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The co-chaperone SGT of Leishmania donovani is essential
for the parasite's viability
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Abstract Molecular chaperone proteins play a pivotal role
in the protozoan parasite Leishmania donovani, controlling
cell fate and ensuring intracellular survival. In higher
eukaryotes, the so-called co-chaperone proteins are required
for client protein recognition and proper function of
chaperones, among them the small glutamine-rich tetratri-
copeptide repeat proteins (SGT) which interact with both
HSP70 and HSP90 chaperones. An atypical SGT homolog
is found in the L. donovani genome, encoding a protein
lacking the C-terminal glutamine-rich region, normally
typical for SGT family members. The gene is expressed
constitutively during the life cycle and is essential for
survival and/or growth of the parasites. LdSGT forms large,
stable complexes that also include another putative co-
chaperone, HSC70 interacting protein (HIP). The gene
product forms cytoplasmic clusters, matching the subcellu-
lar distribution of HIP and partly that of the major
cytoplasmic chaperones, HSP70 and HSP90, reflecting a
direct molecular interaction with both chaperones.
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Introduction

Parasites of the genus Leishmania cause a variety of human
disease syndromes, ranging from self-healing skin lesions
to lethal, generalized infections that are difficult to control.
The parasites are found on four continents, with 12 million
actively infected humans and another 350 million more at
risk. Transmitted by sandflies as flagellated promastigotes,
the parasites differentiate into nonmotile amastigotes inside
mammalian macrophages. The concomitant destruction of
macrophages and the spread within the reticuloendothelial
system are responsible for the pathology of Leishmania
infections. The conversion from the promastigote to the
amastigote stage is pivotal for parasite survival and linked
to the parasite's heat shock response (Clos and Krobitsch
1999; Clos 2007).

Among the leishmaniae, Leishmania donovani stands out
for its ability to undergo life cycle stage conversion in vitro,
induced by changes in culture conditions. Simplified, an
increase of cultivation temperature and a subsequent acidi-
fication suffice to trigger promastigote-to-amastigote conver-
sion under axenic culture conditions. This allows the study
of stage conversion and of the so-called axenic amastigotes
in a biochemically well-defined context (Zilberstein and
Shapira 1994; Barak et al. 2005; Clos 2007).

The chaperone HSP90 (HSP83) was found to play a
crucial role in the stage conversion. Pharmacological
inactivation of HSP90 by a variety of inhibitors such as
geldanamycin, radicicol, and also taxol triggers the
increased expression of heat shock proteins, a reduced
growth, and the formation of amastigote-like culture forms,
similar to those induced by heat shock and acidic shift
(Wiesgigl and Clos 2001). This result indicates a pivotal
role for HSP90 homeostasis in the regulation of cell fate
and stage-specific gene regulation.
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HSP90 is an essential protein in all eukaryotes where it
is found in functionally distinct forms. HSP90 homodimers
may serve as basic chaperones, binding to non-native
proteins in cells exposed to unfavorable growth conditions.
Higher-order complexes of HSP90 consist of the HSP90
dimer, HSP70, HSP40, and an assortment of so-called co-
chaperones. Co-chaperones mediate the presentation of
client proteins, regulate the ATPase activity of chaperones,
change the fate of clients, and induce the formation of large
chaperone complexes (Pratt and Toft 2003; Tobaben et al.
2003; Wandinger et al. 2008). These large complexes are
also known as foldosomes and are crucial for the proper
folding of post-translationally regulated proteins, such as
transcription factors, cyclin-dependent kinases, MAP
kinases, and steroid hormone receptors (Scheibel and
Buchner 1998; Buchner 1999; Jackson et al. 2004).

Only limited information exists with regard to possible
foldosome complexes in the leishmaniae (Webb et al.
1997). To further our knowledge of the HSP90 complexes,
we screened the L. infantum Genome Project database for
co-chaperone candidate genes. With a few notable excep-
tions, putative homologs to several co-chaperone families
could be identified. Most of the identified co-chaperones
belong to the tetratricopeptide repeat (TPR) protein family.

Among the identified genes, we focused on homologs of
established foldosome components. A Sti-1/HOP homolog
which interacts with HSP90 was previously described in
Leishmania major (Webb et al. 1997). The gene product
comprises three TPR domains, containing nine TPR motifs.
Another gene related to Sti-1/HOP, dubbed HOP-2, and a
gene encoding a protein similar to HSC70 interacting
protein (HIP) were recently shown to be dispensable for
growth of L. donovani promastigotes, for axenic amastigote
differentiation, and for infectiousness towards cultured
macrophage-like cells (Ommen et al. 2009). Small
glutamine-rich TPR proteins (SGT) were first described as
co-chaperones of the HSC70 chaperones and as possible
negative regulators of the protein refolding activity of the
HSP70/HSP40 complex (Liu et al. 1999; Angeletti et al.
2002). They are now known to be involved in a variety of
cellular functions, including, but not restricted to, partici-
pation in endocytosis, interaction with beta-amyloid pro-
teins and growth hormone receptors, and control of mitosis
and apoptosis (Fonte et al. 2002; Schantl et al. 2003; Wang
et al. 2005; Winnefeld et al. 2006; Yin et al. 2006;
Buchanan et al. 2007).

As implied by their name, the SGT protein family is
characterized by three characteristic sequence motifs: (1) a
TPR domain, an all-helical structural motif affording
protein–protein interactions, (2) an N′-terminal coiled-coil
motif required for dimerization, and (3) a glutamine-rich
region at the C terminus. The latter region shows a
clustering of glutamine, asparagine, and proline residues

and are thought to interact with short peptide segments
composed of consecutive nonpolar amino acids, while the
N′-terminal coiled-coil motif is thought to support the
formation of SGT homodimers (Tobaben et al. 2003; Liou
and Wang 2005; Worrall et al. 2008).

In L. donovani, as in other leishmaniae, only an atypical
SGT family member (LinJ30_V3.2740) could be identified,
lacking the characteristic glutamine-rich region. Given our
interest in the co-chaperones, we characterized this SGT
homolog and the encoded protein by reverse genetics,
expression analyses, subcellular localization, and copreci-
pitation studies. We found the gene to be essential for
promastigote growth and expressed in both life cycle
stages. The protein localizes to clusters within the cyto-
plasm, strongly resembling the localization of another
putative co-chaperone, HIP. Moreover, a molecular interac-
tion with cytoplasmic chaperones is observed, further
supporting a role of LdSGT in the formation of leishmanial
foldosome equivalents.

Materials and methods

Sequence analysis

The genome databases of two Leishmania species (http://
www.genedb.org) were used to screen for sequence
homologs of known HSP90 co-chaperone proteins. The
protein sequence of human co-chaperones was used in a
direct BLAST search against the Leishmania genome
databases (http://www.genedb.org/genedb/leish/blast.jsp) to
select candidates with the best match.

The sequence of the L. infantum SGT ortholog
(LinJ30_V3.2740) was entered into a BLAST search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify the clos-
est matches from various phylogenetic entities. These
amino acid sequences were then subjected to a ClustalW
analysis using human HIP, another TPR protein, as root.
Default settings of the MacVector 10.6 analysis suite were
applied.

We searched for possible interaction partners for LdSGT
using the Simple Modular Architecture Research Tool
(SMART) algorithm made available at the EMBL website
(http://smart.embl-heidelberg.de).

Leishmania donovani strain and cultivation

Promastigote stages of L. donovani 1SR (Rosenzweig et al.
2007) were grown at 25°C in supplemented M199 medium
(Hubel et al. 1997). After electroporation, recombinant
parasites were cultivated in supplemented M199 medium
with the appropriate selection antibiotics. For routine
cultivation, cells were grown to late log phase in order to
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maintain exponential growth. Cell density was determined
using a Schaerfe System CASY Cell Counter.

In vitro stage differentiation

Axenic amastigotes of L. donovani 1SR were differentiated
as previously described (Saar et al. 1998). Briefly,
differentiation of promastigote towards axenic amastigote
was induced by a combination of 37°C cultivation and a
time-coordinated acidification of the culture medium to
pH 5.5 (Doyle et al. 1991; Castilla et al. 1995; Gupta et al.
1996; Saar et al. 1998; Barak et al. 2005). Axenic
amastigotes were cultured at 37°C with 5% CO2. For
amastigote quantification, the CASY Cell Counter was run
in cumulative cell volume mode to include cell clusters.
Equal cell volume aliquots were applied to sodium dodecyl
sulfate (SDS)-mediated lysis and reduction with dithio-
threitol (DTT) and were then subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot.

Western blot analysis

For immunization, chaperone and co-chaperone genes were
amplified and cloned into the expression vector pJC45
(Schlueter et al. 2000). The proteins were then expressed in
Escherichia coli BL21(DE3) [pAPlacIQ] cells and purified
using a Novagen His•Bind Resin as described (Clos and
Brandau 1994). The purified proteins were then used to
immunize NMRI mice. After boostering, sera were collect-
ed and tested in Western blots against the recombinantly
expressed proteins and against L. donovani whole-cell
lysate. Production of SDS cell lysates, discontinuous
SDS-PAGE, and Western blot were preformed according
to standard protocols. Briefly, membranes were treated with
blocking solution (5% milk powder and 0.1% Tween 20 in
Tris-buffered saline) before they were probed using the
polyclonal antiserum (1:1,000 in blocking solution), fol-
lowed by incubation with an antimouse IgG-alkaline
phosphatase conjugate (1:5,000) as secondary antibody.
Blots were developed using nitro blue tetrazolium chloride
and 5-bromo-4-chloro-3-indolyl phosphate.

Animal care and experimentation were performed in
accordance with the German Federal Animal Protection
Laws, in particular subsections 4, 7, and 10a, in the Animal
Facility of the Bernhard Nocht Institute. Animals were
euthanized in CO2 prior to final bleeds.

Construction and preparation of recombinant DNA

Approximately 1,000 bp of 5′ untranslated region (UTR)
and 3′ UTR of the LdSGT gene were amplified enzymat-
ically from genomic L. donovani DNA with primers that

added EcoRI and Acc65I sites (5′ UTR) or BamHI and
HindIII sites (3′ UTR) to upstream and downstream ends.
SwaI sites were introduced to flank the constructs. The 5′
UTR amplificates were digested with EcoRI and Acc65I
and ligated into pUC19 plasmid, digested with the same
enzymes. The resulting plasmids were digested with BamHI
and HindIII, and the 3′ UTR amplificates, cut with the same
enzymes, were ligated between those sites. Afterwards,
plasmid pUC19-SGT-5′-3′ UTR was opened with Acc65I
and BamHI. Bleomycin resistance and puromycin resis-
tance genes were amplified with primers that added Acc65I
and BamHI sites to their 5′ and 3′ ends. Cut with those
enzymes, the resistance markers were ligated into pUC19-
SGT-5′-3′ UTR to yield pSGT5′bleo3′ and pSGT5′puro3′.
After construction, the plasmids were amplified in E. coli,
purified by cesium chloride density gradient ultracentrifu-
gation (Sambrook et al. 1989), and linearized with SwaI to
yield the constructs depicted in Fig. 3a. The fragments
containing the recombination cassette were separated by
agarose gel electrophoresis and purified using the Machery
&Nagel NucleoSpin Extract II Kit.

Construction and preparation of overexpression systems

A construct for the integration of an exogenous SGT
gene copy into the 18S rRNA gene was generated by
amplification of the open reading frame (ORF) of LdSGT,
together with 1,000 bp of its natural 3′ UTR, using
specific primers that added XbaI and BamHI sites to the 5′
and 3′ ends, respectively. The polymerase chain reaction
(PCR) product was then ligated between the XbaI and
BglII sites of the integration vector pIRmcs3+ (Hoyer et
al. 2004). After construction, the plasmids were amplified
in E. coli, purified by cesium chloride density gradient
ultracentrifugation, and linearized with SwaI (Fig. 3b).
The fragments containing the exogenous gene copy were
separated by agarose gel electrophoresis and purified prior
to electrotransfection.

For localization studies, an LdSGT::eGFP expression
vector was constructed (Supplementary Fig. 8). The eGFP
coding sequence was amplified with Acc65I and BamHI
sites at the 5′ and 3′ ends and fused between the Acc65I and
BglII sites of pIRmcs3+ (Hoyer et al. 2004) to yield
pIReGFP. A 3,506-bp SacI–SalI fragment from pcosTL
(Kelly et al. 1994) was cloned between the SacI and SalI
sites of pUC19 (Yanisch-Perron et al. 1985). The product,
pTL.v2, lacks the cos sequences of pcosTL and the single-
strand origin of replication. The single HindIII site had to
be deleted by HindIII digest, Klenow enzyme fill-in, and
religation, to yield pTL.v3, to allow the use of HindIII at
the gene insertion site. The 3,154-bp BamHI fragment from
pIReGFP, containing the entire GFP expression cassette,
was then ligated into the BamHI site of pTL.v3 to yield the
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vector pTL.v3-eGFP which allows the expression of eGFP
and 3′-terminal eGFP fusion proteins from an episome. The
coding sequence of LdSGT minus the stop codon was then
amplified with Acc65I and HindIII sites at its 5′ and 3′ ends,
digested with these enzymes, and fused in-frame between
the Acc65I and HindIII sites of pTL.v3-eGFP to yield pTL-
LdSGT::eGFP (Fig. 3c).

Electrotransfection and selection

Electrotransfection of Leishmania promastigotes was car-
ried out essentially as described (Krobitsch et al. 1998).
Leishmania parasites were taken from late log phase cultures
(1–2×107 ml−1), sedimented (720×g, 8 min, 4°C), and
washed once with ice-cold phosphate-buffered saline (PBS)
and once in prechilled electroporation buffer (Laban and
Wirth 1989). Cells were resuspended in electroporation
buffer at a density of 1×108 ml−1. Aliquots of 0.4 ml were
mixed either with 2 µg of linearized DNA for homologous
recombination or with 50 µg of circular DNA for stable
episomal transfection. Electroporation was carried out in
prechilled 4-mm electroporation cuvettes in a Bio-Rad Gene
Pulser with three pulses at 1.5 kV (3,750 V/cm), 25 µF, and
200 Ω. A mock transfection was performed in identical
fashion, but without DNA, to provide negative control
strains for the antibiotic selection.

Following electroporation, cells were kept on ice for
10 min before they were transferred to 10 ml drug-free
medium. Bleomycin (5 µg ml−1), puromycin (25 µg ml−1),
or nourseothricin (150 µg ml−1) was added after 24 h and
cultivation was continued until the mock transfection
population had succumbed to the antibiotic pressure. For
cloning, promastigotes were seeded in supplemented M199
medium at 0.5 cells per well in microtiter plates. After 10–
14 days, wells positive for promastigote growth were
identified and their content transferred to culture flasks.

Preparation of genomic DNA and PCR

Mutant genotypes were verified by PCR analysis of
genomic DNA. For the preparation of genomic DNA, the
Gentra Systems Puregene Tissue Core Kit A (Qiagen) was
used, following the manufacturer's instructions.

Correct integration of gene-replacement constructs was
verified by PCR using the primers listed below. Their
relative positions are shown schematically in Fig. 3a, b.
Products were separated by agarose gel electrophoresis and
ethidium bromide staining. Primers used are as follows:
P01 (GGCCAAGCGAGTCATGGAG), P02 (CATA-
CATGTGTACGCATGC), P03 (ATTACATCAGACG-
TAATCTG), P04 (TCGGGAAGCCTTGAAAGTGAG),
P05 (GTACGCCTTCCTTGACTTGC), and P06
(GAAAATGATCCAGCTGCAGG).

Expression profiling

Semiquantitative real-time reverse transcription polymerase
chain reaction (RT-PCR) was performed essentially as
described (Choudhury et al. 2008). SGT-specific primers
were SGT-fwd (TGGGAACGGCTCTCTTCTACCAGG)
and SGT-rev (TTGTGGGTGGCATTGTCGGG). SGT
mRNA abundance was calculated relative to the actin
signal.

Immunofluorescence and confocal microscopy

Log phase promastigotes (1×107 cells) were sedimented by
gentle centrifugation (750×g), washed twice with PBS, and
suspended in 1 ml PBS. Aliquots (2×105 cells) of the
suspension were applied on poly-L-lysine-coated micro-
scopic slides. After fixing the cells for 10 min in ice-cold
acetone, the slides were air-dried for 20 min. Nonadherent
cells were removed by a gentle wash (0.1% Triton-X 100 in
PBS) followed by incubation in blocking solution (2%
bovine serum albumin, 0.1% Triton-X 100 in PBS). Slides
were then incubated for 1 h with mouse antisera diluted
1:500 to 1:1,000 in blocking solution. Cells were washed
thrice and then incubated for 1 h with antimouse (goat)
secondary antibody coupled to Alexa 594 (Invitrogen
#A11005; 1:2,500) and, simultaneously, with 4′,6-diami-
dino-2-phenylindole (DAPI; 1:50). After washing the slides
thrice, Mowiol and cover slips were applied and the slides
were left to harden for 24 h at 4°C.

Fluorescence microscopy was carried out on an Olympus
FluoView1000 confocal microscope (SIM scanner and
spectral detection).

Native electrophoresis

Extraction of nondenatured Leishmania proteins and native
gradient gel electrophoresis was performed largely accord-
ing to Westwood et al. (1991). Promastigotes (1×107) were
harvested by centrifugation, washed twice with PBS, and
resuspended in 40 µl extraction buffer (15% glycerol,
0.5 mM 1,10-phenanthroline, 10 mM Tris–HCl pH 8,0,
70 mM KCl). After four freeze and thaw cycles, cell lysates
were cleared by centrifugation. The supernatant, containing
the soluble protein fraction, was mixed (5:1, v/v) with
loading buffer (50% glycerol, 0.1% bromophenol blue).

The samples were run alongside a high-molecular-weight
protein marker for native gels (Amersham) on a 4–18%
polyacrylamide (2.5–6% glycerol) gradient gel in 0.5× TBE
buffer. Electrophoresis was allowed to proceed for 24 h at
4°C, at 20 V/cm. This long duration of electrophoresis was
necessary for all proteins to migrate to their exclusion limit
regardless of their net charge (Andersson et al. 1972; Clos et
al. 1990). After that, the gel was incubated at 60°C in
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transfer buffer (48 mM Tris, 39 mM glycine, 0.5% SDS,
10 mM DTT) for 30 min, followed by Western blot analysis.
A control gel was stained with Coomassie Blue R-250 to
verify successful separation (data not shown).

Immune precipitation

Promastigote cells (1×108) of L. donovani [pTL-LdSGT::
eGFP] or of wild-type L. donovani were washed twice in
prechilled PBS and homogenized in 200 µl of cell lysis
buffer (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM
ethylenediaminetetraacetic acid [EDTA], 0.5% [v/v] NP-40,
1 mM phenylmethylsulphonyl fluoride [PMSF], 0.5 mM
1,10-phenanthrolin). After incubation on ice for 30 min,
lysates were centrifuged (20,000×g, 4°C, 10 min), and the
supernatant was adjusted to a volume of 1 ml with dilution
buffer (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.5 mM
EDTA,1 mM PMSF, 0.5 mM 1,10-phenanthrolin). Aliquots
of this fraction (50 µl) were mixed at 1:1 ratio (v/v) with 2×
SDS sample buffer (“input” fraction). For pull down of
immune complexes, 25 µl of GFP-Trap® Beads (Chromotek,
Germany) were washed twice with ice-cold dilution buffer,
mixed with cell lysate, and incubated for 2 h at 4°C under
rotation. After a centrifugation step (2,000×g, 4°C, 2 min),
50 µl of supernatant was mixed with 2× SDS sample buffer
(“flow-through” fraction). The GFP-Trap beads were washed
twice in dilution buffer, suspended in 1× SDS sample buffer
and heated to 95°C for 10 min. Beads were sedimented by
centrifugation (2,700×g, 4°C, 2 min), and SDS-PAGE was
performed with the supernatant (“bound” fraction) along
with the “input” and “flow-through” fractions. Separated
proteins were then stained either by Coomassie Brilliant Blue
(loading control) or by immune blot.

Results

The Leishmania SGT is atypical

A sequence comparison of SGT family members from
vertebrates, insects, nematodes, platyhelminths, and various
protozoa shows the Kinetoplastida orthologs as separate
branch (Fig. 1a), reflecting the phylogenetic distance of this
order from the crown group Eukaryota. Normally, SGT is
organized into three structural units with distinct functions:
an N-terminal region for dimerization (SGT), a conserved
TPR domain, and a C-terminal glutamine-rich region
(Fig. 1b). In particular, we find that the C-terminal
glutamine-rich sequence typical for SGT proteins of
Metazoa is notably absent in the Kinetoplastida orthologs
and replaced with a region rich in charged residues, in
particular glutamate residues (Fig. 1c). The SGT homologs
of the Kinetoplastida are, therefore, atypical. The replace-

ment of a noncharged, hydrophilic domain with a highly
charged domain may hint at a diverged function.

Of note is that BLAST searches of the genomes of
Apicomplexa, including Plasmodium falciparum and Toxo-
plasma gondii, did not reveal any putative SGT family
members in those important parasites. Neither does Ent-
amoeba histolytica harbor an SGT homolog.

Expression of LdSGT

The L. donovani SGT gene was expressed with an N-
terminal (His)10 tag in E. coli and purified by metal chelate
chromatography (Fig. 2a). NMRI mice were immunized
with the recombinantly expressed protein (rLdSGT) and
polyclonal sera were obtained. The mouse antisera recog-
nize the rLdSGT faithfully (Fig. 2b, lane 1). Moreover, the
antisera also recognize a protein band of ~45 kD in a lysate
of L. donovani promastigotes (Fig. 2b, lane 2), in keeping
with the theoretical molecular mass of 45,800. The rLdSGT
has an apparent molecular mass 2 kD larger than the natural
protein due to a 20-amino-acid N-terminal His-Tag
sequence (Clos and Brandau 1994).

Lysates from a promastigote-to-amastigote differentia-
tion time course (Fig. 2c) show that expression of LdSGT is
only marginally induced during amastigote stage conver-
sion. The approximately twofold transient increase ob-
served at day 3 is not statistically significant.

The anti-LdSGT antisera are, therefore, specific for the
protein and reveal a constitutive expression of the protein in
both in vitro life cycle stages.

Replacement of SGT in L. donovani

To unravel the function and role of LdSGT, we undertook
to replace both alleles of the gene with selection marker
genes. Constructs were generated in which the bleomycin
resistance gene and the puromycin acetylase gene, respec-
tively, are flanked by 1,000 bp each of the 5′ and 3′ UTR
from the LdSGT gene (Fig. 3a). Also, a LdSGT add back
construct was generated, with the LdSGT ORF and
1,000 bp of the LdSGT 3′ UTR fused into the pIRmcs3+
vector (Fig. 3b). The lack of the LdSGT 5′ UTR precludes
the integration of the add back construct into the LdSGT
gene locus.

By transfecting wild-type L. donovani 1SR strain with
the LdSGT5′bleo3′ construct, we were able to achieve
single-allele gene replacement to yield a LdSGT+/− mutant
(data not shown). Single-allele gene replacement was
verified by amplification of the gene locus using a pair of
primers that anneal on either side of the 5′ and 3′ UTRs
(Fig. 3a). We observe a shortening of approximately one
half of the PCR products, indicating a single-allele gene-
replacement event.
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We repeatedly attempted to replace the second SGT
allele by transfection of the LdSGT+/− clones with the
LdSGT5′puro3′ construct and a subsequent double selec-
tion under bleomycin and puromycin. Although we
obtained several double-resistant clones, none of them were
functional null mutants. This is a problem frequently
encountered when essential genes or genes affecting
promastigote growth are targeted. We, therefore, suspected
LdSGT to be important for promastigote growth in culture.

To exclude the possibility that our gene-replacement
constructs were faulty, we used the pIR-SGT add back

construct (Fig. 3b) to introduce the LdSGT ORF and 3′
UTR into an 18S rRNA-coding region. The resulting
LdSGT+/−/+ strain was tested for LdSGT overexpression
by semiquantitative real-time RT-PCR (Fig. 4c). The add
back gene in the 18S rRNA locus shows a 25-fold higher
LdSGT RNA level compared with LdSGT+/+. This is in
keeping with previous results with the pIRmcs3+ integra-
tion vector (Hoyer et al. 2004).

The add back strain LdSGT+/−/+ was then subjected to
second-allele gene replacement using the LdSGT5′puro3′
construct. Triple selection under bleomycin, nourseothricin,

Fig. 1 Phylogenetic analysis.
a Using ClustalW, SGT amino
acid sequences from the species
indicated were aligned and a
phylogenetic tree was assembled
using the human HIP sequence
as outgroup. Bootstrap values
are indicated. b Schematic
representation of the LdSGT
primary structure. SGT the
N′-terminal coiled-coil structure,
TPR tetratricopeptide repeat.
The shaded box near the C
terminus represents a region rich
in charged residues which is
enlarged in c. c Alignment of
the SGT sequences from a,
showing the region equivalent
to the glutamine-rich region of
mammalian SGTs. Glutamine
residues are shown in inverse
print, asparagine and proline
amino acids are in bold print
and shaded, charged amino
acids are in bold italic
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and puromycin was applied. At the third attempt, the triple
selection yielded proliferating promastigotes.

Amplification of the LdSGT gene locus yielded no
natural length products, indicating that both natural alleles
were replaced by selection marker genes (Fig. 4a). More-
over, the correct integration of the add back gene (Fig. 4b)
and the integration of the selection marker genes into the
LdSGT locus (data not shown) were verified by PCR
analysis. This is evidence that the gene-replacement
constructs can readily recombine with the target gene.

Neither the monoallelic gene-replacement mutant nor
the double-allele gene-replacement mutant with add back

show overt phenotypes in vitro under standard culture
conditions.

Our results strongly suggest that replacement of both
LdSGT alleles is not compatible with in vitro promastigote
growth. LdSGT is probably an essential gene of L.
donovani, at least during the promastigote stage.

Subcellular localization studies

For indirect immune fluorescence, we first ascertained the
specificity of the antisera raised against chaperones and co-
chaperones. L. donovani lysates were separated by SDS-
PAGE, subjected to Western blot, and probed with the
antisera. All antisera faithfully recognized protein bands at
the expected position, and no cross-specificity to other co-
chaperones or chaperones could be detected, except for the
anti-HOP-2 antiserum which showed a weak reactivity with
L. donovani Sti-1/HOP (data not shown).

Indirect immune fluorescence using the anti-LdSGT
antisera stains promastigotes in a nonhomogenous, cyto-
plasmic pattern (Fig. 5a a–d). Neither the nucleus nor the
DNA-containing kinetoplast shows anti-LdSGT staining.
The antiserum appears to react preferentially with the
anterior part of the parasite.

We also introduced an episomal LdSGT::eGFP chimeric
gene in L. donovani. Green fluorescence is again observed
in nonhomogenous pattern in the anterior part of the
cytoplasm, mostly close to the nucleus (Fig. 5b c, g, l, p, t).

Making use of the LdSGT::eGFP chimera, we next
attempted to compare the subcellular localization of LdSGT
to that of a number of chaperones and putative co-
chaperones. Using mouse sera against HSP70 (Fig. 5b a–
d), HSP90 (Fig. 5b e–h), HIP (Fig. 5b i–m), Sti-1/HOP
(Fig. 5b n–q), and HOP-2 (Fig. 5b r–u), we compared the
fluorescence patterns. No significant overlap was found for
Sti-1/HOP or HOP-2 co-chaperones. However, we found a
partial overlap for the fluorescence patterns of LdSGT::
eGFP and the major chaperones, HSP70 and HSP90,
indicating that LdSGT may colocalize partly with these
heat shock proteins.

LdSGT shows a highly congruent fluorescence pattern to
another TPR domain protein, the putative HIP homolog.
This protein is encoded by a nonessential gene that may be
replaced readily (Ommen et al. 2009). The LdSGT::eGFP
chimera and the immunofluorescent stain with anti-HIP
sera highlight identical subcellular patterns in the cytoplasm
(Fig. 5b i–m), strongly indicating colocalization.

Native gradient gel electrophoresis

Coimmune precipitation experiments yielded ambiguous
results only (data not shown) and did not allow us to draw
conclusions as to direct interactions between LdSGT and

Fig. 2 Expression of LdSGT. a Bacterial expression and purification
of LdSGT. E. coli BL21 (DE3)[pAPlacIQ] transformed with pJC45-
LdSGT before (lane 1) and after (lane 2) induction with IPTG. The
rLdSGT was purified using His•Bind resin (lane 3). The arrow points
at the ~48 kD band representing the rLdSGT. The M.M. of protein
marker bands (×1,000) are given to the left. b Immunoblot using anti-
LdSGT mouse serum. Lane 1 rLdSGT, lane 2 L. donovani
promastigote (5×106 cells) lysate. The arrow points at the ~46 kD
band representing LdSGT. The M.M. of protein marker bands
(×1,000) are given to the left. c Expression kinetic of LdSGT during
promastigote-to-amastigote conversion. L. donovani promastigotes
grown at 25°C and pH 7.0 were subjected to elevated temperature
(37°C) and a subsequent acidification (pH 5.5). Cell volume
equivalents equaling 5×106 cells were collected daily, lysed in SDS
sample buffer, subjected to SDS-PAGE and Western blotting, and
probed with anti-LdSGT serum. Identical control gels were stained
with Coomassie Brilliant Blue. Western blots and Coomassie Blue-
stained gels were digitalized. The anti-LdSGT bands were quantified
using the ImageJ software and normalized against general Coomassie
Blue staining on the lanes. The graph shows the statistical means of
the relative LdSGT signal intensities (with SD) from four repeat
experiments
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other co-chaperones or chaperones. Therefore, we resorted
to an analysis of the native pore exclusion sizes of
chaperone and co-chaperone complexes in a native gradient
gel electrophoresis. We produced lysates from L. donovani
promastigotes and separated the native, soluble proteins in a
nondenaturing polyacrylamide gradient gel. After equilib-
rium electrophoresis, protein complexes were denatured,
reduced, and blotted onto a polyvinylidene fluoride (PVDF)
membrane for detection with antisera. Antisera against
LdSGT recognize defined protein bands, representing
complexes of 470, 130, and 110 kD (Fig. 6, lane 1). The
LdSGT complexes do not comigrate with the native forms of
either HSP90 (230 and 90–140 kD, lane 2) or HSP70

(200 kD, lane 3). The Sti-1/HOP complex comigrates with
HSP90 (230 kD, lane 4), but not with LdSGT. By contrast,
the anti-HIP serum recognizes bands at identical position to
those bound by anti-LdSGT (460, 140, and 130 kD, lane 5),
suggesting that both proteins are part of the same 470-kD
multiprotein complex. Thus, the two putative co-chaperones,
LdSGT and HIP, remain associated during 24 h of
electrophoresis, indicating a strong, stable interaction.

GFP-Trap coprecipitation experiments

In order to identify direct molecular interactions of LdSGT
with heat shock proteins and co-chaperones, we performed
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of the DNA constructs and PCR
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coprecipitation experiments using the GFP-Trap technology
and LdSGT::eGFP chimera. Probing of the coprecipitated
fractions indicate multiple interactions of LdSGT::eGFP
(Fig. 7a). Firstly, the product of the endogenous LdSGT
alleles is coprecipitated. This indicates that LdSGT is
present in duplicate in native protein complexes. Secondly,
we also detect HSP90 and HSP70 in the coprecipitates with
LdSGT::eGFP. This finding establishes LdSGT as a bona
fide co-chaperone of HSP70 and HSP90. Moreover, we
find a signal for Sti-1/HOP in the coprecipitates. HOP-2
was not found in the “bound” fraction, as was expected
from the previous results. By contrast, the absence of HIP
from the coprecipitate was unexpected and will be
discussed below. No heat shock proteins or co-chaperones
could be precipitated from lysates of wild-type L. donovani,
confirming the specificity of the GFP-Trap resin.

Use of prediction algorithms

To test whether in silico prediction algorithms may support
our experimental findings, we used the SMART algorithm
(http://smart.embl-heidelberg.de) to predict possible inter-
action partners for LdSGT. The SMART algorithm at
EMBL, Heidelberg, predicted an interaction of LdSGT
with L. infantum HOP-2 with a score of 0.8. This is not
confirmed by our experimental data, at least during the
promastigote stage. Our colocalization and coprecipitation
studies contradict such an interaction, as both proteins
localize to different areas in the cytosol (Fig. 5b r–u).

Discussion

We have analyzed a probable L. donovani ortholog of the
human SGT protein (LdSGT). The Leishmania protein is
atypical in its structure, harboring a highly charged amino
acid sequence in place of the glutamine-rich region found in
metazoan SGTs. The charged sequence appears to be
special to the Kinetoplastida, hinting at an evolved function
specific to that order. Interestingly, other lineages of
parasitic protozoa seem to lack SGT homologs, among
them important genera such as Plasmodium spp., causative
agents of human and mammalian malaria, or Entamoeba
spp.

Is the Leishmania “SGT” a true homolog of the
mammalian SGTs? Judging by its primary structure,
LdSGT is indeed the only candidate found in the
Leishmania Genome Project databases. Running the
LdSGT sequence against the Human Genome database also
identifies human SGT as its closest structural match.
LdSGT lacks the name-giving glutamine-rich sequence,
but possesses both a TPR domain and the N′-terminal
coiled-coil motif typical for the SGT family. Its interaction

Fig. 4 PCR analysis. a Verification of LdSGT gene replacement.
Genomic DNA derived from wild-type L. donovani (LdSGT+/+), a
single-allele replacement clone (LdSGT+/− clone B) and two putative
LdSGT−/−/+ clones was used as template for PCR. Amplification of
the SGT locus using primers P01 and P02 (Fig. 3). Primers anneal to
sequences outside the region homologous to the gene-replacement
constructs, yielding a predicted PCR product of 3,219 bp. Replace-
ment of the SGT ORF with BleoR and PuroAC, respectively, results
in PCR products of 2,368 and 2,591 bp. b Test for correct integration
of the add back gene. Genomic DNA from LdSGT+/+ and two
LdSGT−/−/+ clones was used as template for PCR. The primer pair
P03:P04 or P05:P06 (Fig. 3), as indicated above the lanes, only allow
the amplification of 1,156 and 1,247 bp products if the LdSGT add
back construct are correctly integrated into an 18S rRNA gene unit.
The combination of primer P03 and P06 was used as positive control.
c Semiquantitative real-time RT-PCR analysis of LdSGT mRNA.
RNA isolated from wild-type L. donovani LdSGT+/+, from a SGT
single-allele mutant with add back LdSGT+/−/+, and from a LdSGT−/−/

+ clone was reversely transcribed. The resulting cDNAs were used for
semiquantitative real-time PCR using specific primers for LdSGT. For
normalization of the results, actin mRNA was amplified, too. The
analysis was performed in duplicate from each sample; the horizontal
bars mark the mean of two results. The Y-axis shows the relative
mRNA levels calculated relative to the actin signal
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with HSP70 also argues in favor of LdSGT being a member
of this family. It should be mentioned that the “HSP70” of
the leishmaniae shows highest sequence similarity to
mammalian HSC70 proteins and not to the heat-inducible
HSP70 family members.

Gene-replacement analysis reveals that the LdSGT is an
essential gene for proliferation and/or survival of the L.
donovani promastigote. In spite of the successful integra-
tion of two marker genes, the resulting viable parasites had
retained functional copies of LdSGT. Such expansion of

Fig. 5 Colocalization studies by
confocal microscopy. a Subcel-
lular LdSGT localization in
promastigotes by indirect fluo-
rescence microscopy. Wild-type
promastigotes were fixed and
stained with DNA dye DAPI (b)
and with anti-LdSGT (c) before
visualizing by indirect immuno-
fluorescence. A bright field im-
age of the cell was obtained (a),
the merged image (d) exclude
the bright field figure. Bar=
5 µm. b Colocalization studies
of LdSGT::eGFP with several
chaperones and putative co-
chaperones in fixed promasti-
gotes. Wild-type promastigotes
transfected with pTL-LdSGT::
eGFP were fixed and stained
with DAPI (b, f, k, o, s) and
either anti-HSP70 (a), anti-
HSP90 (e), anti-HIP (i), anti-
Sti-1 (n), or anti-HOP-2 (r) and
visualized by indirect immuno-
fluorescence. C-terminal GFP-
tagged LdSGT fusion protein
was revealed by direct fluores-
cence (c, g, l, p, t). Overlays of
direct GFP fluorescence, DAPI,
and indirect immunofluores-
cence images are shown in b d,
h, m, q, and u. The figure shows
representative results of several
independent experiments. Yellow
color is indicative of colocali-
zation. Arrows indicate clusters
where the fluorescent patterns
colocalize. Bar=5 µm
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gene copy number is a rare event and likely to occur only
under strong survival pressure. Therefore, this is considered
a criterion for the essentiality of a gene (Beverley 2003).
Furthermore, the successful replacement of both wild-type
alleles in the presence of an add back construct, but not in
its absence, is also strong proof of a gene's importance for
growth and/or viability. In the absence of RNA interference
strategies for Old World leishmaniae (Robinson and
Beverley 2003), the LdSGT gene is not accessible to
further genetic characterization.

This finding is in agreement with earlier reports on the
essentiality of the human SGT protein for cell proliferation
(Winnefeld et al. 2006). RNA interference-mediated knock-
down of SGT in HeLa cells caused a mitotic arrest in the
metaphase. Currently, we have no knowledge whether the
gene deletion in L. donovani causes similar defects as in
human cells due to the lack of an RNAi system in Old
World Leishmania spp. The constitutive expression in both
morphological forms, promastigote and amastigote, would
suggest that LdSGT is essential for the amastigote, too.
Thus, LdSGT fulfills the criteria for a potential therapeutic

target (Barrett et al. 1999), in particular due to its structural
differences to mammalian SGTs.

In Mammalia, SGT forms a dimer bound to a foldosome
complex (Fig. 7b) comprising two subunits of HSP90 and
one each of HSP70, Sti-1/HOP, and HIP (Liou and Wang
2005; Buchanan et al. 2007). For Leishmania, our copre-
cipitation studies confirm interaction with HSP70, HSP90,
and Sti-1/HOP, but not with HIP. However, two lines of
evidence point at a probable interaction between LdSGT
and the leishmanial HIP ortholog: (1) both proteins are
found in stable complexes of ~470 kD, a size range that is
not recognized by any of the other antichaperone sera we
used and (2) the fluorescence of LdSGT::eGFP and the
indirect immune fluorescence by anti-HIP in L. donovani
promastigotes show virtually identical patterns, proving at
least colocalization. Moreover, the native size of LdSGT-
containing complexes of 470 kD is consistent with a
hypothetical foldosome complex of LdSGT(2×), HSP90
(2×), HSP70(1×), Sti-1/HOP(1×), and HIP(1×). The com-
bined molecular mass of such a complex, using the
hypothetical polypeptide masses, is 424,000, compared

Fig. 7 a GFP-Trap experiments. Lysates from L. donovani wild-type
or L. donovani [pTL-LdSGT::eGFP] cells were bound to GFP-Trap-A
resin and eluted. Fractions (I input, FT flow-through, B bound) were
subjected to SDS-PAGE and Western blotting with mouse antisera
against selected chaperones and co-chaperones as indicated to the
right. Note that staining intensity does not necessarily reflect
quantities due to different development parameters. b Schematic
drawing of SGT-containing, mammalian foldosome complex redrawn
from Buchanan et al. (2007)

Fig. 6 Nondenatured size of protein complexes formed by LdSGT
and several other putative chaperones and co-chaperones by native
gradient gel electrophoresis. Nondenatured proteins from 1×107 L.
donovani wild-type promastigotes were separated in a 0.5× TBE-
buffered polyacrylamide gradient gel. The gel was run for 24 h for the
complexes to reach their size exclusion limit. The native protein
complexes were then denatured, reduced, and blotted onto a PVDF
membrane for immunoblot analysis. The blot was probed with antisera
against LdSGT (lane 1), HSP90 (lane 2), HSP70 (lane 3), Sti-1 (lane
4), and HIP (lane 5). Protein bands were visualized by alkaline
phosphatase reaction. The sizes of marker proteins are indicated to the
right of the respective panel (lane M). The arrowheads point at bands
at 470 kD. The lanes are derived from one representative immunoblot
out of four independent experiments
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with the experimentally obtained 470,000. The fact that
HSP90, HSP70, and Sti-1/HOP are heavily phosphorylated
in L. donovani (Morales et al. 2008) may explain this
difference.

It is peculiar that the ~470-kD complexes are not
recognized by the HSP70 and HSP90 antisera. An
explanation for this may be that these complexes constitute
only a minor fraction of HSP70- and HSP90-containing
complexes and are thus underrepresented in the native gel
electrophoresis. By contrast, the coprecipitation enriches
these complexes and may thus lead to detectable signals.

By contrast, LdSGT does not, in all likelihood, interact
stably with the HOP-2 gene product. Antibodies against
this putative co-chaperone indicate clearly different subcel-
lular localization compared with the LdSGT::eGFP. This is
further supported by the coprecipitation studies and contra-
dicts the in silico search results for interaction partners.

Chaperone proteins in L. donovani may serve different
functions than in eukaryotic model organisms. For instance,
the HSP100 (ClpB) does not mediate temperature tolerance,
nor does it form homohexameric complexes (Krobitsch et
al. 1998; Krobitsch and Clos 1999) as does its counterpart
in yeast (Sanchez and Lindquist 1990; Sanchez et al. 1992;
Parsell and Lindquist 1994). We are only beginning to
understand the functional variability of the chaperones and
co-chaperones between different phyla and how this affects
the operative range of client proteins that are activated by
molecular chaperones (Johnson and Brown 2009). There-
fore, caution should be exercised in the functional interpre-
tation of structural similarities of genes and proteins from
kinetoplastid protozoa to those of the other crown group
Eukaryota.
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