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Abstract
The protozoan parasite, Leishmania donovani, undergoes several molecular adaptations and secretes many effector molecules for
host cell manipulation and successful parasitism. The current study identifies an albumin-like secretory protein, expressed in its
extracellular promastigote forms. A leishmanial complementary DNA sequence of a partial gene has been cloned, and the
encoded peptide (14 kD) is used for the production of polyclonal antibody. This targeted antibody identifies a large native protein
(66.421 kD), expressed stage-specifically in promastigotes. Through electron microscopic studies, the native protein is found to
be localized in the flagellar pocket and flagella and at the surface of the promastigotes. This native protein is purified with the
same customized antibody for future characterization and sequencing. The sequence analysis reveals its homology with the
mammalian serum albumin. It is evidenced from in silico studies that this albumin-like protein remains associated with long-
chain fatty acids while in vitro studies indicate its close association with membrane cholesterol. Since antibody-mediated
blocking compromises the parasite infectivity, these leishmanial albumin-like molecules are hereby proposed to play an instru-
mental role in the infectivity of L. donovani to peripheral blood monocyte cells. Thus, identification and characterization of an
albumin-like protein in L. donovani promastigotes may be interpreted as a molecular adaptation candidate. It may be hypothe-
sized that the parasite mimics the mammalian system for importing fatty acids into the intracellular amastigotes, facilitating its
host cell infectivity.
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Introduction

Leishmaniasis is a broad-spectrum parasitic disease affecting
different types of tissues in mammals (Piscopo and Mallia

Azzopardi 2007). The causative agents of the disease are the
different species of Leishmania that choose the skin, mucous
membrane, and visceral organs of the body for their
colocalization according to the etiology of the infecting spe-
cies (Farrell 2002). Visceral leishmaniasis that is caused by the
parasites Leishmania donovani and Leishmania infantum is
fatal (McCall et al. 2013). This trypanosomatid parasite exists
in two different life forms: flagellated promastigotes and
aflagellated amastigotes (Sunter and Gull 2017).

Parasites take part in active immune modulation to get con-
trol over their host system, for their successful parasitism
(Gupta et al. 2013). Leishmania is known to adapt several host
cell–evading machineries among which lipophosphoglycan,
GP63, directly interacts with the host cell membrane (Lodge
et al. 2006; Atayde et al. 2016; Soulat and Bogdan 2017),
whereas EF1α, fructose-1,6-biphosphate aldolase, and SAcp
get access into host cells by directly crossing either the plasma
membrane or through the membrane of parasitophorous
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vacuole where amastigotes reside and grow (Nandan et al.
2002; Fernandes et al. 2013; Gupta et al. 2014).

Leishmania and other trypanosomatids evade the host cell
immune response by different MAP kinase pathways (Soares-
Silva et al. 2016) and the phosphatases (Shio et al. 2012). It is
reported that PI3-AKt kinase and phosphatidylinositol 3-
phosphate (PI3P) are involved in the host cell immune evasion
in BALB/c p85−/− mice model (Ruhland et al. 2007; Kima
2016). In Leishmania, the metabolism of sphingolipids
(SLSs) like ceramides has gained considerable attention be-
cause of their biological relevance in parasite infectivity and
disease progression (Pillai et al. 2012). Ceramide with palmitate
(C16) and stearate (C18) as their long-chain fatty acids (Hsu
et al. 2007; De Castro Levatti et al. 2017) is conjugated with
phosphatidylinositol to form inositol phosphorylceramide
(IPC) (Hsu et al. 2007; Mina et al. 2011) and is considered as
a potentially useful target chemotherapy against leishmaniasis.
This unusually long fatty acid chain in IPC of Leishmania in-
dicates the use of myristoyl CoA for ceramide synthesis (Zhang
and Beverley 2010). Comparative analysis of fatty acids in both
promastigotes and amastigotes exhibits selective upregulation
in the amounts of palmitate being abundant in the triacylglyc-
erol (Bouazizi-Ben Messaoud et al. 2017).

In our laboratory, 57 species-specific genes of L. donovani
have been identified, among which 38 genes are assignedwith
putative function through in silico studies. One partial gene,
annotated as AMA1 (Gene ID: LBPK_301490), has been
studied for its expression and putative role in L. donovani
parasitism which is being reported here (Sengodan et al.
2014). The purified native protein is found to share a high
sequence similarity with albumin and colocalizes with mem-
brane cholesterol molecules, interacting with the palmitate
and myristate as putative ligands. The study supports that
Leishmania requires a greater amount of palmitate and
myristate for the synthesis of PI3P, IPC as sphingolipids,
phospholipids, and triacylglycerol, which helps in successful
parasitism.

Methods

Cell and parasite culture

L. donovani (AG83) promastigotes were maintained at 22 °C
in M199 media supplemented with 10% FCS, penicillin
(50 U/ml), and streptomycin (50 μg/ml) (Gibco).
Promastigotes were harvested in late log phase (10
million promastigotes/ml) by centrifugation at 1200g for
10 min and washed with phosphate buffer (PB) (pH 7)
(Roychoudhury and Ali 2008). Human cell line THP1 was
maintained in RPMI (Gibco) media similarly supplemented
with FCS, penicillin, and streptomycin (Das et al. 2001).
The promastigotes were transformed into amastigotes by

infecting THP1 cells with L. donovani promastigotes at a ratio
of 1:5 (cell:parasite). Finally, the amastigotes were isolated
following the method described with some modifications
(Lúcia et al. 1998).

Cloning of the partial gene ama1

The partial gene (Gene ID: LDBPK_301490) was PCR am-
plified from the purified genomic DNA of L. donovani
promastigotes (Beck 2002), and the fragment was incorporat-
ed into the pET20b(+) vector at its multiple cloning site using
the restriction sites of BamHI and HindIII. The pET-ama1
construct was used to transform the Escherichia coli DH5α
and BL21 strains for maintenance and expression hosts, re-
spectively. For the details of cloning and primers, the
Additional Information, Additional File, may be referred.

Confirmation of cloning through colony PCR, plasmid
DNA sequencing, and Western blotting

Colony PCR with transformed and untransformed DH5α and
BL21 cells was done using the same Ama1-F and Ama1-R
primers and same PCR program, adding a single colony from
the transformed and untransformed DH5α plate instead of the
template DNA. Plasmid isolation was done with plasmid pu-
rification mini kit (Qiagen) from transformed DH5α cells.
Single-strand sequencing was performed with the isolated
plasmid dissolved in 20 μl of DEPC-treated water by
Xcelris Labs (Bengaluru, India). The chromatogram was
uploaded in the National Center for Biotechnology
Information (NCBI) for BLASTn, for checking the identity
with the available partial sequence in the database. To observe
the expression of AMA1 in the transformed E. coliBL21 cells
with respect to other control (for details, go to the Additional
Information, Additional File), the bacterial pellets were dis-
solved in ~ 500 μl of cell lysis buffer (20 mM Na2HPO4,
300 mM NaCl, pH 8.5) in the presence of lysozyme
(Sigma), PMSF (Sigma), and bacterial protease inhibitor
(Amresco) at 4 °C followed by Western blot analysis. The
recombinant partial protein with the C-terminal 6× histidine
tag was probed with the anti-6× His tag antibody and anti-
mouse HRP secondary antibody at indicated dilutions on
PVDF membrane.

Purification of the partial protein

IPTG concentration was optimized at 0.5 mM for induction to
avoid entrapment of the target protein into inclusion bodies.
The partial recombinant AMA1 with a C-terminal 6× His tag
was purified with the Ni beads (Thermo Scientific 88221) in
eight fractions (E1–E8) according to the protocol described in
the Additional Information, Additional File (Spriestersbach
et al. 2015). The eluted fractions (E5–E8) were collectively
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dialyzed and lyophilized at vacuum, at a temperature of −
50 °C for 24 h. The different purified fractions were checked
for the presence of the partial protein and quantified with the
Bradford assay.

MALDI-TOF MS and LC-MS analysis

The lyophilized dialysates of the partial protein and the puri-
fied native protein were observed in MALDI-TOF MS to de-
tect its purity and post-translational modifications. The dis-
solved protein was spotted on a target MALDI plate using
α-cyano-hydroxycinnamic acid (CHCA) as a matrix and an-
alyzed using a MALDI-TOF mass spectrometer (Applied
Biosystems, USA). Spectra were calibrated using the matrix.
These studies were done in CSIR-IICB Kolkata using the
central instrumentation facility for mass spectrometry
(MALDI) (Raghwan and Chowdhury 2014). LC-MS analysis
of the native protein was performed after the trypsin digestion
of the SDS-PAGE–entrapped peptide.

Production of customized antibody and ELISA

The production of customized antisera against the purified
partial protein was outsourced from Abgenex Pvt., Ltd.
(Bhubaneswar, India). A rabbit model was immunized with
a solution containing the partial protein in 0.9% saline. The
serum was collected from the animal before (prebleed) and
after 1 month of the first booster dose injection (first bleed)
and 15 days after the second and third booster doses (second
bleed and third bleed) (Buffer et al. 2013). Indirect ELISAwas
done twice. The first ELISAwas done with 200 ng of purified
AMA1 protein and all the collected rabbit sera (prebleed, first
bleed, second bleed, and third bleed) (1:5000) while the sec-
ond experiment of ELISA was with promastigote lysate in
order to detect the level of expression. The lysate and the
antisera (prebleed and third bleed) were used in dilutions of
1:100 and 1:1000, respectively. In both ELISA experiments,
anti-rabbit HRP secondary antibody (BD554021) (1:5000)
and 3,3′,5,5′-tetramethylbenzidine (TMB)-H2O2 solution
(Sigma) were used for detection of the titer with 0.1 mM acid-
ic atop solution (λ = 450 nm) (Cox et al. 2004).

Fluorescence microscopy

The localization of the native protein and its colocalization
with 22-(N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)Amino)-
23,24-Bisnor-5-Cholen-3β-Ol (NBD)-labeled cholesterol of
all the L. donovani promastigotes and L. donovani–infected
THP1 cells were performed using fluorescence microscopy.
The target native protein was stained with the raised third
bleed antiserum and anti-rabbit rhodamine secondary anti-
body (Das et al. 2001). TheNBD-labeled cholesterol produces
green fluorescence, visible at 591 nm. All the observations

were done under a fluorescence microscope (Zeiss) at 63×
magnification and oil immersion after mounting with media
containing DAPI. Similar optical filters were used for DAPI
(λ = 461 nm), FITC (λ = 591 nm), and PI (λ = 636 nm) for the
parasites and infected cells stained with the prebleed serum as
negative controls.

Immune electron microscopy

The L. donovani promastigotes were checked for the native
protein in the subcellular compartments using TEM (Tecnai
TEM; SAIF AIIMS, New Delhi) after probing with the
prebleed and third bleed fractions of the customized antisera
and protein A–nanogold particles. The other subcellular struc-
tures were stained with 1% aqueous uranyl acetate and alka-
line lead citrate (Escalona-Montaño et al. 2017). (For details,
go to the Additional Information, Additional File).

Two-step reverse transcription PCR

The presence of AMA1 in the transcript level of both forms of
the promastigotes and amastigotes of L. donovani was
checked by isolating whole-cell RNA from L. donovani
promastigotes and amastigotes with TRI Reagent (Sigma
T9424). Then, the reverse transcriptase enzyme was used for
complementary DNA (cDNA) preparation at 37 °C for 20min
from the whole-cell messenger RNA (mRNA) with the same
AMA1-F and AMA1-R primers. In the next step, PCR was
done with the program set with a Tm value of 69.5 °C and by
adding 5 μl of the cDNA (Couvreur et al. 2003).

Purification of the native protein, using the oriented
affinity method of immunoprecipitation assay

The third bleed serum was used for purification of native
protein following the principles of the oriented affinity meth-
od of immunoprecipitation (Kowal and Parsons 1980)
(discussed in the Additional Information, Additional File).

Pairwise sequence alignment

The LC-MS analysis led us to an amino acid sequence which
was uploaded to the tools of EMBOSS (https://www.ebi.ac.
uk/Tools/psa/), i.e., Needle, Stretcher, and Matcher, and the
partial sequence from the database was examined for
pairwise sequence alignment with the full amino acid
sequence ob t a ined a f t e r LC-MS ana ly s i s . The
EBLOSSUM62 matrix was used for the local alignment of
two sequences (Rice et al. 2000; McWilliam et al. 2013; Li
et al. 2015).
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Alignment and 3D structure prediction
with the SWISS-MODEL system and COACH server

The amino acid sequence obtained after LC-MS analysis was
first subjected to BLASTp and conserved domain search in
the NCBI site. Satisfactory similarity with serum albumin
(UniProtKBAC: P02768) took us for 3D structure predictions
(Marchler-Bauer et al. 2017). The structure prediction was
done through both approaches of homology modeling and
protein threading. The sequence was uploaded to both the
SWISS-MODEL system (https://SWISSmodel.expasy.org/
interactive) (Arnold et al. 2006; Kiefer et al. 2009; Guex
et al. 2009; Biasini et al. 2014) and COACH server (Yang
et al. 2013a, b) (https://zhanglab.ccmb.med.umich.edu/
COACH/). In the SWISS-MODEL system, 1bj5.1.A (human
serum albumin complexed with myristate) and 4bke.1.A (re-
combinant human serum albumin complexed with palmitate)
were used as templates for the 2× myristic acid (MYR)-bound
and 2× palmitic acid (PLM)-bound models of the native pro-
tein, whereas in the COACH server, the structure was predict-
ed by MUSTER with the template 1n5ua (X-ray study of
human serum albumin complexed with heme) (z score = 23.
675, cutoff = 6.1). For structure validations, the .pdb files of
the predicted models were obtained checked with the follow-
ing compiled tools: ERRAT (Colovos and Yeates 1993),
PROVE (Pontius et al. 1996), and Ramachandran plot and
VERIFY_3D (Bowie et al. 1991; Lüthy et al. 1992) of
SAVES (https://services.mbi.ucla.edu/SAVES/) as well as
the ProSA tools (Wiederstein and Sippl 2007) (https://prosa.
services.came.sbg.ac.at/prosa.php). The z score of the model
predicted from the COACH server was produced in the site.
Finally, the qualities of all the three models binding to their
putative ligands were checked using PROCHECK (http://
services.mbi.ucla.edu/PROCHECK/) (Morris et al. 1992;
Laskowski et al. 1993; Furey et al. 2006).

Cholesterol colocalization assay

The colocalization assay of the leishmanial native protein with
cholesterol in both promastigotes and infected cells was done
by labeling the promastigotes and mammalian THP1 cells
with green fluorescent NBD-labeled cholesterol (591 nm)
(Brasselet et al. 2013). The leishmanial native protein was
then stained with its third bleed sera and anti-rabbit rhodamine
secondary antibody for tracing colocalization through fluores-
cence microscopy, using the respective filters (Additional
Information, Additional File).

Peripheral blood mononuclear cell infection assay

The role of native protein in infectionwas established by using
the peripheral blood mononuclear cell (PBMC) collected from
freshly drawn blood (Verma et al. 2017). The isolated PBMCs

were plated in lysine-coated culture plates and infected with
L. donovani promastigotes that were provided in 1:5 ratios
(Inf). For this experiment, three groups were designed.
Uninfected PBMCs were used as negative control (Uninf).
The L. donovani promastigotes preincubated with the third
bleed serum were considered as the treated–infected group
(T-Inf). The incubation was done at 22 °C for 1 h which
blocked the albumin-like molecules present on the surfaces
of the parasite with the polyclonal antibody in the third bleed
serum. After incubation, the promastigotes were thoroughly
washed with phosphate buffer and then used for infection. The
infectivity was observed for 3 days at an interval of 24 h and
expressed in percent infection.

Accession numbers

The IDs and annotations for the partial protein sequence are as
follows: EnsemblProtistsi (CBZ36170; CBZ36170;
LDBPK_301490), GeneDBi (LdBPK_301490.1.1:pep),
GeneIDi (13385569), and KEGGi (ldo:LDBPK_301490).

Results

Overexpression of the leishmanial partial gene
(LDBPK_301490) and confirmation

The only available gene sequence from the database is partial
for our target gene ama1. To characterize the full-length native
protein in L. donovani, polyclonal antibody was raised against
this partial peptide. The 246-bp-long partial gene sequence
was cloned in-frame in the pET20b(+) expression vector with
its own start codon with a C-terminal 6×His tag, under the Tac
promoter, and was amplified in E. coli DH5α cells
(Fig. S1.a.L4). The amplified plasmid construct (pET-ama1)
was isolated from these transformed DH5α cells and was used
for nucleotide sequencing.

The chromatogram (Fig. S1.b) confirmed the desired at-
tempt of cloning with 99% similarity (Fig. S2) in respect to
L. donovani ama1 (LDBPK_301490) mRNAwhen uploaded
in the NCBI for BLASTn. This confirmation led us to trans-
form the expression host, E. coli BL21 cells, for expressing
the partial peptide AMA1. It was further confirmed through
colony PCR (Fig. S1.a.L2) and used for bulk production of the
partial protein for purification.

Expression and purification of the leishmanial partial
peptide for immunization

Expressions of the leishmanial partial peptide

The transformed BL21 cells were then induced for overex-
pression of the partial peptide. The presence of a protein band
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of ~ 14 kD was compared in the crude lysates of the induced
cells with the cells with the empty pET20b(+) vector when
probed with the anti-His antibody after Western blot analysis
(Fig. S1.c.L5). This confirmed the expression of the targeted
leishmanial partial peptide in the prokaryotic environment.

In order to raise the customized antibody, ~ 5 mg of the
partial peptide was necessary for immunizing a rabbit. The
transformed bacterial cells were induced to produce the
14 kD partial protein with a carboxy-terminal histidine tag.
This histidine tag was used to purify the partial peptide from
the crude bacterial extract with Ni beads (BMethods^). The
elutes (four to seven) (Fig. S1.d.L1 and L3 to L5) and the
dialysate (Fig. S1.d.L6) all contained the recombinant partial
protein (14 kD) without any other peptide contaminant while
the rest of the fractions were sequestered through repeated
reloading and elution with Ni beads. Approximately 5 mg of
the partial peptide was purified from 1 l of broth (Fig. 1a).
After dialysis, the molecular weight and purity of the partial
protein were determined by MALDI-TOF MS analysis of the
lyophilized sample. The m peak at 14,296.7 D in MALDI-
TOFMS indicated the molecular weight of the purified partial
peptide, and the m/2 peak at 7143.4 D (Fig. 1b) indicated the
expressed leishmanial partial peptide to be without any post-
translational modification in a prokaryotic system.

Production of antiserum against the partial peptide

The purified partial peptide was used for immunizing a rabbit.
The serum collected before and after the first, second, and
third immunizations was labeled as prebleed, first bleed, sec-
ond bleed, and third bleed sera, respectively. These sera were
tested for the titer of polyclonal antibody against the leishman-
ial partial peptide through indirect ELISA. Among all the
varieties of antisera, the third bleed serum contained the
highest titer of polyclonal anti-AMA1 antibody (Fig. 1c) and
used for further characterization assays, viz. immune localiza-
tion and immunoprecipitation.

Immune localization of the native protein
in Leishmania donovani

Localization of the native protein in the promastigotes
by fluorescence microscopy

Fluorescence microscopy with the fixed L. donovani
promastigotes, probedwith the third bleed antiserum, revealed
the presence of the native protein at both the cytoplasm and
flagella. Although the exact localization within the
promastigote cytoplasm was not very clear, the flagella took
a very precised fluorescent stain (Fig. 2a), indicating the na-
tive protein to be a flagellar one, in respect to the negative
control stained with the prebleed sera (Fig. 2b).

Subcellular localization of the native protein
in the promastigotes by immune electron microscopy

To investigate the exact location of the native peptide in the
L. donovani promastigotes, immune electron microscopy
(IEM) was attempted. The IEM results indicated the native
peptide to be mainly present in the flagellar pocket and at
the base of the flagella. The flagellar structure exhibited an
intermittent electron dense region as the site of the target na-
tive protein (Fig. 2c, panel III). Cytoplasmic vesicles as well
as surfaces also exhibited the presence of the target protein
(Fig. 2c, panel II). A comparative index of subcellular locali-
zation has been displayed for a clear understanding in Table 1.

The average subcellular distribution of the nanogold
dots clearly indicates the native peptide to be mostly avail-
able in the flagellar pocket and flagella and at the cell
surface protein. The subcellular distribution of the native
protein indicates that it may have its way through the fla-
gellar pocket which is a well-established vestibule in the
Trypanosomatids.

Stage-specific expression and characterization
of the native protein in L. donovani promastigotes

The selective abundance of the native protein in the flagel-
la and flagellar pocket and at the cell surface region led us
to investigate its expression and presence in the
amastigotes of L. donovani. The cDNA of both the forms
of L. donovani was obtained through reverse transcription
with the whole-cell RNA extracted. PCR with the primers
specified for the partial gene gave a clear band near 250 bp
(Fig. 3a, L2) for the promastigotes whereas bands of non-
specific amplifications were obtained for the amastigotes
(Fig. 3a, L3). This proved that the mRNA for the expres-
sion of the known partial part of the native protein was
absent in the amastigotes while promastigotes were found
to have abundant mRNA for the expression of the native
protein.

After proper fixation, both the stages of L. donovaniwere also
checked for the presence of the native protein through fluores-
cence microscopy. But, the protein is found to be present in both
the promastigotes (Fig. 3b, panel i) and the infected cells (Fig. 3b,
panel ii). The presence of this native protein in the infected cells
in contrast to the RT-PCR results with the amastigotes indicates
its potential role in infection and parasitism.

Characterization of the native protein
from L. donovani promastigotes

Purification and full sequencing of the native protein

Complete characterization of the native protein detected in the
promastigotes required its purification from the crude parasitic
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extract. Before purification, the level of expression of the na-
tive protein was checked through indirect ELISA assay with
the third bleed serum. The expression was found to be ade-
quate for purification and further characterization (Fig. 4a).
The third bleed serum with the maximum amount of antibody
against the partial peptide was used for purification of the
native protein from the promastigote lysate. The polyclonal
antibody molecules in both the third bleed and prebleed sera

were cross-linked with protein A on Sepharose bead so that
the heavy and light chains of the antibody do not come out
with the bound antigen, viz. our target native protein, while
being eluted. The purification was checked in the presence of
other two negative controls: L3B and PPB. In L3B, the lysis
buffer used in promastigote lysate was loaded in the bead
column with protein A–third bleed serum (Fig. 4b, L2), and
in PPB, the promastigote lysate was loaded in the protein A–

Fig. 1 Quantitative and qualitative estimations of the purified partial
protein and the polyclonal antisera raised against it. a Quantification of
the partial peptide in different fractions and dialysates after its purification
with Ni bead. E5–E8: amount of the partial protein in the elutes, collected
after washing the Ni beads with elution buffer containing 100 mM of
imidazole at the fifth to eighth times; PD: amount of the partial protein
in the solution with all the collected purified elutes before dialysis; D:
amount of the partial protein in the dialysate with all the purified elutes
after dialyzing out the imidazole. b Qualitative estimation of the purified
partial peptide with MALDI-TOF MS. m peak denotes the molecular

mass of the purified partial peptide after being singly charged with
laser. m/2 peak denotes the molecular mass of the same peptide when
doubly charged with laser. c Checking of the polyclonal antibody in the
different fractions of antisera, collected before and after the immunization
process from the immunized rabbit, with indirect ELISA. Prebleed: serum
collected from the rabbit before immunization; first bleed: serum
collected after 1 month of the first booster dose; second and third bleed:
serum collected after 15 days of the second and third booster doses,
respectively
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prebleed column (Fig. 4b, L3). The absence of any band in
any of these two control groups over-ruled any chances of
contamination. But, the promastigote lysate produced a larger
protein band near 71 kD (Fig. 4b, L4) after its incubation with
the protein A–Sepharose bead cross-linked to the third bleed
serum. This purified protein yielded its accurate molecular

weight of 66.421 kD at MALDI-TOF MS analysis (Fig. 4c,
peak M). In MALDI-TOF MS analysis data, an m/2 peak is
also obtained at 33.349 kD which indicates the target protein,
in its native form, may be devoid of any post-translational
modification (Fig. 4c, peak m/2). To achieve its complete
characterization, the full amino acid sequence was necessary
which was obtained through LC-MS analysis (Fig. S3) with
the pulled-down native protein. The CID spectra, when
searched in the full NCBI database with the MS-Batch pro-
gram, ended up with an amino acid sequence, with a
SEQUEST score of 721.8 and a sequence coverage of 82.9
with serum albumin (Accession no. P02769).

Alignment and 3D structure prediction from the sequence
of the native protein

The search for conserved domain and pBLASTalignment was
done using the NCBI tools (Fig. S5). pBLAST results

Fig. 2 Localization of the native protein in the promastigotes of
L. donovani through fluorescence microscopy and immune electron
microscopy. a Probing of the native protein with the third bleed
antiserum and anti-rabbit rhodamine secondary antibody using the
filters at 461 nm (DAPI) and 636 nm (rhodamine) and by phase
contrast microscopy. b Promastigote native protein probed with the
prebleed antiserum and the same secondary antibody acting as negative

control. c TEM images of L. donovani promastigotes after
immunostaining the native protein with the prebleed (negative control)
and third bleed antisera, counterprobed with protein A–nanogold
particles. Different annotations refer to different subcellular
compartments. fp flagellar pocket, f flagella, s surfaces, v vesicles, n
nucleus

Table 1 Comparative analysis of the subcellular localization of the
native protein

Subcellular
structures

Numbers of
nanogold
dots

Number of
samples
analyzed

Distribution of
nanogold
dots/cell

Flagella (f) 448 35 > 12

Flagellar pocket (fp) 467 39 > 11

Cell surface (s) 763 68 > 11

Nucleus (n) 169 24 > 7

Vesicles (v) 108 34 > 3
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identified serum albumin to have the maximum identity while
conserved domain search led us to derive three domains of
albumin superfamily, present in the native protein. Multiple
sequence alignment produced > 70% identity with serum al-
bumin bound to myristate and palmitate.

Two 3D models of the pulled-down native protein were
generated using the homology modeling procedures with its
derived amino acid sequence. The templates with > 70%
alignment (Fig. S6) included 1bj5.1.A and 4bke.1.A which
are myristate-bound serum albumin and recombinant human
serum albumin complexed with palmitate. The SWISS mod-
eler used 1bj5.1.A as a template with a sequence identity of
75.64% for the model MYR, and 4bke.1.A played a role as a
template for the PLM model with a sequence identity of
76.61%. The predicted models with bound 2× PLM and 2×
MYR produced aQmean score of − 0.36 (Fig. 5a (i and iii)) and
− 1.38 (Fig. 5b (i and iii)), respectively, as per the SWISS
modeler system. The models derived from the SWISS model-
er also exhibited a local quality estimation quiet above 0.6 for
all the two models (Fig. 5a (ii), b (ii)).

Similarly, theMUSTER programwas used for 3D structure
prediction with the protein threading method after uploading
the sequence to the COACH server. It provided a predicted 3D

model (Fig. 5c (i) and Fig. S7.1) using the template 1n5uA
which is a model derived during the X-ray study of the human
serum albumin complexed with heme. The predicted model
produced a z score of 23.675 with a cutoff value of 6.1. Its
local quality estimation was done with PROCHECK (http://
services.mbi.ucla.edu/PROCHECK/). Thus, this derived
model exhibited least regions with high energy which
establishes this model to be quiet stable (Fig. 5c (ii)).

TM-Site (Fig. S7.2), S-Site (Fig. S7.3), COFACTOR
(Fig. S7.4), and FINDSITE (Fig. S7.5) results of the
COACH server together identified PLM (TM-Site c score
0.18) and MYR (TM-Site c score 0.51) as probable ligands
with other saturated long-chain fatty acids, viz. stearic acid
(STE), lauric acid (DAO), capric acid (DKA), and arachidonic
acid (ARA) (Fig. S7.1), for the predicted model of the leish-
manial native protein.

The models obtained from the SWISS modeler and
COACH server were uploaded to Structure Analysis and
Verification Server (SAVES) for checking their validity using
the compiled tools: ERRAT plot, PROVE, and VERIFY_3D.
The PLM and MYRmodels and the model predicted from the
COACH server exhibited 93.12%, 92.43%, and 89.95% of
their residues to have an averaged 3D–1D score of ≥ 0.2

Fig. 3 Stage-specific expression of the native protein in the
promastigotes and amastigotes of L. donovani. a Checking the presence
of the partial transcript through reverse transcription PCRwith the AMA1
primers and whole-cell RNA isolated from both the promastigotes and
amastigotes of L. donovani. In respect to the 1-kb DNA ladder in lane 1,
the RT-PCR reaction mix with promastigote RNA has produced a sharp
band near 250 bp in lane 2 while that of the amastigotes failed to give any

in lane 3. b Fluorescence microscopy with the promastigotes and the
infected THP1 cells carrying the amastigotes of L. donovani after
probing the native protein with third bleed antiserum and anti-rabbit
rhodamine secondary antibody. The filters were used for visualization
(461 nm [DAPI] and 636 nm [rhodamine]) and phase contrast
microscopy
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(Fig. S8) obtained from the VERIFY_3D tool (Job IDs for the
PLM-, MYR-, and COACH-predicted models are 269269,
269203, and 269190, respectively) of SAVES (https://
services.mbi.ucla.edu/SAVES/), while the ERRAT plot
showed the quality factors of 98.594, 93.170, and 93.707,
respectively (Fig. S9) for the PLM-predicted (Job ID
92920064), MYR-predicted (Job ID 36391974), and
COACH-predicted (Job ID 55594859) models.

The ProSA tool was used for model verification through z
scores where the comparative protein structure analysis be-
tween the model and their corresponding templates was cal-
culated through ProSA and the structural errors were found to
be minimum as per the computed z scores (Fig. S10).

Finally, the proposed models were checked with the
Ramachandran plot where the PLM model has two amino
acids (Ala584 and Asp586) present in the generously allowed
region (Fig. 6a) and the MYR model has one residue in the
disallowed region (Glu588) whereas three other residues
(Glu323, Asp335, Asp337) fall in the generously allowed re-
gion (Fig. 6b).

Since all these three models have z scores of − 12.46, −
12.15, and − 11.92 least distant, it denotes the probability of
the native protein to be associated with lipid molecules. The

localization of the protein, in respect to membrane cholesterol
present in both promastigotes and infected mammalian cells,
was further invigilated.

Functional characterization of the native protein

The functional characterization of this native protein was done
in two steps. Its correlation with both parasitic membrane
cholesterol and infected mammalian membrane cholesterol
was investigated through a colocalization study with
fluorescence-tagged cholesterol and the fluorescent native
protein. The role of this albumin-like protein in infection
was confirmed through the antibody-mediated blocking of
the native protein molecules present in the outer surfaces of
the promastigotes, without hampering the promastigote struc-
tural integrity.

Association of the leishmanial albumin-like protein
with membrane cholesterol

Sterols are an essential membrane component of eukaryotic
cells regulating their mobility. In promastigotes, ergosterols
are well documented in their membranes instead of cholesterol

Fig. 4 Level of expression checked in promastigotes and purification of
the native protein from the promastigotes with its molecular mass
determination through MALDI-TOF MS analysis. a Confirmatory
ELISA estimation of albumin-like protein in the L. donovani
promastigote lysate. For detection, the anti-rabbit HRP secondary
antibody and TMB-H2O2 substrate solution were used with a 450-nm
filter. b The native protein was purified from the promastigote lysate
with the polyclonal IgG molecules of the third bleed serum after cross-
linking it with the protein A–Sepharose bead. In respect to a 120–10-kD
protein marker at lane 1, the band of the native protein (E-P3B) arrives
near the 70-kDmarker after probing it with the third bleed serum and anti-

rabbit HRP secondary antibody on the PVDF membrane. The negative
controls are EL3B and EPPB. In EL3B, the blank lysis buffer was loaded
in the bead column of the cross-linked antiserum–protein A (L2). In
EPPB, the prebleed serum, devoid of any antibody, was cross-linked
with the protein A–Sepharose bead and loaded with promastigote lysate
(L3). cDetermination of the molecular mass of the purified native protein
after being singly (M) and doubly (m/2) charged with the laser. The m
peak at 66,421.3 D indicates the molecular mass of the full peptide while
the m/2 peak at 33,349.9 D refers to the molecular mass of almost half
length of the peptide
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but the uniqueness is that trypanosomatids lack the cholesterol
biosynthetic machinery. Hence, the parasites take up cholesterol
from their environment. In this experiment, the promastigotes
were cholesterol depleted using methyl-β-cyclodextrin
(MBCD) at a concentration of 20mMwhich inhibits the uptake
of cholesterol through high-density lipoproteins (HDLs) and
then the FCS-free media were supplemented with 5 μM
NBD-labeled cholesterol which was uptaken by the
cholesterol-depleted parasites. Now, the parasites supplemented
with NBD-labeled cholesterol were used for fluorescence mi-
croscopic analysis after probing the albumin-like protein with
the prebleed (Fig. 7a) and third bleed (Fig. 7b) sera.
Fluorescence microscopic analysis with prebleed sera which
is devoid of any antibody gives no red fluorescence at all
(Fig. 7b) while clear colocalization (Fig. 7c, d) of NBD-
labeled cholesterol (green) and the leishmanial albumin-like

protein (red) is evident in the promastigotes. This colocalization
indicates either a mere proximity or an interaction between
albumin-like protein and cholesterol in the promastigotes.

Similarly, the infected and uninfected THP1 cells were
stained with NBD-labeled cholesterol after cholesterol deple-
tion and the cells were immune probed with the prebleed and
third bleed sera raised against the leishmanial partial protein.
The infected THP1 control group, stained with the prebleed
sera, produced no red fluorescence at all, although they have
profound infection (Fig. 7e), while the infected cells probed
with the third bleed serum produced to carry the leishmanial
native protein in them, clearly colocalized with their mem-
brane cholesterol (Fig. 7f–h). In the uninfected THP1 cells,
the cholesterol was stained clearly; however, no trace of fluo-
rescence was evident (Fig. S11) after immune probing with
either prebleed or third bleed serum.

Fig. 5 Three-dimensional structure prediction of the native protein using
its amino acid sequence obtained after its LC-MS analysis. a Three-
dimensional structure (i) predicted through homology modeling using
human serum albumin complexed with palmitate as its template (PLM).
The local quality estimation graph (ii) andQmean score (iii) obtained from
the SWISS-MODEL system in support of the predicted model. b Three-
dimensional structure (i) predicted by homology modeling using human

serum albumin with bound myristate as its template (MYR). The local
quality estimation graph (ii) and Qmean score (iii) obtained from the
SWISS-MODEL system in support of the predicted model. c Three-
dimensional structure (i) predicted by the protein threading method in
the COACH server using both palmitate and myristate as putative
ligands, supported by its local quality estimation graph (ii)
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Role of the leishmanial albumin-like protein in parasitic
infection

The immune electron microscopy pictures clearly denote the
abundance of the leishmanial albumin-like protein molecules
on the outer surface of the promastigote membrane. Hence,
instead of any genetic or structural disruption, albumin-like
surface protein molecules were blocked, simply incubating
with its specific antibody. The promastigotes were incubated
in the presence and absence of third bleed serum which
blocked the albumin-like surface protein and were further
checked for their infectivity in the peripheral blood monocytic
cells (Fig. 8a). After Giemsa staining of the infected PBMCs,
observation under a brightfield microscope (× 100 with oil
immersion) revealed the presence of intracellular amastigotes
in the PBMCs, infected with the unblocked promastigotes
(Fig. 8b). But, the infectivity of the promastigotes was found
to be compromised after the antibody-mediated blocking of
the albumin-like surface proteins (Fig. 8c) when observed
after 24 h. This observation indicates the role of this
albumin-like leishmanial surface protein in its infection pro-
cess, where it may act as a virulence factor similar to the other
secretory and membrane-associated factors in parasitism. The
gradual increase of infectivity, observed in the T-Inf group,
may be due to dilution of the blocking antibody molecules
or due to growth mediummodification caused by the parasitic
metabolite accumulation. The time kinetic analysis of this
result is further confirmed by the observations mentioned in
Table 2.

Discussion

This article hereby reports a protein, partially encoded by a
species-specific stretch of the gene in Leishmania donovani.
The antiserum produced against the partial peptide identified a
leishmanial native protein which is present in the
promastigotes as well as in the L. donovani-infected THP1
cells. The promastigotes are also evident to express the tran-
scripts while the isolated amastigotes failed to give any. This
indicates the expression of this protein to be confined only in
the promastigotes. The subcellular localization of this native
protein in the L. donovani promastigotes was traced by im-
mune electron microscopy, where the comparative subcellular
distribution analysis depicts its presence to be highest in the
flagella and flagellar pocket and at the outer surfaces of the
promastigotes, while nuclei and vesicles are the other sites
where a considerable amount of the same protein was also
traced. Since in Trypanosomatids the flagella and the flagellar
pockets are the two main vestibules for secretion and uptake
(Landfear and Ignatushchenko 2001) and the electron micro-
scopic images have located the native protein on the outer
surfaces of the L. donovani promastigotes, it can be postulated
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Fig. 6 Validation of the ligand-bound 3D models predicted through
homology modeling with the Ramachandran plot. a The model
predicted to bind to palmitate gives 94.6% of residues to be in the
allowed regions with 5% and 0.4% residues in the additional and
generously allowed regions, respectively. b The model predicted to
bind to myristate gives 92.7% of residues to be in the allowed regions
with 6.5%, 0.6%, and 0.2% residues in the additional, generously allowed
and disallowed regions, respectively



that the native protein may have its way out through the fla-
gella and flagellar pocket to the outer surfaces of
promastigote.

Further characterization of this native protein required its
purification from the whole-cell lysate of promastigotes. The
native protein was found to be expressed in adequate level in
promastigotes through indirect ELISA assay which took us to

follow the oriented affinity method for immunoprecipitation
and purification. The protein A–Sepharose bead (Invitrogen
101041) was cross-linked with the polyclonal antibody mole-
cules present in the third bleed serum raised against the leish-
manial partial peptide. When promastigote lysate was loaded
in this protein A–antibody bead column, it resisted the anti-
body co-elution and identified a peptide with a molecular

Fig. 7 Association of the leishmanial native protein with the membrane
cholesterol in both promastigotes and infected THP1 cells. Colocalization
of fluorescently tagged cholesterol (green) and rhodamine-probed native
protein (red) was checked through fluorescence microscopy. a
Microscopic view of L. donovani promastigotes labeled with NBD-
labeled cholesterol, bearing the native proteins probed with the prebleed
serum and rhodamine (negative control). b L. donovani promastigotes
labeled with NBD-labeled cholesterol, bearing the native proteins
probed with the third bleed serum and rhodamine. c, d Scattergram of

the green and red fluorescences coming from a single promastigote of
L. donovani after a × 5 zoom. e Microscopic view of the infected THP1
cells labeled with NBD-labeled cholesterol× carrying the native proteins
probed with the prebleed serum and rhodamine (negative control). f
Microscopic view of the infected THP1 cells labeled with NBD-labeled
cholesterol× carrying the native proteins probed with the third bleed
serum and rhodamine. g× h Scattergram of the green and red
fluorescences coming from the infected cell THP1 cells after a × 2 zoom
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mass of 66.4 kD after MALDI-TOF MS analysis. LC-MS
analysis of this peptide band after tryptic digestion detected
an amino acid sequence highly similar to serum albumin with
three conserved domains of albumin superfamily. As the
blocking step with BSA prior to antibody conjugation was
not performed, this ruled out the chances of albumin contam-
ination in the eluted sample.

The strongly supportive 3D models of this native protein
predicted through homology modeling, viz. MYR and PLM,
identified its capability to associate with the long-chain fatty
acids, myristate and palmitate, respectively, whereas the 3D
model predicted through the protein threading method identi-
fied these two and other long-chain fatty acids (stearic acid,
lauric acid, capric acid, etc.) as its probable ligands. Model
validations through the VERIFY_3D, quality factor of
ERRAT2, PROVE, and z scores proved all the three models
as a probable one while the long-chain fatty acids were the
predicted ligands in both the protein threading and homology
modeling methods.

A recent study has indicated significant fluctuations in the
levels of palmitate and myristate in the promastigotes and
amastigotes of L. donovani (Bouazizi-Ben Messaoud et al.
2017). The amastigotes have been proved to carry a

significantly higher level of palmitate and myristate in respect
to the promastigotes, which either may get synthesized imme-
diately after the infection or any specific carrier protein may
play a significant role in importing such a huge amount of
specific fatty acids. The presence of this native protein in the
infected THP1 cells can be an instrumental association of this
target protein correlated with the fact that membrane choles-
terol may play a role in the trafficking of the membrane lipids.

Finally, the role of this native protein was investigated in
the infection procedure through blocking the promastigotes
with the albumin-like protein-specific polyclonal antibody.
The blocked promastigotes exhibited reduced infectivity to-
wards the host PBMCs. Thus, without any genetic alteration
of the promastigotes and the host cells, the invasion was com-
promised, deciphering the role of this albumin-like protein in
infection.

Conclusions

From the above study, it may be hypothesized that an
albumin-like protein (66.4 kD) is expressed in the extracellu-
lar promastigote forms of L. donovani, which is capable of
binding with long-chain fatty acids, like palmitate and
myristate. This albumin-like protein resides mainly in the fla-
gella and flagellar pocket and on the outer surface membrane
of the promastigotes being colocalized with the membrane
cholesterol molecules. Finally, this albumin-like protein plays
an important role in infection which gets compromised if it is
blocked by specific antibody. Thus, this protein may be ex-
plored as a virulence factor transporting long-chain fatty acids,
viz. palmitate and myristate, from the host cells to the intra-
cellular amastigote form for successful parasitism.
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third bleed antiserum (raised against the target albumin-like protein) in a
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