] in a gel assay revealed three bands (Fig.
3A). These activities are Mn2*-stimulated RNase H activities. Omitting Mn?* or
replacement of Mn?* with Mg?* abrogated or inhibited these activities (data not shown).
The major Mn2*-stimulated RNase H activity (49-kDa) is enriched in the isolated
mitochondrial fraction (Fig. 3A). The molecular size of the top-most band is 49-kDa. At this
point we do not know the identity of the other two activity bands. They may represent the
other two type Il RNase H enzymes present in Leishmania. While E. coli RNase H cleaved
the substrate into acid-soluble radioactive products, RNase A did not cleave the substrate
under the conditions described. As stated above (Table 2), the calculated molecular size of
LRNase HIIC protein should be 53-kDa. We did not see any 53-kDa RNase H activity band
in the zymogram. In many other cells the precursor form of a mitochondrial protein does not
accumulate in the cell and the predominant form of the protein is the proteolytically
processed mature form [37]. Thus, the 49-kDa band may represent the mature AMLS form
of LRNase HIIC.

We expressed recombinant LRNase HIIC protein in E. coli BL21 Star (DE3) cells
(Invitrogen) and purified the hexa-histidine-tagged recombinant fusion protein by Ni**-NTA
agarose chromatography (Fig. 3B). Purified LRNase HIIC protein was used to develop the
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antisera to further evaluate the mitochondrial enrichment of this protein by Western blotting.
We loaded 50 pg of total cellular proteins or mitochondrial proteins per lane. There was a
very faint band at the ~49 kDa in the total cellular extract and the same band is prominent
(~30 fold) in the mitochondrial extract (Fig. 3C). This data is not in contradiction to the
zymogram analysis data as is presented in Fig. 3A. In the zymogram analysis experiment,
we loaded proteins from 2 x 107 cells per lane in both the total cellular extract and the
mitochondrial extract. Thus, the amount of LRNase HIIC in each lane more or less remained
the same. On the other hand, in the Western blot analysis we took equal amount of protein in
each lane from total cell and mitochondrial extract. Thus, the relative amount of LRNase
HIIC protein in the total cellular extract will be much less than that in the mitochondrial
extract as this enzyme is enriched in the mitochondrial fraction. Enrichment of the iron-
sulfur protein (ISP) (Fig. 3C) in the mitochondrial fraction indicated the enrichment of the
organelle in that fraction [33].

To verify further that the antibody raised against the recombinant LRNase HIIC indeed
binds to the Leishmania mitochondrial RNase H protein, we immunoprecipitated the protein
from the mitochondrial fraction and evaluated the RNase H activity by zymogram analysis.
The affinity purified and immobilized antibody was bound onto a Protein A-Sepharose
column (SeizeX Protein A Immunoprecipitation Kit, Pierce Biotechnology, Rockford, IL).
This column pulled down a 49-kDa protein (Fig. 3D) from mitochondrial protein extract
isolated from the biosynthetically radiolabeled proteins of L. donovani promastigotes. The
experiment was repeated (Experiment 1 and Experiment 2, Fig. 3D) and in both the cases
the size of the immunoprecipitated protein was 49 kDa. The flow through did not have the
49-kDa protein. This protein also did not bind to a similar column anchoring an unrelated
antibody raised against a human protein (SLUG).

To evaluate the RNase H activity, we similarly pulled down the proteins from unlabeled
Leishmania mitochondrial protein extracts using the antibody-coated beads. The eluted
proteins (50 pg) were analyzed for RNase H activity. RNase H activity was detected as a 49-
kDa band (Fig. 3E). Again, the flow through from the LRNase HIIC antibody bound
column, as well as the eluted fraction from the human SLUG antibody column did not have
any detectable RNase H activity. All these data thus strongly suggest that LRNase HIIC
gene indeed codes for the mitochondrial RNase H in Leishmania and the active protein is
enriched in the mitochondria as a 49-kDa molecule.

3.5. LRNase HIIC can complement rnh™ E. coli only when it is without MLS

To evaluate whether the LRNase HIIC precursor protein has functional RNase H activity we
performed a genetic complementation experiment using an rnh™ temperature-sensitive E.
coli strain. Activity gel assay with this E. coli MIC2067 strain in our laboratory did not
show any activity band under the conditions of the assay. We cloned the coding sequences
of LRNase HIIC or its AMLS derivative at the Nco | site of the plasmid pBAD/HisA
(Invitrogen), selected the clones with forward orientation of the insert with respect to the ara
operon promoter and transformed E. coli MIC2067 cells with the recombinant plasmid. In
the presence of arabinose, chloramphenicol, kanamycin and ampicillin in the growth
medium, the cells with the plasmid containing the ORF of AMLS derivative of LRNase
HIIC only gave us growth at 42 °C. The precursor form failed to complement the growth
defect of the E. coli. These data further suggest that the 53-kDa-precursor form is
enzymatically inactive and the 49-kDa AMLS form is the enzymatically active form.

Mol Biochem Parasitol. Author manuscript; available in PMC 2011 May 6.
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HIIC enters the mitochondrial vesicles isolated from Leishmania and is

processed into the LRNase HIICAMLS form

3.7. LRNase

Mitochondrial vesicles with membrane potential, isolated from L. major promastigotes, were
able to take up and process LRNase HIIC precursor (53-kDa) into the mature protein (49
kDa; Fig. 4). The 35S-labeled precursor protein was synthesized and incubated with isolated
mitochondrial vesicles for the import study. Lane 1 of Fig. 4 shows 10% of the input of the
radiolabeled precursor protein. When incubated with mitochondrial vesicles, a small portion
of the 53-kDa precursor protein is apparently processed into a 49-kDa protein (lane 2, Fig.
4). To evaluate whether the 49-kDa protein is the processed protein located inside the
mitochondrial vesicles, we treated the vesicles after the incubation with the radiolabeled
precursor protein (as in lane 1) with proteinase K. Proteinase K should degrade any
precursor form of protein that is bound to the mitochondrial vesicles but are not imported
inside [33]. As is shown in lane 2 of Fig. 4, the 53-kDa precursor protein was not protected
from the proteinase K digestion where as the 49-kDa protein was protected, further
indicating that the 49-kDa protein is the mature form of LRNase HIIC that is retained in the
mitochondrion of Leishmania.

The import of LRNase HIIC into the mitochondrial vesicles was inhibited, when the vesicles
were pretreated with proteinase K indicating that the import of LRNase HIIC is probably
mediated through a receptor (data not shown). This import reaction was also inhibited when
the import reaction contained 0.5 uM valinomycin (a potassium ionophore), which disrupts
the membrane potential (lanes 3, 4, Fig. 4). These data indicated that the import of LRNase
HIIC into Leishmania mitochondrion is dependent on membrane potential, a characteristic
of typical receptor-mediated mitochondrial protein import process [33]. There was no import
of the protein when the vesicles were incubated with the 35S-labeled LRNase HIICAMLS,
further suggesting that the signal needed for the mitochondrial targeting of LRNase HIIC
resides within the N-terminal 40 amino acids of the protein (data not shown).

HIIC is essential for the growth of Leishmania promastigotes and amastigotes

We have evidence to suggest that LRNase HIIC is essential for Leishmania. We used mixed
backbone oligonucleotide (16-mers) gapmers to knock down LRNase HIIC transcripts in L.
donovani. The levels of LRNase HIIC mRNA (as was revealed by Northern analysis, Fig.
5A) and the level of LRNase HIIC enzyme (as was revealed by zymogram analysis, Fig. 5B)
decreased during the treatment of the cells with the antisense oligo. The antisense oligo
against LRNase HIIC affected the survival of L. donovani promastigotes in a dose
dependent manner (Fig. 5C). These suggest that LRNase HIIC is essential for the survival of
the parasite cells. As Leishmania exist as the amastigote form in the macrophages, we then
tested the effects of the anti-sense oligos against the L. major amastigotes inside infected
J774A1 cells [10,11,34]. To study the effect of the antisense oligo on the amastigotes, we
mixed the antisense oligo or the control oligo with poly-L-lysine and encapsulated them
inside the MBSA-coated liposomes [10,11,34]. When presented to the Leishmania-infected
macrophages, these coated vesicles bound to the scavenger receptor (SR-A) present on the
macrophage cell surface and they were endocytosed to the phagolysosomes containing
amastigotes [34]. There was a steady decrease of amastigote count in the cultured
macrophages (Fig. 5D) with the antisense ODN treatment as opposed to the treatments with
the control ODNs, further suggesting the essentiality of LRNase HIIC for the survival of
Leishmania.

We thus conclude that LRNase HIIC is a mitochondrial enzyme. LRNase HIIC mRNA is
essential for the survival of the parasite both in vitro and in vivo. As LRNase HIIC mRNA is
distinct in its nucleotide sequence as compared to its human ortholog and thus may be
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Abbreviations

MLS Mitochondrial localization signal

LRNase HIIC Leishmania mitochondrial RNase HII precursor form

LRNase HIICAMLS Leishmania mitochondrial RNase HII mature form lacking the
MLS

kDNA kinetoplast DNA

PMSF phenylmethylsulfonyl fluoride

IPTG isopropylthio-B-D-galactoside

ab antibody

KFzZ kinetoflagellar zone
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Fig. 1.

Analysis of LRNase HIIC amino acid sequence. (A) The amino acid sequence of LRNase
HIIC highlighting the MLS (purple)\shows the predicted cleavage site, conserved amino
acids (orange) and the extra patches of sequences (blue). The conserved amino acid residues
that are essential for the enzymatic activity of the protein are shown in larger fonts. (B)
ClustalW alignment of part of amino acid sequences of L. donovani LRNase HIIC (residues
119-298) with corresponding homologous RNase HII sequences from selected eukaryotes to
show the relative location of the extra patches of amino acid sequences. The names of the
organisms and the accession numbers of their RNase HII proteins are as follows: Ldonovani:
L. donovani, AAL57850; Lmajor: L. major, AAL32059; Pyoellii: Plasmodium yoellii,
EAA18794,; Pfal: Plasmodium falciparum, NP 703896; T. brucei, AAD53318; Spombe:
Schizosaccharomyces pombe, Q10236; Athal: Arabidopsis thalina, AAO64017; Hsap:
Homo sapiens, AAQ64005; Mmus: Mus musculus, NP 081463; Celegans: Caenorhabditis
elegans, CAC70103; and Dmelano: Drosophila melanogaster, Q9VPP5. The sequences for
T. brucei and T. cruzi RNase HIIC were retrieved from the respective GeneDB (see the
footnote of Table 2).
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Fig. 2.

Gene copy number of LRNase HIIC. Southern blot analysis of the restriction digests of total
DNA isolated from L. donovani (A) and L. major (B). Total DNA (5 pg for L. donovani and
10 pg for L. major) was digested with R1, Eco RI; H, Hind IlI; P, Pst I; Sc, Sac Il; SI, Sal I;
Sm, Sma | and Sp, Spe I. The fragments were analyzed by agarose gel (0.8%)
electrophoresis. The DNA fragments from the gel were transferred to Nytran membrane and
hybridized with 32P-labeled RNase HIl cDNA as probe. One kb plus DNA ladder
(Invitrogen) was used as molecular size marker. Upper panels show the photographs of
ethidium bromide-stained agarose gels and the lower panels show the corresponding
autoradiograms.
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Fig. 3.

RNase H activities in Leishmania. (A) Zymogram for the RNase H activities in the cell
extracts from L. donovani. Cells and mitochondrial enriched fraction were lysed and boiled
in SDS-containing denaturation solution for 3 min before loading. Proteins equivalent to 2 x
107 cells were loaded per lane (TCE, ME). The separating gel was made with the RNase H
substrate 32P-poly(rA)/poly(dT). These activities were solely dependent upon Mn2* and
addition of Mg2* instead did not yield any such band. The sizes of the bands shown are
approximate. The major Mn2*-dependent RNase H activity is enriched in the mitochondrial
fraction. TCE: total cellular extract; ME: mitochondrial extract. (B) Expression and
purification of N-terminal Hisg-tagged L. major LRNase HIIC precursor protein and the
mature LRNase HIICAMLS in E. coli. Recombinant cells were induced with 0.2 mM IPTG.
The proteins were separated in a 10% SDS-PAGE and stained with Coomasie Blue R250.
Optimal induction was observed in 3 h at 37 °C. We followed up to 21 h. Lane M: size
marker. Lanes 1-4 are for LRNase HIIC and lanes 5-8 are for LRNase HIICAMLS. Lanes 1
and 5, lysates from uninduced cells; lanes 2 and 6, lysates from IPTG induced cells; lanes 3,
4,7 and 8, fractions eluted from washed columns with buffer E (100 mM NaH,POy4, 10 mM
Tris.Cl pH 4.5, and 8 M urea). (C) Western blot analysis of LRNase HIIC in L. donovani
promastigotes. Left panel (i), Coomassie Brilliant Blue stained protein gel showing L.
donovani total cellular protein (Cell; 50 pg) and total mitochondrial protein (Mito; 50 pg).
Middle panel (ii), Western blot analysis with anti-LRNase HIIC antibodies (1:1000
dilution). The LRNase HIIC antibody detected a 49-kDa protein in the mitochondrial
extract. The faint band in the total cellular extract is not visible in the photograph of the
chemiluminiscence autoradiogram. Right panel (iii), Western blot with anti-ISP monoclonal
antibody, showing mitochondrial enrichment. (D) Pull-down of the 49-kDa radiolabeled
LRNase HIIC protein by antibody. Immunoprecipitation was done with the reagents from
the SeizeX Protein A immunoprecipitation kit (Pierce Biotechnology). The size of the bands
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is 49-kDa. Experiment 1 and Experiment 2 are duplicates for same experiment. (E)
Zymogram for the activity gel assay of the proteins isolated from L. donovani mitochondrial
extracts by immunocapture. Assay was done as described above. The sizes of the bands
correspond to 49-kDa.
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Import and processing of LRNase HIIC precursor protein into isolated mitochondrial
vesicles from L. major. Similar results were obtained from mitochondrial vesicles isolated
from L. donovani. Lane LC, the 3°S-labeled-LRNase HIIC-precursor protein (10% of the
input). Lane 1, protein associated with the mitochondrial vesicles after 30 min. Lane 2,
corresponding 3°S-labeled proteins inside the mitochondrial vesicles after proteinase K
digestion. Lane 3, proteins associated with the 0.5 uM valinomycin-treated mitochondrial
vesicles after 30 min. Lane 4, same as lane 3 but after proteinase K digestion. The 53-kDa
precursor protein (LRNase HIIC) and the 49-kDa mature proteins (LRNase HIICAMLS) are
indicated. LRNase HIIC AMLS did not show any significant import to the mitochondrion
(data not shown).
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Fig. 5.

Mitochondrial ribonuclease H (LRNase HIIC) is essential for the survival of Leishmania.
(A) Northern analysis of RNA isolated from L. donovani promastigotes treated for 72 h with
the sense or the antisense oligonucleotide (25 uM). Top panel is the autoradiogram and the
lower panel corresponds to the ethidium bromide stained gel showing rRNA bands. (B)
Activity gel assay with the proteins (100 pg) from the mitochondrial fraction of L. donovani
promastigotes treated for 72 h with sense or antisense oligonucleotide (25 uM). Top panel is
the zymogram and lower panel is the corresponding Coommasie blue-stained gel. (C)
Inhibition of the growth of L. donovani promastigotes by antisense gapmer oligonucleotides
against LRNase HIIC. Results are mean = S.E. (n = 6). Similar results were obtained with
axenic amastigotes and L. major promastigotes (not shown). (D) Inhibition of the growth of
L. major amastigotes inside cultured macrophages (J774A1) by antisense gapmer
oligonucleotides against LRNase HIIC. Results are mean + S.E. (n = 6). SSN, the sense
oligo; INV, oligo with the inverted sequence; SCR, the oligo with the sequence scrambled,
and ASN, the antisense oligo. The amastigotes were counted 5-days post-treatment. The
counts of amastigotes in the control macrophages (no oligo treatment) were 587 + 12 cells/
100 macrophages.
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Table 1

Nucleotide sequences of the primers and gapmers used in this study

Primer  Sequence (5'-3") Description

P1 GACTGAGCGGAGCGGTGC Forward primer to amplify the LRNase HIIC probe

P2 GCACCCGAGCAGTTTCAG Reverse primer to amplify the LRNase HIIC probe

P7 GGATCCATGGTCCACGCATGGCGC Forward primer to amplify the full length of the LRNase HIIC ORF
with Nco | site at the 5’ end

P8 GGATCCATGGTCACTTCCTCTGCAGCC Reverse primer to amplify the full length of the LRNase HIIC ORF with
Nco | site at the 5’ end

P9 GGATCCATGGTGCCGCCGACATGGAA-CGCGCTG  Forward primer to amplify the LRNase HIIC ORF without MLS

P10 CACCATGCTCCACGCATGGCGC Forward primer with 5-CACC-3' sequence to clone LRNase HIIC in
pET100/D

P11 CACCCCGCCGACATGGAACGCGCTG Forward primer with 5-CACC-3’ sequence to clone LRNase
HIICAMLS in pET100/D

ASN GTGGAGCATGATAGGCAG Antisense ODN against LRNase HIIC

SSN CTGCCTATCATGCTCCAC Sense ODN to ASN

INV GACGGATAGTACGAGGTG Inverted ODN to ASN

SCR TACAGAGGTAGGCGAGGT Scrambled ODN to ASN

ASM CTGATACTTATATAGCG Antisense ODN against miniexon
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Table 2

Summary of the identified RNase H proteins in Leishmania and Trypanosoma

AA L. majord T. brucei T. cruzi

RNase HI 42 kDa (381 aa) LmjF06.0290 (AY835988) 33 kDa (301 aa) Th07.26A24.40 36 kDa (323 aa) Tc00.1047053506351.40
RNase HIIA 33 kDa (296 aa) LmjF13.0050 (AY835989) Absent Absent

RNase HIIB 33 kDa (301 aa) LmjF36.0640 (AY835990) 36 kDa (326 aa) Th10.70.2140 36 kDa (324 aa) Tc00.1047053508661.50
RNase HIIC ~ 53.3 kDa (474 aa) LmjF36.0330 (AF441859) 54 kDa (477 aa) Tb10.70.2470 55 kDa (479 aa) Tc00.1047053503891.70

The lengths of the proteins (number of amino acid residues) are given in the parenthesis following the calculated molecular weight. Temporary
systematic 1Ds for the L. major sequences are retrieved from its GeneDBs (release 5.1 for Friedlin, the reference strain MHOM/IL/80/Friedlin,
zymodeme MON-103), T. brucei sequences are retrieved from its GeneDBs (Release 4 of T. brucei strain TREU927/4 GUTat10.1 genome;
http://www.genedb.org/genedb/tryp/index.jsp) and for the T. cruzi CL Brener (TIGR-Seattle Biomedical Research Institute-Karolinska Institute T.
cruzi Sequencing Consortium (TSK-TSC); http://www.genedb.org/genedb/tcruzi/index.jsp) are written below the molecular sizes.

aDNA sequences showing the 5'-UTR, transplicing signal, coding sequence and the 3'-UTR for all of the ribonucleases H of L. major are deposited
to GenBank. Corresponding accession numbers are shown for each of RNase H in the parenthesis.
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