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Actin-related proteins (ARPs) belong to actin family of pro-
teins which exhibit only moderate sequence similarity to each
other as well as with actin [I]. Ten ARP subfamilies have been
identifiediilbuddingyeast whichhave been designated as ARPI
to ARP1O, depending on their sequence similarity with actin
[2,3]. Whereas ARPI has the maximumsimilarity, least similar-
ity has been observedwithARP10 [2-4]. These proteins besides
localizing in the cytoplasm are also present in the nucleus. For
example, ARPl, ARP2, ARP3 and ARP10 in budding yeast
are present in the cytosol and the remaining ARPs (ARPs 4-9)
are primarily localized in the nucleus [2]. However, only two
vertebrate ARPs have so far been reported to localize in the
nucleus [5]. These nuclear ARPs have been shown to be present
in chromatin remodeling complexes, where these proteins have
been thought to play a crucial role in chromatin remodeling
[4,6,7].

Leishmania belongs to the family of trypanosomatid para-
sites which cause human disease. The genome of Leishmania
major has been fully sequenced and the available data indicates
that this organismbesides containing thegene that encodes actin
also contains genes corresponding to several ARPs [8]. While
two of these ARPs appear to belong to ARP2 and ARP3 sub-
families, the remaining ARPs have not yet been classified. To
analyse theproperties of one of these unknownARPs, we cloned
and overexpressed ORF LmjF21.0230 (Leishmania ARP) and
studied its intracellular localizationemploying antibodies to this
protein. The result of this study clearly demonstrates that this
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protein is largely localized in the nucleus where it is, at least,
partly associated with chromatin.

The PCR amplification of Leishmania ARP (1.75kb) was
carried out by using gene specific primers designed on the
basis of ARP gene sequence of L. major and whole genome
DNA of L. donovani as the template. The amplified product
was cloned in E. coli expression vector pET 22b at NdeI and
HindIlI restriction sites and overexpressed (Fig. IA) in E. coli
strain BL21(DE3). The recombinant ARP containing histidine
tag at its C-terminus was purified from the inclusion bod-
ies by SDS-polyacrylamide gel electrophoresis. The molecular
weight of recombinant protein was about 64 kDa. The molec-
ular identity of this recombinant product was established by
analyzing the first 10 amino acids at its N-terminus (PRVQL-
FIDNG). The monospecific anti-Leishmania recombinant ARP
antibodies prepared by affinity purification of rabbit anti-ARP
antisera, were used to probe the presence of ARP in Leish-
mania. These antibodies cross-reacted with a single protein
having a molecular weight of 63 kDa in whole cell lysate of
L. donovani, L. tropica, and L. major promastigotes (data not
shown).

The intracellulardistribution of Leishmania ARP wasstudied
by immunofluorescencemicroscopy.No clear discernible result
could be observed in wild type L. donovani promastigotes due to
low abundance of this ARP in these cells. We, therefore, consid-
ered it appropriate to firstoverexpress this protein in Leishmania
promastigotes and then study its intracellular distribution after
its labeling with rabbit anti-Leishmania ARP antibodies. The
cells that overexpressed the native form of Leishmania ARP by
about three(Fig. IB) and seven (Fig. IC) times by selectingthem
against tunicamycin up to 10 and 20 l1g/ml, respectively, over
the normal levels were chosen for this purpose. Results given
in Fig. 1(E and F) clearly show that this protein in Leishmania
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Fig. I. (A) Overexpression of Leishmania ARP in Escherichia coli. The celllysates (70 fJ.g protein/well) and purified protein (1.0 fJ.g) were analysed by SOS-

polyacrylamide (10%) gel electrophoresis (SOS-PAGE) and the gels were stained with Coomassie blue R. Lane I, lysate of uninduced cells; lane 2, lysate of

induced cells; lane 3, SOS-PAGE purified recombinant Leishmania ARP; Mr, molecular weight markers. (B and C) Overexpression of Leishmania ARP in L
donovani promastigotes. (a) Coomassie blue-stained gels; (b) Western blots of 'a' with rabbit anti-Leishmania ARP antibodies; Mr, molecular weight markers;

lane I, purified recombinant Leishmania ARP; lane 2, only vector transfected L donovani promastigotes lysate; lane 3, lysate of L donovani promastigotes that

overexpressed Leishmania ARP. Immunoblotting with rabbit pre-immune serum did not detect any bands on Western blots. The extent of overexpression was

ascertained by subjecting the Western blots to densitometry. About three and seven folds excess expression of Leishmania ARP were observed by selecting the
transfectants against 10 fJ.g/ml (B) and 20 fJ.g/ml (C) of tunicamycin, respectively. Seventy micrograms of each cell lysate and 0.5 fJ.gof pure protein were analysed

by SOS-polyacrylamide gels (10%). (0) Immunofluorescence image of Leishmania ARP overexpressing cells (selected upto 20 fJ.g/ml oftunicamycin) stained with

rabbit pre-immune serum. The fluorescence intensity in this control was adjusted to zero for 'b' and the same settings were used to acquire images of (E) and (F).

(E and F) Immunofluorescence image of L donovani promastigotes overexpressing about three times (E) and seven times (F) excess of Leishmania ARP. The cells
were labeled with anti-Leishmania ARP antibodies followed by labeling with Cy3 (red) tagged secondary antibody. (a) DIC image (gray); (b) immunofluorescence

image of the cells after their labeling with anti-Leishmania ARP antibodies followed by secondary antibody (red); (c) fluorescence image of cells after labeling

with OAPI (green); (d) merge of 'b' and 'c'. Fluorescence images of OAPI were pseudocolored to green for better presentation of colocalization of ARP and

ONA. Bar, 5 fJ.m. Leishmania ARP (ORF LmjF2I.0230) gene was amplified by PCR using the L donovani genomic ONA as the template and forward primer 5'-
CATATGCCGCGCGTACAACTGTTC-3' and reverse primer 5' -AAGCTTCAACATGCGGTGTAGTGCGTGCTGGAATG T-3'. The above primers were designed

on the basis of L major gene (ORF LmjF21.0230) sequence available in the gene bank. The amplified product was cloned in E. coli expression vector pET 22b

(Novagen, USA) at NdeI and HindIII restriction sites, sequenced by dideoxy chain termination method (Accession No. AY293735), and overexpressed by inducing

cultures at 0.5 00600 with 0.1 mM isopropyl (3-0-I-thiogalactopyranoside (lPTG) at 37°C for 3 h. Native Leishmania ARP in L donovani promastigotes was
overexpressed by transfecting the late log phase cells by Leishmania overexpression vector p6.5MCS (a kind gift from Prof. K.P. Chang) carrying Leishmania ARP

gene at BamHI restriction site, by electroporation [17]. The transfected cells were selected against tunicamycin. Rabbit anti-Leishmania ARP antibodies were affinity
purified using SOS-PAGE purified protein. Western blotting was done as described earlier in Ref. [10]. For fluorescence microscopy, the cells were fixed with 4%

paraformaldehyde in phosphate-buffered saline (PBS, pH 7.4) at 25°C for 30 min, washed with PBS, permeabilised with 0.5% (v/v) Triton X-loo and blocked with
0.5% (w/v) bovine serum albumin in PBS for 30 min. The fixed cells were incubated with anti-Leishmania ARP antibodies (I: 1000 dilution) at 4 °c for 6 h, stained

with Cy3-tagged goat anti-rabbit IgG (10 fJ.g/ml) and OAPI (5 fJ.g/ml). Control samples were separately incubated with rabbit pre-immune serum in place of primary

antibodies. Fluorescence images were obtained on a confocal microscope as described earlier in Ref. [10].

promastigotes is localized largely in the nucleus, irrespective of
the level of its expression.

Nuclear ARPs have been shown to be present in chromatin
remodeling complex in a variety of cells [4,6,7,9]. We, therefore,
analysed the presence of Leishmania ARP in chromatin mate-
rial of wild type L. donovani promastigotes. The chromatin was
immunoprecipitated separately with anti-Leishmania ARP and
anti-Leishmania actin antibodies. This was based on our earlier

studies which showed the presence of actin in the nucleus of
Leishmania promastigotes [10]. The immunoprecipitated mate-
rials were processed for liberation of DNA from chromatin,
which in turn was probed by PCR amplification of Leishma-
nia profilin, truncated coronin (621 base pairs) and actin genes.

Fig. 2(A-C) shows that both the Leishmania ARP and actin were
closely associated with DNA in chromatin material of wild type
Leishmania promastigotes.

Leishmania genome encodes nine proteins which have been
classified under the category of actin-related proteins. To analyse
the extent of their similarity with Leishmania actin, we carried
out phylogenetic analysis of these proteins (Fig. 2D(a» using
PHYLIP package [11]. Whereas the Leishmania ARP (ORF
LmjF21.0230), was found to be least related to Leishmania actin,
LmjF 13.0950 showed the maximum similarity. To further anal-
yse the similarity of Leishmania ARP with ARPs present in yeast
[12] we carried out similar phylogenetic analysis of these pro-
teins (Fig. 2D(b». The Leishmania ARP showed the maximum
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Fig. 2. (A-C) Agarose gel electrophoretic analyses of PCR products amplified from DNA immunoprecipitated by anti-Leishmania ARP and anti-Leishmania actin

antibodies using primers of L. donovani profilin (Accession No. AF466647), truncated coronin (Accession No. AY995899) product of 621 basepairs (912-1533)
and actin (Accession No. AY079087) genes. The intensities of DNA bands were compared after subjecting the gels to densitometry. (a) Electrophoretograms; (b)

band densities. Lane I, 10% input DNA (positive control); lane 2, immunoprecipitate obtained using pre-immune rabbit serum; lane 3, immunoprecipitate obtained
using GRP78 antibodies (a kind gift from Dr. E. Handman); lane 4 immunoprecipitate obtained using anti-Leishmania ARP antibodies; lane 5, immunoprecipitate

obtained using anti-Leishmania actin antibodies. PROF, profilin; CORO, coronin; ACT, actin. To analyse proximity of DNA with Leishmania ARP in the nucleus,

ChIP assay was performed essentially as described by Thomas et. aI. [18] with slight modifications. Normal (wild type) L. donovani promastigotes were grown to log

phase (3 x 107cells/ml) and the cultured cells (50 mI) were fixed with I % formaldehyde at 25 °C for 5 min. To stop the fixation process, 2.5 mI of 2.5 M glycine was
added and the mixture incubated for another 5 min at 25 0c. Cells were washed with cold PBS and resuspended in 2 mI ChIP lysis buffer (50 mM Tris-HCI (pH 8.0),

150mM NaCI, I % Triton X-IOO,0.1% sodium deoxycholate and protease inhibitor cocktail [Sigma]). Cells were sheared on a sonicator (Branson Digital Sonifier)
with 10 s pulse at 9% amplitude followed by a 30 s pause after each pulse. The resulting lysate was checked under microscope to confirm proper shearing and then

centrifuged at 12000 x g for 10 min at 4 °C. Protein concentration of the supernatant (chromatin) was determined and for each chromatin immunoprecipitation (ChIP)
reaction, 1.0 mg protein was used. One-tenth of the lysate was reverse-crosslinked (65 °C, overnight) and DNA was isolated using silica-KI method. The average

genomic fragment size achieved by sonication (400bp) was analysed by agarose gel electrophoresis. To analyse DNA associated with ARP and actin, crosslinked
chromatin prepared as above was subjected to ChIP using anti-Leishmania ARP and anti-Leishmania actin antibodies. The anti-Leishmania actin antibodies were

prepared as described earlier in Ref. [10]. For each ChIP reaction, 100 JLIof chromatin (1.0 mg protein) was diluted to 500 JLIwith ChIP lysis buffer and 10 JLg
each of anti-Leishmania ARP and anti-Leishmania actin antibodies were separately added. Experiments were performed using pre-immune rabbit serum and also

an irrelevant antibody (GRP 78, a kind gift from Dr. E.R. Handman), as negative controls. Reaction mixtures were incubated for 2 hat 4 °C with shaking. To it was

added 5 mg Protein-A Sepharose beads after their pre-blocking with 10 JLglmI salmon sperm DNA and 1% (w/v) acetylated bovine serum albumin in ChIP lysis

buffer for 2 h at 25 °C. The resulting mixture was incubated for another 2 h at 4 °C with shaking. The beads were washed two times each with ChIP lysis buffer,

high salt lysis buffer (same as lysis buffer but also containing 500 mM NaC\), and Tris-EDTA (10 mM Tris-HCI, pH 8.0, I mM EDTA). The immunoprecipitated

complexes were eluted by adding 200 JLIChIP elution buffer (50 mM Tris-HCI, pH 8.0, 1% SDS, 10 mM EDTA). The elution step was repeated once again and
the supernatants were combined and incubated at 65 °C for 5 h after adding 16 JLIof NaCI (5 M) to reverse-crosslink DNA and protein components. The DNA so

liberated was precipitated overnight at -20 °C by three volumes of absolute ethanol. After centrifugation at 12000 x g at 4 °C for 30 min, pellet was resuspended in

100 JLITris-EDTA. To it was added II JLIof lOX proteinase K buffer and I JLIproteinase K from 20 mglml stock (MBI Fermentas). The mixture was incubated at
55 °C for I h. DNA was recovered by silica-KI method, and analysed using primer sets for three different genes. For each PCR reaction, I JLIpurified ChIP DNA was

used as the template whereas for control PCR, DNA was isolated from 10% reverse-crosslinkedinput chromatin. (D) Phylogenetic relationship of various putative
Leishmania actin-related proteins with Leishmania actin (a) and of LmjF21.0230 with various actin-related proteins present in yeast (b). The amino acid sequences

were aligned using ClustalW software [19] and the alignment was saved in PHYLIP format. Phylogenetic relationships of Leishmania actin-related proteins with
Leishmania actin and of LmjF21.0230 with actin-related proteins of yeast were inferred from the PHYLIP package (Version 3.66) [II]. Bootstraps were obtained

with the SEQBOOT program (1000 data sets were generated) and distance matrices were generated with the PRODIST program (Jones-Taylor-Thornton matrix).

Neighbour-joining analysis was carried out with the NEIGHBOR program using the input order of sequences, respectively. Phylogenetic trees were drawn with Tree
View software (Version 1.6.6) [20].
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similarity with ARP6 in yeast, which has earlier been shown to
localize in the nucleus [12]. Nuclear ARPs are essential compo-
nents of chromatin remodeling and remodifying complexes in
eukaryotic cells [7,9,13,14]. These cells contain several ARPs
some of which are present in the cytoplasm whereas the remain-
ing ones are localized in the nucleus.For example,budding yeast
contains as many as ten ARPs out of which at least six ARPs
(ARP4 to ARP9) have been shown to have nuclear localiza-
tion. Similarly, vertebrate ARP6 has recently been shown to
localize in the nucleus and also to interact with Protein-l of
heterochromatin [4]. These results, for the first time, demon-
strate the presence of nuclear ARPs in protozoan parasites in
general and trypanosomatids in particular. As nuclear ARPs in
other eukaryotic cells have been shown to be present in various
chromatin remodeling and histone acyltransferase complexes
[15,16], which invariably contain either heterodimers of ARPs
or complexes of ARP with actin, we suggest that besides Leish-
mania ARP, Leishmania nuclear chromatin complex may also
contain either another ARP or actin. However, based on our
repeated failures in the present study to detect the presence
of actin in the chromatin that was immunoprecipitated with
anti-ARP antibodies (data not shown), we further suggest that
Leishmania ARP may not be present as a complex with nuclear
actin, and that at least one or more ARPs could also be present
in nucleus of the Leishmania cells.
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