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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
Over 60% of patients with visceral leishmaniasis
(VL) in India and Sudan have become
unresponsive to treatment with pentavalent
antimonials, the first line of drugs for over 60
years. The drug resistance mechanism, studied so
far in in vitro selected laboratory strains, has been
attributed to various biochemical parameters. The
resistance to Sb (V) in Leishmania field isolates is
still unexplored.

WHAT THIS STUDY ADDS
In order to elucidate for the first time the
mechanism of drug resistance in field isolates, this
study was done in those clinically relevant field
isolates which were either responsive or non
responsive to SAG. A comparison of proteome
profiles of membrane-enriched as well as cytosolic
protein fractions of these isolates has pinpointed
the multiple overexpressed proteins in resistant
isolates. This study has indicated their possible
essential role in antimony resistance of the
parasite and provides a vast field to be exploited
to find much needed novel treatment strategies
against VL.

AIMS
This study aimed to identify differentially overexpressed membrane-enriched as
well as cytosolic proteins in SAG sensitive and resistant clinical strains of L.
donovani isolated from VL patients which are involved in the drug resistance
mechanism.

METHODS
The proteins in the membrane-enriched as well as cytosolic fractions of
drug-sensitive as well as drug-resistant clinical isolates were separated using
two-dimensional gel electrophoresis and overexpressed identified protein spots
of interest were excised and analysed using MALDI-TOF/TOF.

RESULTS
Six out of 12 overexpressed proteins were identified in the membrane-enriched
fraction of the SAG resistant strain of L. donovani whereas 14 out of 18 spots
were identified in the cytosolic fraction as compared with the SAG sensitive
strain. The major proteins in the membrane-enriched fraction were ABC
transporter, HSP-83, GPI protein transamidase, cysteine–leucine rich protein and
60S ribosomal protein L23a whereas in the cytosolic fraction proliferative cell
nuclear antigen (PCNA), proteasome alpha 5 subunit, carboxypeptidase, HSP-70,
enolase, fructose-1,6-bisphosphate aldolase, tubulin-beta chain have been
identified. Most of these proteins have been reported as potential drug targets,
except 60S ribosomal protein L23a and PCNA which have not been reported to
date for their possible involvement in drug resistance against VL.

CONCLUSION
This study for the first time provided a cumulative proteomic analysis of
proteins overexpressed in drug resistant clinical isolates of L. donovani
indicating their possible role in antimony resistance of the parasite. Identified
proteins provide a vast field to be exploited for novel treatment strategies
against VL such as cloning and overexpression of these targets to produce
recombinant therapeutic/prophylactic proteins.
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Introduction

More than 10 million people around the world are cur-
rently affected by Leishmania sp [1] with the most frequent
prevalence in the tropics and subtropics. Given the difficul-
ties linked to vector (sandfly) control and the lack of an
effective vaccine, the control of leishmaniasis relies mostly
on chemotherapy.To worsen matters, treatment is increas-
ingly failing due to increasing resistance of the parasites to
the most common anti-leishmanial drug SAG, a pentava-
lent antimony [Sb (V)], in several parts of the world, and
most notably in India [2, 3]. New drugs such as liposomal
amphotericin B and miltefosine are prohibitively expen-
sive for the most affected populations. It is now well estab-
lished that Sb (V) is a pro-drug that requires biological
reduction to active Sb (III). Although, a single cellular target
cannot yet be discounted, it is believed that Sb (V)/Sb (III)
may interact with several targets including trypanothione,
the main reduced cellular thiol of the parasite [4]. The
mechanism by which Leishmania acquires resistance to
antimonials has led to contradictory results for several
decades.The high level resistance to antimony observed in
Leishmania can be due to simultaneous selection of loss in
metal reduction, decreased drug uptake, increased glu-
tathione and trypanothione synthesis,and increased trans-
port (sequestration or efflux) of thiol-metal conjugates [5].
The parasite could have other mechanisms that confer
metal resistance. In contrast to in vitro selected strains,
resistance to Sb (V) in Leishmania field isolates is not well
understood. Since, the available treatment for leishmania-
sis poses many problems, research needs to be focused on
how antimonial drugs work and why they sometimes fail
which would be instructive in the development of new
therapies. In the present study, we have compared the pro-
teome profile of membrane-enriched as well as cytosolic
proteins of Sb (V)-resistant and -sensitive Indian L. dono-
vani field isolates to identify the proteins which are
overexpressing in these clinical isolates representing
their probable role in drug resistance.

Methods

Leishmania clinical isolates and
their maintenance
L. donovani clinical/field isolates SAG sensitive (2001) as
well as SAG resistant (2039), procured from patients admit-
ted to the Kala Azar Medical Research Centre, Muzaffarpur,
Bihar, were grown/cultured in RPMI-1640 medium supple-
mented with 10% heat-inactivated foetal bovine serum
(Sigma, USA) at 25°C as described previously [6].The strains
have also been maintained in hamsters through serial
passage, i.e. from amastigote to amastigote [6]. The sensi-
tivity and resistance of these clinical isolates against SAG
have been demonstrated both in vitro and in vivo [6].

Chemicals required
Acrylamide, agarose, bis-acrylamide, biolytes, Coomassie
Brilliant Blue (CBB), dithiothreitol (DTT), iodoacetamide,
IPG strips, mineral oil and other 2D standards were pur-
chased from Bio-Rad, USA. Trypsin, glycerol, thiourea, pro-
tease inhibitor cocktail (PIC), CHAPS, EDTA, TEMED,
ammonium persulfate (APS), sodium chloride, mercaptoet-
hanol, glucose, sorbitol, urea, Tris, SDS, TFA, tributyl
phosphine (TBP), acetonitrile (AcCN) were obtained from
Sigma Chemical Co., USA.a-cyano-4-hydroxycinnamic acid
(CHCA), peptide calibration standard mixture (Cal mix.),
trifluoro-acetic acid (TFA) and Triton X-100 were purchased
from Applied Biosystems, USA.

Isolation of membrane enriched proteins
(MEPs) and cytosolic proteins (CPs) of
L. donovani
Protein fractions were isolated from promastigotes of L.
donovani using the methods described by Molloy et al. [7]
and Pavkova et al. [8]. Briefly, late log phase promastigotes
(109) of Leishmania parasite culture were disintegrated
using repeated cycles of freeze-thawing in liquid nitrogen
and the cell pellet was then lyzed by ultrasonication in TNE
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA)
with protease inhibitor cocktail (Sigma, USA). The lysate
was then incubated with ice-cold 0.1 M sodium carbonate
(pH 11) for 30 min to 1 h at 4°C. Finally, MEPs were collected
by ultracentrifugation in a Beckman ultracentrifuge (CA,
USA) at 120 000 g for 1 h at 4°C in the pellet and with CPs in
the supernatant. Such a prefractionation of the proteins
reduces the complexity of 2-D maps by removing most
non-membrane proteins [9].

Protein sample preparation for two
dimensional gel electrophoresis (2-DGE)
MEPs and CPs of L. donovani were precipitated separately
in trichloro-acetic acid (TCA) to a final concentration of
10% w/v and washed three times with acetone to elimi-
nate contaminants like nucleic acid and salts (by employ-
ing phosphate buffered saline (PBS) or Tris-HCl buffer).The
dried sediments were reconstituted in water and stored
lyophilized in aliquots after protein estimation. All protein
estimations were done by the Lowry method [10]. The dry
pellets of MEPs were solubilized in rehydration buffer [7 M

urea, 2 M thiourea, 2 mM tributylphosphine (TBP), 40 mM

Tris, 4% w/v CHAPS, 1% v/v biolyte pI 3–10, and 1% v/v
Triton X-100] and dry pellets of SPs were solubilized in
rehydration buffer [7 M urea, 4% w/v CHAPS, 100 mM DTT,
0.5% v/v biolyte pI 3–10, 0.5% v/v Triton X-100 and 40 mM

Tris]. Dissolved MEPs and CPs fraction were vortexed and
centrifuged at 10 000 g for 10 min to remove insoluble
material.

Two dimensional gel electrophoresis (2-DGE)
and mass spectrometry
2-DGE was performed as described previously with minor
modifications according to the manufacturer’s manual
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(Bio-Rad, USA). Briefly 1.5 mg of MEPs and CPs fractions
were solubilized in rehydration buffer, immobilized on dry
strips, pI 3–10, 17 cm (Bio-Rad, USA) separately and allowed
to rehydrate for 18–22 h. Isoelectric focusing (IEF) was per-
formed at 20°C using the Protean IEF cell (Bio-Rad) accord-
ing to the manufacturer’s instructions. After IEF, the strips
were equilibrated in solution A (0.375 M Tris, pH 8.8 con-
taining 6 M urea, 2% SDS, 20% glycerol, 2% w/v DTT) and B
(solution A without DTT, but with 2.5% w/v iodoacetamide
(IAA) for 20 min at room temperature, the strips were
inserted into 12% SDS-PAGE gels (20 ¥ 22 cm), and then
sealed with 1% agarose [11]. Electrophoresis was per-
formed initially at 16 mA/gel for 30 min and then at 24
mA/gel at 14°C till the running dye reached the bottom.
The gel was stained with colloidal G-250 Coomassie Bril-
liant Blue (Biosafe; Bio-Rad, CA, USA) and images were
acquired by the gel imaging and spot picking system
(Investigator™ ProPic, Genomic solution, USA). Gel spots
containing the proteins of interest were excised by hand
(confirmed by rescanning the gel). The in-gel digestion of
proteins and purification of peptides from plugs was
carried out according to the manufacturer’s manual.
Briefly, protein spots were excised, washed with desalted
water then with 50% v/v acetonitrile in 25 mM ammonium
bicarbonate pH 8.0, shrunk by dehydration in acetonitrile
and vacuum dried. Gel pieces were reswollen in 10–20 ml
digestion buffer containing sequencing grade modified
10 mg ml-1 trypsin (Promega, Madison, WI, USA). After
15 min, 25 ml of 50 mM ammonium bicarbonate were
added to keep the gel pieces wet during tryptic cleavage
(37°C, overnight). To extract the peptides, 50% AcCN : 0.3%
TFA solution was added, and the samples were incubated
for 15 min and vortexed. The separated liquid was dried
under vacuum and the peptides were redissolved in 10 ml
0.1% TFA. The peptides were purified with a C18 reversed-
phase minicolumn filled in a micropipette tip, ZipTip C18
(Millipore, Bedford, MA, USA), before mass spectrometry.
The peptide solution was then mixed with a double
volume of matrix, a-cyano-4-hydroxycinnamic acid
10 mg ml-1 (ABI, Farmingham, USA.) in 50% AcCN, 0.1% TFA
and spotted onto a MALDI sample plate.

MS and MS/MS spectra were acquired in the positive
ion mode on MALDI-TOF/TOF Mass Spectrometer, Applied
Biosystems 4700 Proteomics Analyzer (Framingham, MA,
USA). The instrument was operated in the delayed extrac-
tion mode with a delay time of 200 ns. Spectra were
obtained by accumulation of 1000 and 4000 consecutive
laser shots, respectively, in MS and MS/MS mode and the
laser intensities used were in the range of 5000 to 6000.
Close external calibration for MS was performed with 4700
Cal Mix (Applied Biosystems, USA) a standard mixture of six
peptides des-Arg1-bradykinin (904.4681), angiotensin I
(1296.6853), Glu1-Fibrinopeptide B (1570.6774), ACTH [clip
1–17] (2093.0867), ACTH [clip 18–39] (2465.1989) and
ACTH [clip 7–38] (3657.9294). Mass calibration for MS/MS
spectra was performed by fragment masses of precursor

Glu1-Fibrinopeptide B (1570.6774). Peak harvesting was
carried out using 4000 Series Explorer™ Software (Applied
Biosystems, USA). Only baseline corrections were applied
to the raw data.

Database search for protein identification
and localization
Database searching for protein identifications was per-
formed with mass spectrometry data (MS or MS/MS) using
Global Proteome Server v3.5 software (Applied Biosys-
tems, USA) equipped with MASCOT-Matrix Science search
engine (http://www.matrixscience.com/). Only monoiso-
topic masses were used for searching against the SWISS-
PROT (http://www.expasy.ch/sprot/), NCBInr (http://www.
protein.sdu.dk/gpmaw/GPMAW/Database/NCBInr/ncbinr.
html) and TriTryp (http://tritrypdb.org/tritrypdb/) data-
bases with a minimum number of matched masses set at 4.
The maximum peptide precursor tolerance was set at
40 ppm and MS/MS fragment tolerance was defined as
0.2 kDa. At the most one missed cleavage for tryptic pep-
tides was allowed, and the modifications accepted were
carbamidomethyl cysteines as fixed modification and
methionine oxidation as variable modification.Tandem MS
was performed only in the cases where identification
appeared ambiguous with MALDI-TOF-MS data. The crite-
ria used to accept the identifications for peptide mass fin-
gerprint included the probabilistic protein score-based
confidence interval %, the extent of sequence coverage,
the number of peptides matched and whether Leishmania
spp. or Trypanosoma spp. protein appeared as top candi-
dates during the first search, when no restriction was
applied to the species of origin. Identification criteria with
MS/MS data were that peptides count should not be less
than 2 and the % confidence interval for the best ion score
should be above 95 (significance level P < 0.05). Protein
scores greater than 66 were significant (P < 0.05).

Membrane and cytosolic proteins can be regarded
according to their name or the name of their homolog
protein or prediction of their localization by the programs
SOSUI and WoLF PSORT. SOSUI (http://bp.nuap.nagoya-
u.ac.jp/sosui) is a very accurate and reliable program for
classification and secondary structure prediction of mem-
brane proteins [12]. WoLF PSORT (http://wolfpsort.org) is
able to do protein subcellular localization prediction [13].

Results

Analysis of L. donovani membrane enriched
sub-proteome
The gels loaded with 1.5 mg MEPs from SAG sensitive and
resistant isolates of L. donovani, separated by 2-DGE dis-
played good resolution as shown in Figure 1. The repro-
ducibility of the 2-D patterns was confirmed by three
consecutive runs from the same protein fraction produc-
ing identical patterns. In all, a total of 12 well-resolved
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overexpressed protein spots in the resistant isolates were
detected in 2D gel of MEPs (Figure 1) with pI ranging from
3 –10. MALDI analyses identified six protein spots out of 12
which were classified on the basis of function, sub-cellular
localization, class/family (Table 1). Minor protein identifica-
tion failures could be due to sample amount, specific
peptide characteristics and extensive post-translational
modifications (PTMs) [14]. The database of the L. infantum
genome is available and the homology to L. donovani is
approximately 99%. Hence reference was made more com-
prehensively on the basis of L. infantum using MASCOT. In
addition, we also observed that the mass and charge of
several proteins were different from those predicted by the
leishmanial genome, which has been reported to be a
common feature of most proteomic analyses, probably
reflecting the effect of protein maturation events includ-
ing PTMs [14].

Analysis of L. donovani cytosolic sub-proteome
The gels loaded with 1.5 mg of CPs from SAG sensitive and
resistant isolates of L. donovani, separated by 2-DE dis-
played good resolution as shown in Figure 1. The repro-
ducibility of the 2-D patterns was confirmed by three
consecutive runs from the same fraction producing iden-
tical patterns. A total 18 overexpressed protein spots were
detected in CP fractions (Figure 2) of SAG resistant isolates
of gels with pI ranging from 3–10. Mass spectrometry
analysis identified 14 spots out of 18 in CP fractions as
listed in detail in Table 2. Minor protein identification fail-
ures could be due to sample amount, specific peptide
characteristics and extensive post-translational modifica-
tion or significant divergence from sequenced strains
[14]. Due to the extremely small number of L. donovani
protein sequences in databases, reference was made to
the more comprehensive sequences for other species of
Leishmania using MASCOT. Among these, the major pro-

teins involved in the drug resistance mechanism were pro-
liferative cell nuclear antigen, proteasome alpha 5 subunit,
carboxypeptidase, HSP 70 and tubulin beta chain. Some
of the other proteins including some enzymes from
carbohydrate metabolism and proteolysis have also
been reported as potential drug targets viz. fructose-1,
6-bisphosphatealdolase and enolase. In addition, we also
observed that the mass and charge of several proteins
were different from those predicted by the leishmanial
genome, which has been reported to be a common
feature of most proteomic analyses, probably reflecting
the effect of protein maturation events including co- or
post translational modification [14, 15]. The identified
proteins were also classified on the basis of their function,
sub-cellular localization and class/family (Tables 1 and 2).

Discussion

Variation in the efficacy of drugs against leishmaniasis is
due to the differences in drug sensitivity of Leishmania
species, the immune status of the patient and the pharma-
cokinetic properties of the drug. No molecular markers of
resistance are available for currently used antileishmanials
[5].The observation that expression levels of several genes
known to be altered in in vitro resistant isolates were
unchanged in the selected pair of sensitive and resistant
clinical isolates, suggests that the resistance mechanism in
field parasites may differ from laboratory resistant mutants
[16]. In the light of these findings, we performed compara-
tive membrane as well as cytosolic proteomic studies
using recent SAG sensitive and resistant clinical isolates of
L. donovani highlighting some of the overexpressed
proteins (Tables 1 and 2) which hitherto has not been
reported. Earlier, we carried out a genetic differentiation
study, using AFLP [17], with some SAG sensitive and resis-

Figure 1
Two-dimensional gel electrophoresis separation of membrane enriched protein (MEP) extracts from SAG sensitive isolate 2001 (A) and SAG resistant isolate
2039 (B) of L. donovani. The numbered spots in (B) represent overexpressed proteins in resistant isolates as compared with sensitive isolates (A) identified
by peptide mass fingerprinting (Table 1)
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tant strains of L. donovani, where we demonstrated that
strain 2039 (SAG resistant) is highly polymorphic and
totally distinct from all other isolates/strains of L. donovani
that are being maintained in our laboratory. Since, our aim
was to identify those proteins which may be responsible or
involved in the drug resistance mechanism directly, we
focused on MALDI analysis of only overexpressed protein
spots of the 2039 strain.

Investigation of MEPs is a very challenging task in
modern proteome analysis due to their poor solubility but
following the protocols of Molloy et al. [7], and Pavkova
et al. [8] we have successfully solubilized the membrane
proteins with almost negligible remnants. Using this
approach membrane subproteomes of some protozoans
such as Trypanosoma sp [18]. and Plasmodium sp [19]. have
been analysed recently. Further, since it is well known that
MEPs constitute important components of the cells partici-
pating in signal transduction and might be important in
drug resistance [20], most of the overexpressed proteins
that have been identified in the MEPs are of interest. One
such cysteine-leucine rich protein, found to be nearly two
times overexpressed in resistant strain, appears to be
involved in protein–protein interactions, transcription,RNA
processing and drug resistance [21]. Other overexpressed
proteins observed in resistant isolates are ATP-binding cas-
sette (ABC) transporters, a biggest family of MEPs usually
reported to be involved in drug resistance in several para-
sitic protozoans [22].Trypanothione, which is thought to
bind to metals in sensitive isolates, is increased in Sb (III)-
resistant cells and these metal-trypanothione conjugates
are either sequestered into an intracellular organelle by
the ABC transporter [23] or extruded outside the cell by an
efflux pump [24]. Another important protein-HSP83, found
to be more than five-fold expressed in resistant strains, has
been reported to be involved in drug resistance and drug-
mediated programmed cell death activation by interfering
with the mitochondrial membrane potential of L. donovani
[16]. GPI protein transamidase, also identified as a highly
expressed (> three fold) protein, is mainly involved in pro-
teolysis and has been reported as drug target [25]. 60S
ribosomal protein L23a, overexpressed by about two-fold
in membrane fractions of resistant isolates is unexplored in
parasite research as yet and may be identified as a novel
diagnostic marker for drug resistance in VL [26].

Interestingly, among the overexpressed proteins in CPs
(Table 2), most noteworthy was the presence of HSP70
which is known to stimulate a strong immunostimulatory
response in mammals [27] and L. infantum [28]. Tubulin
beta chain (upregulated approximately two-fold more) has
been reported as a molecular marker and it has been
shown in ovarian cancer that overexpression of class III
b-tubulin is the most prominent mechanism of paclitaxel
resistance [29]. As such the overexpression of this protein
in resistant strains of L. donovani justifiably indicates
towards its involvement in SAG resistance. Another
overexpressed protein, carboxypeptidase, is known to beTa
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involved in peptide catabolism in L. major [30]. Enolase and
fructose-1, 6-bisphosphate aldolase, identified in multiple
copies and up-regulated more than two-fold in SAG resis-
tant isolates, are reported to be involved in carbohydrate
metabolism [31, 32]. A notable contribution of enolase 2
has been reported in methotrexate (MTX) resistance which
is an antifolate drug used in the treatment of cancer and
autoimmune diseases [33]. The role of aldolase as well as
enolase in drug resistance to SAG is yet to be explored.
Overexpression of these genes in resistant L. donovani
strains, however, emphasizes their possible role in drug
resistance.Proliferative cell nuclear antigen (PCNA), an aux-
iliary protein of DNA polymerase delta has shown a two-
fold increased expression indicating its role in drug
resistance mechanisms. It has not previously been investi-
gated in Leishmania. This protein has been reported as a
proliferation marker with prognostic significance in cancer
[34]. The proteasome, found overexpressed in resistance
strains, is a multicatalytic proteinase complex which is
characterized by its ability to cleave peptides with Arg, Phe,
Tyr, Leu, and Glu adjacent to the leaving group at neutral or
slightly basic pH that may be the cause of drug resistance
[35]. Its role in drug resistance against SAG is still unknown.
However, the evidence of its association with drug resis-
tance in cancer cells supportes its role in drug resistance
mechanisms [36].

To date most of the studies carried out to identify pro-
teins involved in resistant mechanisms were confined to
one or two proteins. This study on the promastigote form
of Leishmania clinical isolates for the first time has pin-
pointed the possibilty of involvement of various proteins
that are overexpressed in MEPs and CPs of L. donovani,
indicating that multiple mechanisms are responsible for
drug résistance. Though, the amastigote form of the para-
site is responsible for clinical manifestations, proteomic
studies on the promastigote stage are relevant because

about 90% of the proteome remains qualitatively
unchanged throughout the life cycle of the parasite [37].
This study provides a vast field to be exploited to find
much needed novel treatment strategies against visceral
leishmaniasis. For example cloning and overexpression of
these identified targets could be done to produce recom-
binant therapeutic/ prophylactic proteins.
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