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Leishmania donovani P23 protects parasites against HSP90
inhibitor-mediated growth arrest
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Abstract In Leishmania donovani, the HSP90 chaperone
complex plays an essential role in the control of the parasite’s
life cycle, general viability and infectivity. Several of the as-
sociated co-chaperones were also shown to be essential for
viability and/or infectivity to mammalian cells. Here, we iden-
tify and describe the co-chaperone P23 and distinguish its
function from that of the structurally related small heat shock
protein HSP23. P23 is expressed constitutively and associates
itself with members of the HSP90 complex, i.e. HSP90 and
Sti1. Viable P23 gene replacement mutants could be raised
and confirmed as null mutants without deleterious effects on
viability under a variety of physiological growth conditions.
The null mutant also displays near-wild-type infectivity, argu-
ing against a decisive role played by P23 in laboratory set-
tings. However, the P23 null mutant displays a marked hyper-
sensitivity against HSP90 inhibitors geldanamycin and
radicicol. P23 also appears to affect the radicicol resistance
of a HSP90 Leu33-Ile mutant described previously. Therefore,
the annotation of L. donovani P23 as HSP90-interacting co-
chaperone is confirmed.
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Introduction

The protozoan parasites of the genus Leishmania cause a va-
riety of human diseases, ranging from self-healing skin lesions
(cutaneous leishmaniasis) to lethal, generalised infections of
the reticulo-endothelial system that are difficult to control (vis-
ceral leishmaniasis). The infections are distributed over four
continents with an estimated annual incidence between 900,
000 and 1.8 million (Alvar et al. 2012).

Leishmania parasites exist in two morphologically distinct
life cycle stages—the extracellular, flagellated, cigar-shaped
promastigote stage in the insect vector and the aflagellated,
ovoid amastigote stage found primarily in the phagosomes of
infected mammalian macrophages. The transmission of
Leishmania spp. by a poikilothermic insect vector to a homeo-
thermic mammalian host is linked to an increase in the ambi-
ent temperature. This induces the parasite’s heat shock re-
sponse which is directly linked to the pivotal conversion of
the promastigote to the amastigote stage.

The heat shock response is a universal mechanism that
protects cells and organisms against a variety of stresses such
as elevated temperature, acidic milieu, heavy metal ions and
oxidative stress (Morimoto et al. 1990; Vonlaufen et al. 2008).
The cellular response against these stresses is characterised by
an increased synthesis of heat shock proteins (HSPs). Under
stressful conditions, HSPs interact with denatured proteins
and inhibit the formation of cytotoxic protein aggregates
(Bukau et al. 2006; Feder and Hofmann 1999; Mayer and
Bukau 1999). Under physiological conditions, most HSPs
have chaperone activities, thereby facilitating the activation,
maturation, translocation or degradation of a diverse set of so-
called client proteins.

The genomes of Leishmania spp. encode the full repertoire
of HSP families ranging from large HSPs, such as HSP100, to
small HSPs, such as HSP23 or HSP20 (Clos and Hombach
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2015). The HSPs are either synthesised constitutively during
both life cycle stages (Brandau et al. 1995; Rosenzweig et al.
2008) or their abundance increases during amastigote differ-
entiation (Hombach et al. 2014; Hübel et al. 1995; Krobitsch
et al. 1998; Schlüter et al. 2000; Zamora-Veyl et al. 2005).

HSP90 is an essential, conserved and constitutively
expressed protein that is associated with the maturation, fold-
ing and activation of a variety of highly diverse client proteins
such as kinases, transcription factors and growth hormone
receptors (Buchner 1999; Nathan and Lindquist 1995; Picard
2002; Pratt and Toft 2003). HSP90 interacts with the chaper-
ones HSP70, HSP40 and a various number of co-chaperones
to form large complexes known as foldosomes. The interplay
of chaperones and co-chaperones facilitates the proper folding
of essential clients. The various co-chaperones are able to
modulate HSP90 functions at different steps of the client mat-
uration cycle. They can act as adaptor proteins between
HSP70 and HSP90, inhibit or activate the ATPase activity of
HSP90, deliver specific clients to the HSP90 dimer, stabilise
the HSP90/client protein complex or influence the fate of cli-
ents (Johnson 2012; Johnson and Brown 2009; Li et al. 2012;
Mayer and Bukau 1999).

The chaperone/client complex is disrupted when the HSP90
ATP-binding site is occupied by the specific inhibitors
geldanamycin (GA) and/or radicicol (RAD) (Grenert et al.
1997; Prodromou et al. 1997; Schulte et al. 1998, 1999;
Stebbins et al. 1997). These inhibitors block the ATP
hydrolysis-dependent functions of the chaperone, which results
in the release of the unfolded or unstable client from HSP90
and the subsequent proteolytic degradation of the client protein
in the proteasome (Panaretou et al. 1998; Taipale et al. 2012).

One of the HSP90-interacting co-chaperones in eukaryotes is
P23. It is a small acidic protein that acts late in the HSP90-
mediated client maturation cycle and has affinity for the ATP-
bound form of the HSP90 dimer (Grenert et al. 1999; Li et al.
2012). As a result, ATP hydrolysis, which is essential for the
release of a client protein, is partially inhibited in the presence
of P23 (Obermann et al. 1998; Panaretou et al. 1998). In addition
to its HSP90 co-chaperone function, P23 has its own passive
chaperoning activity in vitro and is able to suppress the aggrega-
tion of denatured proteins (Bose et al. 1996; Freeman et al. 1996).

P23 and the small HSPs share a region of approximately
80–100 amino acids, known as the α-crystallin domain
(ACD). The ACD is located near the N terminus and forms
a β-sheet structure which appears to be sufficient for the in-
teraction with HSP90 (Forafonov et al. 2008; Garcia-Ranea
et al. 2002; Martinez-Yamout et al. 2006; Weaver et al. 2000).

The crucial role of P23 in the HSP90 cycle can be proven
using the HSP90 inhibitors GA and RAD, which prevent the
interaction of P23 with HSP90. This disrupts the HSP90 cycle
and the maturation of client proteins (Forafonov et al. 2008;
Stebbins et al. 1997). SBA1, the P23 ortholog in yeast, is not
essential for viability, but sba1 null mutants are more sensitive

to the inhibitors GA and RAD. Thus, P23/SBA1 can protect
HSP90 by blocking the interaction with these inhibitors
(Forafonov et al. 2008).

In L. donovani, the function of HSP90 is crucial for the
promastigote and amastigote stages. The pharmacological in-
hibition of HSP90 by GA and RAD arrests cell growth. It also
induces the conversion from promastigotes to amastigote-like
cells, an increased expression of HSPs and the synthesis of the
amastigote-specific A2 protein family (Wiesgigl and Clos
2001). The pharmacological inhibition of HSP90 also impairs
the proliferation of amastigotes in infected ex vivo macro-
phages (Hombach et al. 2013).

The genomes of Leishmania parasites encode a broad range
of co-chaperones pointing towards the existence of the
foldosome complex in these organisms (Clos and Hombach
2015; Johnson and Brown 2009; Ommen and Clos 2009). The
leishmaniae are alsowell suited for reverse genetics, allowing the
creation of null mutants and subsequent phenotype analysis. The
functions and roles of several HSP90-associated co-chaperones
in Leishmania spp. were analysed in this manner, including
stress-inducible protein 1 (Sti1) (Hombach et al. 2013; Morales
et al. 2010), heat shock protein organising protein 2 (HOP2) and
heat-inducible protein (HIP) (Ommen et al. 2009), small
glutamine-rich tetratricopeptide domain protein (SGT) (Ommen
et al. 2010), and cyclophilin 40 (Cyp40) (Yau et al. 2014).

In L. infantum, as in other leishmaniae, a putative P23
(LinJ.35.4540) ortholog could be identified (Batista et al.
2012; Hombach et al. 2014; Johnson and Brown 2009). This
protein possesses an ACD and shares other structural and
functional properties with the human P23 or the yeast ortholog
SBA1 (Batista et al. 2015; Hombach et al. 2014). Neverthe-
less, its in vivo functions have not been investigated to date.

Given our interest in HSP90 and the co-chaperone machin-
ery, we characterised P23 by reverse genetics, overexpression
analysis and subcellular localisation studies. Furthermore, we
analysed the sensitivity of P23 null mutants (P23−/−) of
L. donovani against various stresses, in particular the HSP90
inhibitors GA and RAD. We found the gene to be non-
essential during the promastigote stage and for general stress
tolerance in this life cycle stage. However, like its yeast
ortholog SBA1, P23 protects the cells against HSP90
inhibitor-induced growth arrest and is therefore confirmed as
P23 co-chaperone.

Materials and methods

L. donovani cell culture

L. donovani 1SR (Rosenzweig et al. 2007) promastigotes
were grown at 25 °C in supplemented M199+ medium and
cultivated as described before (Krobitsch et al. 1998). For
routine cell culture, the promastigote cells were grown to late
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log phase in order to maintain exponential growth. Cell den-
sity was measured using the CASY Cell Counter (Roche,
Penzberg, Germany). After electrotransfection, recombinant
parasites were cultivated in supplemented M199+ with the
appropriate selection antibiotics.

The IC50 were determined for absolut ethanol (Carl Roth,
Karlsruhe, Germany), antimony tartrate (Sigma-Aldrich,
München, Germany), geldanamycin (CAYLA-Invivogen,
Toulouse, France) and radicicol (Sigma-Aldrich, München,
Germany).

Electrotransfection and selection

Electrotransfection of L. donovani promastigotes was carried
out as described before (Ommen et al. 2009). Leishmania
parasites were taken from a late log phase culture, sedimented
(720g, 8 min, 4 °C), washed twice in ice-cold PBS, once in
electroporation buffer and suspended at a density of 1×
108 ml−1 in electroporation buffer (Kapler et al. 1990; Laban
and Wirth 1989). Two micrograms of linear DNA or 50 μg of
circular DNA were used for the transfection. The DNA was
mixed on ice in a 4-mm electroporation cuvette with 0.4 ml of
the cell suspension. Electroporation was carried out using a
Gene Pulser apparatus (BioRad, München, Germany), with
three pulses at 2.750 V/cm, 25 μF and 200 Ω. Following
electroporation, cells were kept on ice for 10 min before they
were transferred to 10-ml drug-free M199+ medium. The an-
tibiotics, bleomycin (5 μg ml−1, Merck-Millipor, Germany),
puromycin (25 μg ml−1, Sigma-Aldrich, München, Germany)
and ClonNat (150 μg ml−1, Werner Bioreagents, Jena, Ger-
many) were added after 24 h. Mock transfection was per-
formed in identical fashion, without DNA, to obtain negative
control cultures for antibiotic selection.

For cloning, promastigotes were seeded in supplemented
M199+ with the appropriate antibiotics at 0.5 cells per well in
microtitre plates. After 10–14 days, wells positive for
promastigote growth were identified and the clonal cells were
transferred to culture flasks.

In vitro stage differentiation

Axenic amastigotes of L. donovani 1SR were differentiated as
described before (Krobitsch et al. 1998). For this purpose, the
differentiation of promastigotes towards axenic amastigotes
was induced by a combination of 37 °C cultivation tempera-
ture and a time-coordinated acidification of the culture medi-
um to pH 5.5. Axenic amastigotes were cultivated 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 sodi-
um dodecyl sulfate polyacrylamide gel electrophoreses (SDS-
PAGE) andWestern blots or quantified via real-time RT-PCR.

In vitro infection experiments

Murine bone marrow macrophages (BMM) were isolated
from the femurs and tibias of female C57BL/6 mice and dif-
ferentiated in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10 % heat-inactivated FCS, 5 % horse
serum and 30 % L929 supernatant (Hombach et al. 2014;
Racoosin and Swanson 1989). For infection experiments,
BMMs were harvested, washed and seeded into the wells of
eight-well chamber slides (NUNC, Roskilde, Denmark) at a
density of 2×105 cells per well and incubated for 48–72 h a
37 °C and 5 % CO2. Adherent BMMs were infected with
stationary-phase promastigotes at a ratio of 1:10 (2×106). Af-
ter 4 h of incubation at 37 °C in supplemented M199+, non-
phagocytosed parasites were removed by multiple washing
with PBS and incubation was continued for another 44 h in
IMDM at 37 °C and 5%CO2. Themediumwas removed, and
the cells were washed twice with PBS. Finally, the infected
BMMs were fixed with ice-cold methanol. Intracellular para-
sites were quantified by nuclear staining with DAPI
(1.25 μm ml−1, Sigma-Aldrich, München, Germany). Infec-
tion rates and parasite loads were quantified. The stained cells
and parasites were analysed by fluorescent microscopy.

Construction and preparation of recombinant DNA

Approximately 1000 bp of 5′ non-coding DNA (5′NC) and 3′
non-coding DNA (3′NC) of the P23 gene (LinJ.35.4540 )
were amplified enzymatically from genomic L. donovani
DNA with primers that added EcoRI and KpnI sites (5′NC)
or BamHI and HindIII sites (3′NC) to upstream and down-
stream ends. SwaI sites were introduced to flank the con-
structs. The 5′NC amplificates were digested with EcoRI
and KpnI and ligated into pUC19 plasmid, cut with the same
enzymes. The resulting plasmids were digested with BamHI
and HindIII, and the 3′NC amplificates, cut with the same
enzymes, were ligated between those sites. Subsequently,
pUC19-P23-5′-3′NC was cut with KpnI and BamHI.
Bleomycin resistance and puromycin resistance genes were
amplified with primers that added KpnI and BamHI sites to
their 5′ and 3′ ends. Cut with those enzymes, the resistance
markers were ligated into pUC-P23-5′-3′NC to yield pUC-
P23-5′bleo3′ and pUC-P23-5′puro3′ (Online resource
Fig. 1a). After construction, the plasmids were amplified in
E. coli, purified by caesium chloride density gradient ultracen-
trifugation (Sambrook and Russell 2001), and linearised with
SwaI, to yield the constructs depicted in Online resource
Fig. 1b. The fragments containing the recombination cassette
were separated by agarose gel electrophoresis and purified
using the Machery&Nagel NucleoSpin Extract II Kit.

The plasmids pCLS, pCLS-P23, pCLS-HSP23, pTL.v6-
HSP90 and pTL.v6-HSP90rr were described previously
(Hombach et al. 2013, 2014).
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Genomic DNA preparation and PCR

Mutant genotypes were verified by PCR analysis of genomic
DNA. For the preparation of genomic DNA, the Gentra Sys-
tems Puregene Tissue Core Kit A (Qiagen, Hilden, Germany)
was used, following the manufacturer’s instructions.

The quality of isolated gDNA, the gene replacement and
the overexpression of P23 were verified by PCR using the
primers listed below. PCR products were separated by agarose
gel electrophoresis and ethidium bromide staining. Primers
used are as follows: HSP23-specific-fwd (ATGTCCACCA
GCGGCCCA), HSP23-specific-rev (CTCGAGGAGGAC
ACGTGA), P23-specific-fwd (ATGTCTCACCTTCCGA
TC), P23-specific-rev (TTACGCGTTGAGATCGCTG).

Expression profiling

Semi-quantitative real-time RT-PCR was performed essential-
ly as described (Choudhury et al. 2008). P23-gene-specific
primers were P23-(F1) (CTGTGCCATAAAGAAAGAGC
AGGG) and P23-(B1) (CGTCGTCCTCGTCCTTCCAA
AG). P23 mRNA abundance was calculated relative to the
Leishmania actin signal.

Recombinant protein expression in E. coli and protein
purification

Preparation of the expression plasmid pJC45-LdP23 was per-
formed as described before (Hombach et al. 2014). The ex-
pression plasmid was transformed into the bacterial strain
BL21 (DE3)[pAPlacIQ], and the His-tagged proteins isolated
from bacterial lysates were purified using HisBind Resin
(Novagen, Madison, USA) as described previously (Clos
and Brandau 1994).

The purified proteins were then used to immunise laying
hens. The IgY were purified from the egg yolk as described
previously (Hübel et al. 1995; Polson et al. 1985, 1980). The
purified antibodies were tested against recombinant P23 and
the lysates of different Leishmania species.

The immunisation of laying hens was performed in accor-
dance with §8a, GermanAnimal Protection Law, and registered
with the Amt für Tierschutz, Freie und Hansestadt Hamburg.

Western blot analysis

Production of SDS cell lysates, discontinuous SDS-PAGE and
Western blot were performed according to standard protocols.
Membranes were treated with blocking solution (5 % milk
powder and 0.1 % Tween 20 in Tris-buffered saline), before
they were probed with anti-P23 (1:200 in blocking solution),
anti-HSP23 (1:500 in blocking solution) and mouse anti-
alpha-tubulin (1:4000 in blocking solution, Sigma-Aldrich,
München, Deutschland), followed by incubation with anti-

chicken IgG-alkaline phosphatase (1:2000 in blocking solu-
tion, Dianova, Hamburg, Germany) or anti-mouse IgG-alka-
line phosphatase (1:2000 in blocking solution, Dianova, Ham-
burg, Germany) as secondary antibodies. Blots were devel-
oped using nitro blue tetrazolium chloride (Carl Roth, Karls-
ruhe, Germany) and 5-bromo-4-chloro-3-indolyl phosphate
(Carl Roth, Karlsruhe, Germany). Protein bands were quanti-
fied using the software ImageJ v.1.42q (Wayne Rasband, Na-
tional Institute for Health, USA).

Immunofluorescence and confocal microscopy

Log phase promastigotes (1×107 cells) were sedimented,
washed twice with PBS and suspended in 1 ml of PBS. Ali-
quots of the suspension (2×105 cells) were applied on micro-
scopic slides and air-dried. After fixing the cells for 2 min in
ice-cold methanol, the slides were air-dried for 20 min. Non-
adherent cells were removed by gentle washing (0.1 % Triton
X-100 in PBS) followed by incubation in blocking solution
(2 % BSA, 0.1 % Triton X-100 in PBS). Slides were then
incubated for 1 h with mouse anti-P23 (1:250 in blocking
solution) and with either chicken anti-HSP70 (1:500 in
blocking solution), chicken anti-HSP90 (1:500 in blocking
solution) or chicken anti-Sti1 (1:500 in blocking solution).
Cell were washed thrice and then incubated for 1 h with
anti-mouse-FITC (Dianova, Hamburg, Germany, 1:250),
anti-chicken-Alexa594 (Dianova, Hamburg, Germany, 1:
500) and DAPI (Sigma-Aldrich, München, Germany, 1:25).

For the analysis of the cell body length, the fixed cells
were incubated for 1 h with monoclonal mouse anti-tubulin
(Sigma-Aldrich, München, Germany, 1:4000), washed thrice
and then incubated for 1 h with mouse anti-Alexa 594
(Dianova, Hamburg, Germany, 1:250) and DAPI (Sigma-
Aldrich, München, Germany, 1:25). After washing the slides
thrice, Mowiol and coverslips were applied and the slides
were left to dry for 24 h at 4 °C.

Fluorescence microscopy was carried out on an Olympus
FluView1000 confocal microscope (SIM scanner and spectral
detection) or for the cell body length analysis on an EVOS FL
Auto epifluorescence microscope (Life Technologies, Darm-
stadt, Germany).

In silico procedures

DNA and protein sequence analysis was performed using the
MacVector® software suite, version 13.x (MacVector Inc, Cary
NC, USA). Greyscale and colour images were optimised for
contrast using Photoshop® CS3 (Adobe) or ImageJ (NIH). Nu-
merical data were analysed using the Prism® software (version
5). Composite figures were assembled using the Intaglio® soft-
ware, version 3.3 (Purgatory). Significance was calculated
using the Mann-Whitney U test (Mann and Whitney 1947).
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Results

Expression of LdP23

To detect P23 in Leishmania, we raised specific antibodies
against recombinantly expressed P23 protein. The P23 coding
sequence was inserted into the pJC45 expression vector
(Schlüter et al. 2000) and expressed with an N-terminal
His10 tag in E. coli (Fig. 1a, lanes 1 and 2). Total extracts were
purified by metal chelate chromatography (Clos and Brandau

1994), resulting in a highly enriched (His)10::P23 fusion pro-
tein (Fig. 1a, lane 3). Laying hens were then immunised with
the purified recombinantly expressed protein (rLdP23). Anti-
bodies (IgY) were purified from egg yolk and tested in West-
ern blot analysis. The antibodies recognise the rLdP23 faith-
fully (Fig. 1b, lane 4, (His)10::P23). More importantly, the
antibodies recognise the natural protein in lysates from three
Leishmania species (Fig. 1b, lanes 1, 2 and 3).

We also studied the expression kinetics of P23 during an
in vitro life cycle (Fig. 1c, d). Promastigotes of L. donovani

Fig. 1 Expression of rLdP23. a Bacterial expression and purification of
rLdP23. E. coli BL21 (DE3)[pAPlacIQ] transformed with pJC45-LdP23
before (lane 1) and after (lane 2) induction with IPTG. rLdP23 was
purified using HisBind Resin (lane 3). The arrow points to the 25-kDa
band representing rLdP23. b (His)10::P23 was used to raise antibodies in
chicken. Western blot analysis showed that purified antibodies recognise
the natural protein in the lysates of L. major, L. infantum, L. donovani
(lanes 1, 2, and 3) and the recombinant protein (His)10::P23 (lane 4). c, d

Expression kinetic of LdP23 during promastigote-to-amastigote conver-
sion. L. donovani promastigotes grown at 25 °C and pH 7 (day 1) were
exposed to 37 °C (day 2) and a subsequent acidification (pH 5.5) (days 3–
6). To reconvert the axenic amastigotes back into promastigotes, the cells
were subjected again to lower temperature and neutral pH (25 °C, pH 7)
(days 7–9). The amounts of P23 RNA (arbitrary units) were measured by
RT-qPCR (c). P23 protein abundance (arbitrary units) was quantified by
Western blot analysis using the specific chicken anti-P23 antibody (d)
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grown at 25 °C and neutral pH (day 1) were exposed to 37 °C
(day 2) and then shifted to an acidic pH (days 3 to 7). On day
7, the axenic amastigotes were shifted back to 25 °C and
neutral pH to facilitate amastigote-to-promastigote conversion
of the parasites (days 7 to 9). At relevant time points, samples
were taken and tested for P23 RNA abundance (Fig. 1c) and
P23 protein levels (Fig. 1d, Online resource Fig. 3). The anal-
ysis of the results showed that P23 RNA abundance increases
during in vitro amastigote conversion, doubling until day 6.
The elevated RNA level drops after amastigote-to-
promastigote conversion. By contrast, the P23 protein levels
do not change significantly during axenic stage conversion.
These data further illustrate the previously described lack of
correlation between RNA and protein levels during
Leishmania stage conversion (Lahav et al. 2011).

Subcellular localisation of LdP23 and its co-localisation
with members of the foldosome complex

To investigate possible interactions of LdP23 with the
foldosome complex in Leishmania, we used the P23-specific
antibodies in confocal laser microscopy and analysed the
localisation of P23 in promastigotes compared with HSP70,
HSP90 and Sti1 (Fig. 2a–c). LdP23 showed a cytoplasmic
localisation (Fig. 2a–c, panel 3) and general co-localisation
with both HSP90 and Sti1 (Fig. 2b, c, panel 5). The co-
localisation of LdP23 with HSP70 appears to be less pro-
nounced (Fig. 2a, panel 5), suggesting that HSP70 and P23
do not interact specifically in Leishmania parasites. P23 be-
longs to the late-acting HSP90 co-chaperones and is not
known to interact directly with HSP70. The co-localisation
of the putative P23 co-chaperone with HSP90 and Sti1 is in
agreement with P23 being a member of the foldosome com-
plex in Leishmania.

Replacement of P23 in L. donovani

To unravel the in vivo functions of LdP23, we targeted the P23
alleles with specific replacement constructs (Online resource
Fig. 1a), using a sequential homologous recombination strat-
egy (Krobitsch and Clos 2000) (Online resource Fig. 1b). The
replacement of both P23 alleles with resistance marker genes
resulted in viable double-antibiotic-resistant clones. After

�Fig. 2 Co-localisation studies by confocal microscopy. Log phase
promastigotes at 25 °C were stained with mouse anti-P23 (1:250) and
with either a chicken anti-HSP70 (1:500), b chicken anti-HSP90 (1:500)
or c chicken anti-Sti1 (1:500). Images were taken by confocal laser
microscopy and differential interference contrast (DIC, panels A1, B1,
C1). Representative cells from each culture were visualised with DAPI
(panels A2, B2, C2), anti-P23 antibody (panels A3, B3, C3), anti-Hsp70
antibody (panel A4), anti-Hsp90 antibody (panel B4), anti-Sti1 antibody
(panel C4) and as overlays of DAPI, P23 with Hsp70 (panel A5) or with
Hsp90 (panel B5) and/or with Sti1 (panel C5). k kinetoplast, n nucleus
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preliminary verification, one P23 null mutant candidate clone,
cl5, was selected and used as background to introduce episom-
al P23 and HSP23 transgenes. To verify the null mutant and
add-back strains, the genotypes were tested by a P23-specific
PCR (Fig. 3a) and by Western blot analysis using the P23-
specific antibodies (Fig. 3b).

The 600-bp P23 gene could only be amplified from
wild-type DNA (P23+/+) and from the P23−/−P23+ DNA

(Fig. 3a, upper panel, lanes 1 and 3). The DNAs isolated
from P23−/− cl5 (lane 2) and the control strains carrying the
HSP23 transgene (lane 4) or empty pCLS vector (lane 5)
were negative for P23-coding DNA. The quality of the
isolated DNAs was verified by the amplification of the
HSP23 coding sequence. All DNA samples were positive
for HSP23 (Fig. 3a, lower panel). This confirms the loss of
both P23 alleles in the P23−/− clone 5.

To confirm the null mutant, we analysed wild type cells,
P23−/−, and P23−/−-derived transgenic strains using Western
blot and P23-specific antibodies (Fig. 3b). The Western blot
revealed that the protein is present in wild-type cells and in the
add-back strain P23−/− P23+ (Fig. 3b, upper panel, lanes 1 and
3). Neither the null mutant nor its derivatives carrying the
HSP23 transgene or the empty vector showed any detectable
P23 signal (Fig. 3b, upper panel, lanes 2, 4 and 5). The quality
of the isolated protein samples was verified with HSP23-
specific antibodies (Fig. 3b, lower panel). In summary, we
confirmed the P23 null mutant and its derivatives on the
DNA and protein levels. We also conclude from this that
LdP23 is not essential for viability of L. donovani
promastigotes.

Tolerance of the P23 null mutant to various stresses

Having ascertained that P23 is not essential for viability, we
next tested the effects of P23 gene replacement and trans-
genic complementation under various relevant in vitro
growth conditions (Fig. 4).

Under ideal in vitro growth conditions for promastigotes
(25 °C, pH 7), P23−/− and its derivatives showed no growth
defect compared to wild-type cells (Fig. 4a). The same was
observed for parasite growth at mammalian tissue tempera-
ture (37 °C, Fig 4b) where we observed no growth defect of
the null mutant compared to wild-type cells. The growth of
the null mutant at pH 5.5 (Fig. 4c), at 2 %v/v (=IC50) of
ethanol (Fig. 4d) or under trivalent antimony challenge
(112 μM SbIII, Fig. 4e) also showed no difference compared
to wild-type cells. In summary, the results show that P23 is
not required for the protection of promastigotes against rel-
evant chemical (pH, ethanol) and physical (37 °C) stresses
or under therapeutic pressure (SbIII).

Infectivity and intracellular proliferation

We also tested the ability of P23−/− and its derivatives to infect
mouse bone marrow-derived macrophages in vitro and to am-
plify intracellularly. Late stationary phase promastigotes (2×
106) of L. donovani wild type (P23+/+), P23−/−, P23−/− P23+,
P23−/−Hsp23+, and P23−/−pCLS were added to plated macro-
phages (2×105) in a chamber slide. After 4 h, extracellular
parasites were removed by washing and incubation was con-
tinued for 44 h. Infection rate (= % of infected macrophages)

Fig. 3 Verification of L. donovani P23 null mutants by PCR (a). The
DNAs from L. donovani strains P23+/+, P23−/− cl5, P23−/−P23+, P23−/
−HSP23+, P23−/− pCLS were used as templates for a P23-gene-specific
PCR (upper panel). The qualities of the same DNAs were tested with a
HSP23-specific PCR (lower panel). Position of size markers [bp] shown
on the left. b Lysates from L. donovani-strains P23+/+, P23−/−cl5, P23−/
−P23+, P23−/−HSP23+, P23−/−pCLS were separated by SDS-PAGE,
subjected to Western blot and probed with chicken anti-P23 (1:200)
(upper panel) or chicken anti-HSP23 (1:500) (middle panel). As
loading control, a replica gel was stained with Coomassie Brilliant Blue
(lower panel). The arrowheads (upper panel) point at the P23-specific
bands

Leishmania P23 co-chaperone 679



and parasite load (parasites per macrophage) were determined
by DAPI staining and microscopical counting (n=400). As
shown in Fig. 5a, infection rates are unaffected by the muta-
tion. All recombinant parasites show slightly but significantly
reduced parasite loads (Fig. 5b). However, the effect of the
P23−/− null mutant is not countermanded by the P23 trans-
gene. Therefore, we conclude that the weak effect observed
is not caused by the lack of P23.

LdP23 and LdHSP23 protect
against HSP90-inhibitor-induced growth arrest

Like LdP23, the ortholog in yeast cells, SBA1, is not essential
for cell viability under physiological conditions. However, the
lack of P23/SBA1 renders yeast cells hypersensitive to HSP90
inhibitors (Forafonov et al. 2008). To investigate whether
LdP23 too protects HSP90 against inhibitors, we compared
the proliferation of wild-type cells with the proliferation of the
P23 null mutant and its derivatives in the presence of GA
(Fig. 6a) and RAD (Fig. 6b).

Indeed, the P23 null mutant was hypersensitive to both GA
and RAD, with its in vitro growth reduced by 80 and >90 %,
respectively, compared to the wild type and at IC50 of either
drug. Overexpression of P23 in the null mutant restored

Fig. 4 Proliferation of P23 null
mutants under stress. Cells (1×
105 ml−1) were seeded into 10 ml
of supplemented Medium199+
and grown for 4 days. Cell density
on day 4 was then normalised as
[%] of wild type (P23+/+) cell
density. Parasites were grown at
25 °C and pH 7.0 (a), 37 °C and
pH 7.0 (b), 25 °C and pH 5.5 (c).
Additional cultures were grown at
25 °C and pH 7.0 with the
addition of 2 % ethanol (d) or
112 μM antimonyl tartrate
(Sb(III)) (e). *p<0.05; **p<0.01
(U test)

Fig. 5 Infectivity of the P23 null mutant in vitro. Bone marrow-derived
macrophages (Mθ) were infected with P23+/+, P23−/− cl5, P23−/−P23+,
P23−/−HSP23+, and P23−/− pCLS parasites at a 1:10 ratio. After 4 h, free
parasites were removed and the infected macrophage cultures were
further incubated at 37 °C and 5 % CO2 for 44 h. Cells were fixed and
stained with DAPI. Four hundred macrophages per infection experiment
were checked by fluorescence microscopy for infection rate (a, %
infected Mθ) and parasite load (b, no. of parasites per Mθ). *p<0.05;
**p<0.01; ***p<0.001 (U test)
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growth to near-wild-type levels under GA inhibition (Fig. 6a).
Under RAD challenge too, the P23 over expressing null mu-
tant shows restored in vitro growth (Fig. 6b).

HSP90 inhibition by GA or RAD causes a morphological
shift towards an amastigote-like form, easily detectable by cell
body lengthmeasurements (Hombach et al. 2013;Wiesgigl and
Clos 2001). Therefore, we compared the cell body length and
morphology of wild type, P23 null mutant and P23 gene add-
back strain after 72 h of GA or RAD treatment (Online resource
Fig. 2a, b). We observed that the inhibitor treatment of the null
mutant caused a significant shortening of the cell body and the
flagellum compared with inhibitor-treated wild-type cells or
add-back parasites, corroborating the growth analyses.

The results convincingly show that LdP23 interferes with
the effect of inhibitors on HSP90, thereby confirming that
LdP23 is the Leishmania homolog of the P23 co-chaperones.

Interestingly, overexpression of the small heat shock pro-
tein HSP23 can also compensate for the lack of P23, both
under GA or RAD challenge (Fig. 6a, b). Both proteins are
structurally related and HSP23 is thought to be an offshoot of
the P23 branch of ACD proteins. While P23 cannot replace
HSP23 as stress tolerance factor, and HSP23 null mutants
showed no hypersensitivity to GA (Hombach et al. 2014),
HSP23 may still have residual P23 co-chaperone activity.

To test whether the effect of GA on the P23−/− growth is
connected with inhibition of HSP90, we transfected the null
mutant with an overexpression plasmid for HSP90. We then
tested this strain against wild type, null mutant and P23 over-
expressing null mutant under GA challenge. The results,
shown in Fig. 6c indeed show that HSP90 over expression
restores in vitro growth to the P23 null mutant. This HSP90
titration effect has been described before (Wiesgigl and Clos
2001) and demonstrates that the effect of GA on P23−/− de-
pends on the drug-to-target ratio.

The simple amino acid exchange Leu33 to Ile33 in the ATP
binding pocket of L. donovani HSP90 renders the mutated
protein (HSP90rr) resistant to RAD. Over expression of this
HSP90rr variant permits growth under RAD selection in vitro
(Hombach et al. 2013).We therefore expressed HSP90rr in the
P23 null mutant to observe whether a RAD resistant HSP90
can also compensate for the lack of P23 under RAD challenge.
Figure 6d shows the results. As expected, overexpression of
wild-type HSP90 does not compensate for the lack of P23
under RAD challenge (Fig. 6d), in keeping with previous
observations (Hombach et al. 2013). By contrast, the overex-
pression of the RAD-resistant HSP90rr in the P23 null mutant
can restore growth under RAD to 75 % of wild-type parasite
proliferation. This result implies that HSP90rr expression
alone cannot compensate fully for the loss of P23 under
RAD challenge.

Discussion

Parasitic protozoa of the genus Leishmania are part of the
Euglenozoa, a very early and divergent branch of the Eukary-
otic tree, showing peculiarities such as unique gene expression
and survival strategies (Clos and Hombach 2015; Leprohon
et al. 2009; Ubeda et al. 2008). In spite of this, Leishmania
spp. possess a rather complete and highly differentiated set of
chaperone and co-chaperone proteins which have become part
of their regulatory machinery to control life cycle progression.

Of the Leishmania chaperones, the HSP90 chaperone com-
plex has seen much interest in recent years. For one, HSP90 is
a pivotal regulator of the life cycle, stabilising the insect stage
but also promoting intracellular parasite growth (Hombach
et al. 2013; Wiesgigl and Clos 2001). Itself not accommodat-
ing to gene replacement, its co-chaperones nevertheless were
subjected to reverse genetic studies. Two confirmed HSP90

Fig. 6 Effects of GA and RAD treatment on the cell proliferation of the
P23 null mutant. Cells (1×105 ml−1) were seeded into 10 ml of
supplemented Medium199+ with 0.6 % (w/v) GA (a, c) or 0.26 % (w/v)
RAD (b, d) and grown for 4 days. Cell density on day 4 was then
normalised as [%] of wild type (P23+/+) cell density. *p<0.05;
**p<0.01 **p<0.001 (U test)
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complex members, Sti1 and SGT, are essential proteins for
Leishmania viability (Hombach et al. 2013; Morales et al.
2010; Ommen et al. 2010). On the other hand, replacement
of the genes coding for the putative HIP and for a second
HOP ortholog were found to be dispensable for parasites in
culture (Ommen et al. 2009). A fifth co-chaperone,
cyclophilin 40 (Cyp40), was shown to be essential for late
promastigote development and, more importantly, intracellu-
lar survival of the parasites (Yau et al. 2014). All these co-
chaperones are distinguished by one or more tetratricopep-
tide repeat domains (TPR) that facilitate interaction with
recognition sequences in the two major chaperones, HSP90
and HSP70 (Li et al. 2012).

Separate from this group of TPR-containing co-chaperones
are the P23 proteins. These are related to small heat shock
proteins and to the mammalian lens protein alpha-crystallin,
sharing the common alpha crystallin domain (ACD) with both
groups (Garcia-Ranea et al. 2002). Database mining revealed
two P23-like genes in Leishmania of which one, HSP23,
could be shown to possess important stress protection function
in Leishmania (Hombach et al. 2014). The other, tentatively
termed P23, was the subject of this study. By means of gene
expression studies, subcellular localisation and reverse genet-
ics, we have compiled evidence for P23 being a proper co-
chaperone of HSP90 and the Leishmania homolog of the
known P23 protein family.

We showed that P23 is not a stress-inducible protein in
L. donovani. While an increase could be observed for the
P23-specific RNA during axenic amastigote differentiation,
this increase did not translate into an elevated P23 protein
abundance. It is a common occurrence in Leishmania that
RNA steady-state levels and changes thereof correlate poorly
with the steady state levels of the corresponding proteins
(Lahav et al. 2011), and P23 is yet another example. Our
results are in agreement with an earlier quantitative analysis
of P23 protein abundance (Rosenzweig et al. 2008). More-
over, the predicted interaction partner, HSP90, does not be-
come more abundant during the axenic amastigote stage
(Brandau et al. 1995; Rosenzweig et al. 2008), leaving no
need for elevated expression of P23. By contrast, Plasmodium
parasites, the causative agents of malaria, produce P23 as a
relatively abundant cytoplasmic protein with a differential ex-
pression during the parasite life cycle stages (Wiser 2003).

P23 from Leishmania parasites share approximately 30 %
sequence identity with human P23 as well as the so-called
motif of P23 proteins (WPRLTKE). It was shown experimen-
tally that this motif is crucial for the interaction of P23with the
N-terminal part of HSP90 (Batista et al. 2015; Garcia-Ranea
et al. 2002; Martinez-Yamout et al. 2006). Comparing the
subcellular localisation of LdP23 with HSP90 and with Sti1,
another member of the foldosome complex, using confocal
microscopy indeed revealed overlapping staining patterns.
This view is supported by an in vitro analysis of recombinant

P23 protein from L. braziliensis. That study showed that P23
is able to inhibit the ATPase activity of HSP90 and that one
P23 molecule binds to an HSP90 dimer (Batista et al. 2015).
The observed interaction of P23 with HSP90 and the
resulting inhibition of the ATPase activity in Leishmania
parasites are in agreement with previous data obtained for
other organisms, indicating a similar function (Chua et al.
2010; Echeverria et al. 2010; Fang et al. 1998; Felts and
Toft 2003; Richter et al. 2004).

Much like its ortholog SBA1 in the yeast Saccharomyces
cerevisiae (Forafonov et al. 2008), Leishmania P23 is not an
essential gene for general viability. We could establish and
verify five independent clones (not shown) of the P23−/− null
mutant which all showed unchanged vital parameters. This
lack of a phenotype was observed under various physiologi-
cal conditions signifying cellular stress (temperature, pH, eth-
anol exposure) and drug pressure (SbIII). More importantly,
the P23−/− mutant was infective to macrophages and could
proliferate as intracellular amastigote. We conclude that under
physiological conditions, the contribution of P23 to the func-
tion of HSP90 foldosomes is not critical. We cannot exclude
however that the unchanged viability and vitality of the P23
null mutant is a consequence of a spontaneous genetic rear-
rangement that masks the true phenotype. Such rearrange-
ments have been described in the past, although usually as
secondary events after prolonged selection (Reiling et al.
2006; Spath et al. 2004).

We also did not test the relative resistance of the P23−/−

parasites against BrefeldinA. Work using Saccharomyces
cerevisiae Sba1 null mutants showed an increased sensitivity
to this inhibitor of Golgi-mediated protein transport
(Echtenkamp et al. 2011). It is noteworthy that Leishmania
spp export crucial immune modulatory proteins by using
exosomes (Lambertz et al. 2012; Silverman et al. 2010).
Therefore, the lack of P23 in the null mutant, given a homol-
ogous function in the parasite, cannot be expected to impact
on the in vitro infectivity.

Another possible role for P23 in Leishmania spp is the
demonstrated involvement with ribosome biogenesis
(Echtenkamp et al. 2011). Again, this function only becomes
apparent under drug challenge, namely under hygromycin B
treatment, and we did not observe any reduction of the high
in vitro proliferation rates observed for L. donovani. There-
fore, a crucial role in ribosome integrity can be excluded.

The only phenotype we observed was the strong hyper-
sensitivity to the benzoquinoid ansamycin, geldanamycin
(GA) and even more so, to the antifungal macrolactone an-
tibiotic, radicicol (RAD). Both compounds are well-
characterised inhibitors of HSP90, competing with ATP for
the nucleotide binding pocket located at the N terminus of
HSP90 and blocking the ATP-driven reaction cycle of the
HSP90 foldosome complex (Smith et al. 1998). For the
yeast P23 homologue, SBA1, the same phenotypic effects
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were associated with a gene replacement (Bohen 1998;
Forafonov et al. 2008), further supporting the notion that
LdP23 is indeed the HSP90-specific co-chaperone regulating
its ATP binding domain.

We could also show that not only the reintroduction of a
P23 transgene into the null mutant but also the overexpres-
sion of the related small heat shock protein HSP23, could
restore GA and RAD resistance to the mutant. Since the
HSP23 null mutant did not show GA hypersensitivity by
itself (Hombach et al. 2014), we suspect that HSP23 due
to its structural similarity to P23 proteins has a residual
affinity for HSP90 and, upon overexpression, can prevent
binding of radicicol. This may be the cause for the lack of
phenotype we observe under physiological conditions. In
this context, it is interesting that our attempts to produce
double null mutants for both P23 and HSP23 did not meet
with success (G. Ommen, unpublished work).

The expression of a known, radicicol-resistant HSP90 var-
iant (HSP90rr) in the P23 null mutant was also able to confer
significant protection against RAD, but not completely so. It
therefore seems as if the RAD resistant properties of HSP90rr
depend partly on the presence of P23.
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