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The protozoan parasite Leishmania donovani undergoes several developmental transitions in its insect and vertebrate hosts that
are induced by environmental changes. The roles of protein kinases in these adaptive differentiation steps and their potential as
targets for antiparasitic intervention are only poorly characterized. Here, we used the generic protein kinase inhibitor stauro-
sporine to gain insight into how interference with phosphotransferase activities affects the viability, growth, and motility of L.
donovani promastigotes in vitro. Unlike the nonkinase drugs miltefosine and amphotericin B, staurosporine strongly reduced
parasite biosynthetic activity and had a cytostatic rather than a cytotoxic effect. Despite the induction of a number of classical
apoptotic markers, including caspase-like activity and surface binding of annexin V, we determined that, on the basis of cellular
integrity, staurosporine did not cause cell death but caused cell cycle arrest and abrogated parasite motility. In contrast, targeted
inhibition of the parasite casein kinase 1 (CK1) protein family by use of the CK1-specific inhibitor D4476 resulted in cell death.
Thus, pleiotropic inhibition of L. donovani protein kinases and possibly other ATP-binding proteins by staurosporine dissoci-
ates apoptotic marker expression from cell death, which underscores the relevance of specific rather than broad kinase inhibitors
for antiparasitic drug development.

Leishmaniasis is an important parasitic disease affecting over 12
million people worldwide and causing a variety of pathologies,

ranging from self-healing cutaneous lesions to fatal visceral infec-
tion causing hepatosplenomegaly (http://apps.who.int/tdr/svc
/diseases/leishmaniasis). Treatments available for visceral leish-
maniasis include pentavalent antimony (SbV) compounds as first-
line drugs and pentamidine and amphotericin B (AmpB) as
second-line drugs, the uses of which are limited by toxicity and
availability. In addition, the clinical value of antimony therapy is
threatened by the emergence of drug resistance. Recently, milte-
fosine (hexadecylphosphocholine [HePC]), an alkylphosphocho-
line originally developed as an anticancer drug, was proven to be
effective and safe for use against visceral leishmaniasis in India (1)
and was successfully applied to treat patients infected with anti-
mony-resistant parasites. However, the therapeutic window of
this drug might be very short, given the appearance of drug resis-
tance in vitro (2). Thus, in the absence of vaccination and given the
limitations of current therapies in cost, efficacy, and safety, there is
an urgent need for the identification of novel targets and new
chemical entities with antileishmanial activity.

Parasite-specific signaling pathways have recently attracted in-
creasing attention as potential drug targets (3). Biochemical and
genetic studies revealed important roles for trypanosomatid pro-
tein kinases in parasite growth and infectivity (4, 5), and as a result
this class of proteins is the subject of several ongoing drug devel-
opment efforts (6) (www.leishdrug.org). In vitro studies have been
performed to investigate the activities of kinase inhibitors toward
specific recombinant Leishmania kinases, such as CRK3 (7), ca-
sein kinase 1 (CK1) (8), and protein kinase A (PKA) (9), whose
inhibition reduced parasite cell growth. Surprisingly, despite the
presence of stage-specific phosphotransferase activities and their
relevance in parasite differentiation and the establishment of in-
tracellular infection (10, 11), little information is available on how
generic protein kinase inhibitors affect Leishmania.

Staurosporine, like many competitive kinase inhibitors, is an

ATP analogue that binds to the ATP-binding pocket of protein
kinases and likely other ATP-binding proteins, thus abrogating
their respective enzymatic activities. As such, staurosporine is an
excellent tool to enable us to gain insight into kinase- and ATP-
dependent biological activities in Leishmania and to identify novel
drug targets. Staurosporine and 1-(5-isoquinolinesulfonyl)-2-
methylpiperazine) dihydrochloride (H7) were the first generic ki-
nase inhibitors used to investigate the role of protein kinases in
Leishmania cell growth, morphology, and infectivity. Treatment
of L. major and Leishmania amazonensis promastigotes with 10
�M staurosporine resulted in parasites with morphological differ-
ences in the size and appearance of the flagellar pocket (12). Be-
cause of its ability to induce apoptosis in various eukaryotic sys-
tems, staurosporine was used in investigations of programmed
cell death (PCD) in Leishmania, which revealed the expression of
classical apoptotic markers, including annexin V (AV) surface
binding, loss of mitochondrial transmembrane potential, and
DNA fragmentation (13). As a result, staurosporine has been used
in Leishmania as an apoptosis-inducing compound to define the
modes of action of other kinase inhibitors, such as withaferin (14),
and antimicrobial peptides (15). However, because of the lack of
the classical annexin V ligand phosphatidylserine in Leishmania
promastigotes (16) and the link between annexin V binding and
apoptotic mimicry rather than PCD, the question of whether the
expression of apoptotic markers alone is a reliable readout for
parasite cell death was raised (17). Here, we present a comprehen-
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sive and temporal analysis of morphological, molecular, and bio-
chemical events in staurosporine-treated L. donovani, which re-
veal a highly complex response with regard to parasite motility,
cell shape, growth, and viability. We show that the inhibitor abro-
gates flagellar activity and induces cell cycle arrest, annexin V
binding, and caspase 3/7-like protease activities without signifi-
cant loss of parasite viability and integrity. Our data thus demon-
strate the dissociation of cell death from apoptotic marker expres-
sion and call into question the use of generic kinase inhibitors for
assessing the druggability potential of the Leishmania kinome.

MATERIALS AND METHODS
Cell and culture conditions. The L. donovani strain 1S2D (MHOM/SD/
62/1S-CL2D), clone LdB, was cultured in vitro as described previously
(18). Briefly, promastigotes were grown at 26°C in M199 supplemented
with 10% fetal calf serum (FCS), 25 mM HEPES (pH 6.9), 12 mM
NaHCO3, 1 mM glutamine, 1� RPMI 1640 vitamin mix, 10 �M folic
acid, 100 �M adenosine, 7.6 mM hemin, 50 U/ml penicillin, and 50 �g/ml
streptomycin. Axenic amastigote conversion was performed as described
previously (19).

Growth inhibition assay. The cell cytotoxicity and antileishmanial
activity levels of selected drugs (miltefosine, amphotericin B, and stauro-
sporine) were determined by using the alamarBlue assay. Briefly, L. don-
ovani promastigotes or axenic amastigotes at a cell density of either 1 �
106 or 5 � 106 cells/ml were incubated in the presence of various concen-
trations of each drug at 26°C for 24 h before the addition of the resazurin
dye (0.01%). After another 24 h of incubation, the fluorescence of the
reduced resazurin was measured (excitation wavelength [�ex], 530 nm;
emission wavelength [�em], 585 nm). Values obtained from control wells
with cells grown either in the presence of vehicle (0.5% dimethyl sulfoxide
[DMSO]) or in the absence of drugs were used as maximum values
(100%). All assays were performed in triplicate in 96-well microtiter
plates.

Scanning electron microscopy. Parasites were washed twice in ice-
cold phosphate-buffered saline (PBS) and then fixed with 2% (wt/vol)
glutaraldehyde (Sigma) in PBS with 0.1 M sodium cacodylate (pH 7.2).
Briefly, the fixed cells were treated with 1% (wt/vol) OsO4 and dehy-
drated, followed by critical-point drying (CPD7501 critical-point dryer;
Polaron) and coating with gold powder (ion beam coater 681; Gatan).
Samples were visualized with an SEM 500 (Philips) scanning electron
microscope as described previously (20).

Flow cytometry analysis. To determine changes in the mitochondrial
membrane potential (��m), we used the fluorescent dye tetramethylrho-
damine ethyl ester (TMRE), which is a cell-permeable cationic dye that
accumulates in the mitochondria of healthy cells. We tested the sensitivity
of the TMRE fluorescent dye to changes in mitochondrial membrane
potential by treating L. donovani promastigotes with carbonyl cyanide
m-chlorophenylhydrazone (CCCP), a mitochondrial uncoupling agent.
Total depolarization of the L. donovani promastigote was obtained by
using 1 mM CCCP for 10 min (data not shown). Cells were grown to 5 �
106 cells/ml and then treated with amphotericin B (0.055 and 0.111 �M),
miltefosine (hexadecylphosphocholine [HePC]) (26 and 46 �M), or stau-
rosporine (0.261 and 0.428 �M) and incubated at 26°C. At various time
points, 250 �l of the culture was pelleted and resuspended in 400 �l of
HEPES buffer (10 mM HEPES-NaOH [pH 7.4], 150 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2), and 20.8 �g/ml of TMRE was added.
Cells were incubated for 7 min in the dark prior to analysis by flow cytom-
etry on a Becton Dickinson FACSCalibur system using the fluorescence 2
(FL2) channel.

Double staining with annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (PI) was performed to measure the effects of the
drugs on the plasma membrane of Leishmania promastigote cells. The
expression of phosphatidylserine in the outer membrane of treated and
untreated L. donovani promastigote cells was monitored by labeling with
annexin V-FITC (Photeomix, Paris, France), and staining with pro-

pidium iodide was used to measure the permeability of the plasma mem-
brane. Cells were grown to 5 � 106 cells/ml and then treated with ampho-
tericin B (0.055 and 0.111 �M corresponding to one-half and 1� the 50%
inhibitory concentration [IC50], respectively), miltefosine (hexadecyl-
phosphocholine [HePC]) (26 and 46 �M), or staurosporine (0.261 and
0.428 �M) and incubated at 26°C. At various time points, 250 �l of cul-
ture was centrifuged (2,000 rpm, 2 min) and resuspended in 400 �l of
HEPES buffer (10 mM HEPES-NaOH [pH 7.4], 150 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2) containing 4 �g/ml of annexin V-FITC
and 10 �g/ml of propidium iodide. A FACSCalibur flow cytometer (Beck-
ton Dickinson, San Jose, CA) was used to detect annexin V-FITC and
propidium iodide fluorescence. Untreated controls corresponding to L.
donovani promastigotes from a logarithmic culture (5 � 106 cells/ml)
were negative for annexin V and propidium iodide (classified as healthy)
over the 24 h of the experiment, demonstrating that growth up to at least
2 � 107 cells/ml does not induce cell death (data not shown).

Cell division of L. donovani promastigotes was evaluated using car-
boxyfluorescein diacetate succinimidyl ester (CFSE) as described previ-
ously (21). Log-phase parasites were washed and resuspended in 1 ml of
M199 without serum to obtain a final concentration of 4 � 107 cells/ml,
and CFSE (Molecular Probes) was added to obtain a final concentration of
5 �M. Cells were incubated at 26°C for 15 min with gentle mixing, and 5
volumes of complete M199 medium was added to quench the CFSE.
Stained cells were washed to remove free CFSE. Cells were then resus-
pended in fresh complete M199 medium (containing 10% heat-inacti-
vated fetal calf serum), and miltefosine (26 �M) or staurosporine (0.261
and 0.428 �M) was added. Cells were cultured in 25-cm2 tissue culture
flasks at 26°C. At 2 h and 24 h after staining, CFSE fluorescence was
determined by flow cytometry using the Becton, Dickinson FACSCalibur
system.

Caspase 3/7 activation assay. The caspase 3/7 substrate rhodamine
110, bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amine)
(Z-DEVD-R110), is a profluorescent substrate for which cleavage of the
Asp-Glu-Val-Asp (DEVD) peptides produces an intensely fluorescent
rhodamine 110. The amount of fluorescent product generated is propor-
tional to the amount of caspase 3/7-like cleavage activity present in the
sample. Promastigote cells of L. donovani (5 � 106 cells/ml) were incu-
bated in the presence of miltefosine (26 �M and 46 �M), amphotericin B
(0.111 �M), or staurosporine (0.261 �M and 0.428 �M) at 26°C. Cells
were collected after 3 h, 6 h, and 24 h of incubation, washed in PBS, and
then incubated in the presence of the caspase 3/7 reagents as detailed in the
manufacturer’s instructions. Fluorescence emanating from the cleaved
DEVD substrate was measured at various time points by using a Tecan
Infinite F500 fluorometer (�ex, 480 nm; �em, 520 nm). Promastigotes
grown in the absence of drugs were used as controls. In addition, degra-
dation of Z-DEVD-R110 was measured in the presence of M199 medium
and PBS to evaluate the effect of these buffers on the fluorescent substrate.

Activity assay for endogenous Leishmania kinases. L. donovani log-
phase promastigotes were harvested by centrifugation, washed three times
in PBS, and resuspended in 1 ml extraction buffer containing 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 2% Triton X-100, 10% glycerol, and a
protease inhibitor cocktail (2 mM 4-[2-aminoethyl]-benzenesulfonyl flu-
oride [AEBSF], 1 �M phosphoramidon, 130 �M bestatin, 14 �M E64, 1
�M leupeptin, 0.2 �M aprotinin, 10 �M papstatin). Kinase activity levels
were measured in the promastigote lysates (3 �g of proteins) using 250
�M ATP in the reaction buffer. Peptide substrates specific for casein ki-
nases 1 and 2 (RRKDLHDDEEDEAMSITA and RRASADDSDDEDL),
PKA (PRRASLIFGDI and LRRASLG), and PKB (RPRAASF) were used in
the kinase assays. Substrate specificity was further determined by using
recombinant PKA and a combination of inhibitors (not shown). In addi-
tion, a random peptide library (Photeomix, France) was screened for ki-
nase activity levels (30 peptide substrates), from which three peptides
were selected because phosphotransferase activities were detectable on
them (PSHSNSWIIR, RARHRSDSSR, QKGIASRRNS). Kinase activity
was determined using the proprietary biophysical assay Activomics
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(Photeomix, France) and is reported as a percentage of substrate phos-
phorylation.

Macrophage culture and infection. Murine bone marrow-derived
macrophages, obtained and differentiated from C57BL/6 bone marrow
exudate cells, were incubated at a ratio of 10 parasites per macrophage
with bona fide L. donovani amastigotes purified from the livers of infected
hamsters. After 24 h, cells were treated with either 0.5% DMSO (control),
0.5 �M amphotericin B, 7 �M miltefosine, or 0.2 �M staurosporine.
Intracellular parasites were detected by nuclear staining with Hoechst
33342 in paraformaldehyde (PFA)-fixed cells at 24 h, 48 h, and 72 h after
contact with the drugs. One hundred macrophages were analyzed per
coverslip, and the experiment was performed in triplicate. For IC50 deter-
mination, 105 macrophages were distributed in a 96-well plate and incu-
bated for 24 h, and then the medium was removed and replaced by me-
dium containing either amphotericin B (AmpB) (0.1 to 100 �M),
miltefosine (HePC) (0.1 to 100 �M), or staurosporine (Stauro) (0.05 to 50
�M) for 48 h. Macrophage viability was assessed using the alamarBlue
viability test to measure mitochondrial metabolic activities. The experi-
ment was performed in triplicate.

RESULTS
Staurosporine-treated L. donovani promastigotes show a re-
duction in biosynthetic activity and cell proliferation. The effect
of staurosporine, miltefosine, and amphotericin B on the biosyn-
thetic activity of L. donovani promastigotes was assessed by using
the alamarBlue assay. This assay measures the reduction of
the cell-permeable dye resazurin into fluorescent resorufin by
intracellular enzymes. Treatment of cultured L. donovani promas-
tigotes with the three drugs staurosporine, miltefosine, and am-
photericin B for 24 h resulted in concentration- and density-de-
pendent inhibition of parasite biosynthetic activity with IC50

values of 0.261 �0.04 �M, 26.72 �0.36 �M, and 0.111 �0.005
�M, respectively, at a density of 5 � 106, which was decreased by
1.67-fold for staurosporine, 3.2-fold for amphotericin B, and

1.62-fold for miltefosine at a density of 1 � 106 (Fig. 1A; Table 1).
Significantly, the IC50 for staurosporine was substantially in-
creased in axenic amastigotes at both cell densities (Table 1). This
might have been the result of either enhanced resistance to the

FIG 1 Staurosporine causes a dose-dependent effect on growth of L. donovani promastigotes. (A) alamarBlue viability test. Promastigotes of L. donovani at initial
cell densities of 1 � 106 (�) and 5 � 106 (Œ) cells/ml were treated for 48 h with amphotericin B (AmpB, 0.0012 to 10 �M), miltefosine (hexadecylphosphocholine
[HePC], 0.024 to 75 �M), and staurosporine (Stauro, 0.0012 to 10 �M), and parasite viability was assessed using the alamarBlue viability test to measure
mitochondrial metabolic activities. IC50 values were calculated from the dose response inhibition (n � 3). The standard deviation of one triplicate experiment
is denoted by the bars. (B) Cell growth analysis. Cell growth was determined by the optical density (OD) at 600 nm. The experiment was performed twice in
triplicate. Each bar denotes the standard deviation of one experiment performed in triplicate.

TABLE 1 IC50 for amphotericin B, HePC, and staurosporine obtained
in promastigotes, axenic amastigotes, and noninfected bone marrow-
derived macrophages at the indicated cell densities

Treatment
Density
(cells/ml)

IC50 (�M)
(mean � SD) Fold diff.a

Promastigotes
Amphotericin B 1 � 106 0.035 � 0.0006 3.20

5 � 106 0.111 � 0.005
HePC 1 � 106 16.53 � 1.12 1.62

5 � 106 26.72 � 0.36
Staurosporine 1 � 106 0.16 � 0.009 1.67

5 � 106 0.26 � 0.04

Axenic amastigotes
Amphotericin B 1 � 106 0.22 � 0.02 1.36

5 � 106 0.3 � 0
HePC 1 � 106 3.3 � 0.6 2.88

5 � 106 9.5 � 0
Staurosporine 1 � 106 12.3 � 2.3 2.44

5 � 106 30 � 0

Macrophages
Amphotericin B 1 � 105 10.67 � 3.75 NAb

HePC 1 � 105 92.5 � 10.61 NA
Staurosporine 1 � 105 0.15 � 0 NA

a The fold difference corresponds to the ratio of the IC50 values obtained by using the
two different cell densities.
b NA, not applicable.
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drug or reduced uptake. Unfortunately, the toxicity of staurospor-
ine toward bone marrow-derived macrophages precluded us from
establishing an IC50 for intracellular amastigotes. However, a sub-
stantial reduction in the intracellular parasite burden was ob-
served at a staurosporine concentration similar to the IC50 estab-
lished for the host cells (Table 2). Whether the reduced parasite
proliferation was due to a direct toxic effect on intracellular amas-
tigotes or caused by effects on the host cells remains to be eluci-
dated.

To gain further insight into the mechanism of action of these
drugs in L. donovani, we measured the culture densities over 24 h
for untreated and inhibitor-treated parasites. While untreated
parasites showed a linear increase in culture densities, parasites
treated with staurosporine at 0.261 �M showed 30% growth in-
hibition compared to that of the controls. Increasing the stauro-
sporine concentration by 2-fold did not abrogate growth but re-
duced it by 70% (Fig. 1B, left). Similarly, miltefosine (HePC) at 26
�M partially inhibited cell growth by 42% but efficiently killed the
parasites at 46 �M, as indicated by the decrease in culture densities
compared to the density at the 0-h time point (Fig. 1B, middle). In
contrast, amphotericin B treatment rapidly decreased the parasite
culture density at 0.111 �M (IC50) and even at 0.055 �M, suggest-
ing efficient parasite killing (Fig. 1B, right). Our data enabled us to
define different modes of action of the tested inhibitors. Stauro-
sporine causes a cytostatic rather than a cytotoxic effect, which
limits the usefulness of enzyme-based assays (e.g., alamarBlue,
3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bro-
mide [MTT], etc.) in determining the IC50 for this inhibitor.

Phenotypic characterization of staurosporine-treated L.
donovani promastigotes. The absence of cell death in staurospo-
rine-treated cells suggests an inhibition of cell proliferation as the
cause of the observed growth reduction shown in Fig. 1. To con-
firm this possibility, we analyzed cell division using a quantitative
fluorometric assay based on the cytoplasmic dye CFSE, which is
passed to daughter cells during division (21). Cells were stained
with CFSE and then placed in culture in the presence of either
miltefosine (HePC, 26 �M) or staurosporine (0.261 and 0.428
�M). Amphotericin B was not analyzed, as it has a fast necrotic
effect on the cells even at 0.055 �M (one-half its IC50). The fluo-
rescence level of the cells was evaluated by fluorescence-activated

cell sorting (FACS) after 2 h and 24 h of treatment. At 2 h, all
samples showed narrow peaks of high fluorescence intensity,
demonstrating homogenous staining of the cells (Fig. 2A, top).
The control population not subjected to drug pressure showed a
significant shift of the fluorescence peak, from 1,200 to 110 of FL2
intensity at 585 nm, indicating robust cell proliferation (Fig. 2A,
bottom). The presence of miltefosine at 26 �M in the culture
medium had little or no effect on the cell division of surviving L.
donovani promastigotes. In contrast, the quantification of cell
division following treatment with 0.261 and 0.428 �M stauro-
sporine showed cell cycle arrest for 22% and 58% of the cells,
respectively, confirming a dose-dependent cytostatic effect of
staurosporine on L. donovani promastigotes.

We next assessed the effects of the inhibitors on the morphol-
ogy of logarithmic-phase promastigotes 4 h after treatment. Un-
treated parasites showed the characteristic oval-shaped cell body,
which became more elongated and slender after exposure to 0.428
�M staurosporine (Fig. 2B). In contrast, cells treated with milte-
fosine (HePC, 46 �M) exhibited membrane damage and showed
the characteristic morphology of stressed parasites undergoing
cell death, i.e., reduction in cell size and rounding up and short-
ening of the flagellum (Fig. 2B). Finally, cells treated with ampho-
tericin B (0.055 �M) retained the shape and length of untreated
cells but were severely damaged, as indicated by the loss of surface
integrity. Based on morphological criteria, our data revealed dif-
ferent morphological responses associated with apoptotic-like
and necrotic cell death induced by antileishmanial miltefosine and
amphotericin B, respectively, and confirmed the absence of para-
site death in the presence of staurosporine. However, despite the
maintenance of cellular integrity, we noticed in the presence of
staurosporine a variation in flagellar movement showing a wave-
like rather than the propeller-like motion characteristic of un-
treated controls. Live imaging analysis coupled with video micros-
copy revealed that 100% of the staurosporine-treated cells gyrated
and lost their capacity for forward movement (Fig. 2C). Thus,
pleiotropic inhibition of Leishmania protein kinases and other
ATP-dependent enzymes by staurosporine causes a cytostatic
rather than cytotoxic effect under the conditions and at the con-
centrations used in our study.

Staurosporine induces the expression of classical eukaryotic
apoptotic markers without causing L. donovani cell death. Stau-
rosporine has been shown to activate certain markers of apoptosis
in Leishmania. To better define the mode of action of staurospor-
ine on L. donovani promastigotes, we evaluated the extent of
caspase 3/7-like protease activity in the presence of this inhibitor.
Despite the absence of conserved caspases in Leishmania, corre-
sponding proteolytic activity has been recently linked to a cathep-
sin B-like protein involved in parasite cell death (22). Promasti-
gotes from a logarithmic culture (5 � 106 cells/ml) were incubated
in the presence of 0.261 and 0.428 �M staurosporine, 26 and 46
�M miltefosine, and 0.111 �M amphotericin B at 26°C. After 3 h,
6 h, and 24 h of treatment, cells were lysed and the caspase 3/7-like
proteolytic activity was measured using the fluorescent peptide
substrate Z-DEVD-R110 (Fig. 3). Caspase 3/7-like activity was
induced in a dose-dependent fashion by miltefosine, with 46 �M
of this drug inducing stronger activity at 3 h and 6 h than did 26
�M miltefosine, as indicated by the kinetics of proteolysis. How-
ever, no activity was detected at 24 h of treatment with 46 �M
miltefosine, probably due to the large amount of cell death. Cell
lysates obtained from staurosporine-treated cultures were able to

TABLE 2 Percentage of infected macrophages and relative intracellular
amastigote survival with treatmenta

Treatment
Time after
treatment (h)

% Mpb

(mean � SD)
% Pc

(mean � SD)

Amphotericin B (0.5 �M) 24 19 � 11.50 5.1 � 4.6
48 5 � 5.34 1 � 1
72 0 � 0.58 0

HePC (7 �M) 24 94 � 5.13 66.9 � 32.2
48 84 � 6.11 45.1 � 14.2
72 85 � 2.08 60.0 � 18.3

Staurosporine (0.2 �M) 24 99 � 0.58 97.2 � 8.7
48 99 � 1.15 51.5 � 12.9
72 96 � 7.51 47.4 � 20.9

a Data are normalized to the values obtained for untreated (HePC) or 0.5% DMSO-
treated controls at the respective time point (set to 100%).
b % Mp, percentage of infected macrophages.
c % P, relative intracellular amastigote survival (number of parasites/100 macrophages).
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proteolyze the Z-DEVD-R110 substrate in a time- and dose-de-
pendent manner, suggesting the activation of caspase 3/7-like pro-
teases despite the absence of detectable cell death.

The dissociation of caspase 3/7-like protease activity from cell
death in staurosporine-treated promastigotes primed us to inves-
tigate the expression levels of three other classical markers of pro-
grammed cell death: (i) changes in the mitochondrial membrane

potential (��m) that occur with the utilization of the fluorescent
dye tetramethylrhodamine ethyl ester (TMRE), which accumu-
lates in the mitochondria of healthy cells; (ii) surface binding of
annexin V-FITC, which enables monitoring of the reorganization
of the plasma membrane (i.e., translocation of phosphatidylserine
phospholipid from the inside to the outside the membrane); and
(iii) staining of the DNA with propidium iodide, which reveals

FIG 2 Staurosporine treatment affects promastigote proliferation, morphology, and motility. (A) Proliferation assay of L. donovani in the presence of 26 �M
miltefosine (hexadecylphosphocholine [HePC]) or 0.261 �M and 0.428 �M staurosporine (Stauro). L. donovani promastigotes from a logarithmic culture were
stained with CFSE, and fluorescence levels were determined by FACS analysis using the fluorescence channel FL2-H at 2 h (top) and 24 h (bottom) after
inoculation into new culture medium. A representative experiment of two independent tests is shown. (B) Scanning electron microscopy (SEM). L. donovani
promastigotes from the logarithmic growth phase were treated for 4 h with miltefosine (HePC, 46 �M), staurosporine (Stauro, 0.428 �M), and amphotericin B
(AmpB, 0.055 �M) and processed for SEM as described in Materials and Methods. The bar corresponds to 1 �m. Control corresponds to untreated promasti-
gotes from a logarithmic culture. (C) Motility assay. The movement of L. donovani promastigotes in untreated and staurosporine-treated cultures was assessed
by taking 200 pictures in 20 s using a phase-contrast microscope. Images were analyzed using the image analysis medeaLAB tracking software (version 5.5). Each
line represents the path taken by a single L. donovani promastigote over the 20 s of the analysis.
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permeabilization of the plasma membrane. The cells were classi-
fied into four categories on the basis of their annexin V (AV) and
propidium iodide (PI) signals: AV� and PI� healthy cells, AV	

and PI� early apoptotic-like cells that undergo changes in trans-
bilayer phospholipid arrangement, AV	 and PI	 late apoptotic-
like cells that lose membrane integrity, and finally AV� and PI	

necrotic cells.
Based on the three apoptotic markers analyzed, we determined

that the cells reacted very slowly to the presence of 0.428 �M
staurosporine during the first 5 h of treatment, with the first effect
observed on depolarization of the mitochondrial membrane after
4 h in 20% of the cells (Fig. 4, top). Depolarization was followed 20
h later by a hyperpolarization of the membrane in 70% of the cells.
After 24 h of incubation, 43% of the cells were decorated with
annexin V without evidence of propidium iodide incorporation.
Only after 48 h of staurosporine-induced cytostasis did a minor
fraction (8%) of the cells undergo cell death, as indicated by AV	

and PI	 staining, which might have been a consequence of pro-
longed cell cycle arrest rather than a direct toxic effect of the in-
hibitor.

Treatment of L. donovani promastigotes with miltefosine at 46
�M caused a time-dependent depolarization of the mitochondrial
membrane in 40% and 100% of the cells after 3 h and 24 h of
treatment, respectively (Fig. 4, middle). Based on AV staining and

PI incorporation, we determined that miltefosine-treated para-
sites followed the classical apoptotic stages, with 3% of cells stain-
ing AV	 PI� after 7 h of exposure, which increased to 16% at 24 h
and was accompanied by 25% of cells staining PI	.

In contrast to incubation with staurosporine and miltefosine,
incubation of parasites with 0.055 �M amphotericin B for 10 min
caused a strong depolarization of the mitochondrial membrane in
almost 100% of the cells (Fig. 4, bottom), which was accompanied
by the appearance of AV	 PI	 cells. The rapid action of ampho-
tericin B correlated with a fast decrease in culture density (Fig. 1B)
and damage of the plasma membrane (Fig. 2B). In the course of
our analysis, the number of propidium iodide-positive cells fell
from 30% at 5 h to 20% at 24 h as a consequence of cell death and
subsequent cell disintegration. In addition, at no point during the
24 h of treatment did we detect AV	 PI� cells, suggesting that
death occurs through a direct cytotoxic effect distinct from milte-
fosine-induced cell death. Our data thus reveal three different
mechanisms of antileishmanial action, with staurosporine induc-
ing various classical apoptotic markers in viable cells.

The casein kinase 1-specific inhibitor D4476 leads to fast cell
death. Given the pleiotropic effect of staurosporine on various
cellular kinomes and likely other ATP-dependent enzymes, the

FIG 3 Caspase 3/7-like activity is induced by miltefosine, amphotericin B, and
staurosporine. L. donovani promastigote cells were incubated in the presence
of miltefosine (hexadecylphosphocholine [HePC]) at 26 �M (Œ) and 46 �M
(�), staurosporine at 0.261 �M (}) and 0.428 �M (�), and amphotericin B at
0.111 �M (�) for 3 h, 6 h, and 24 h. Following treatment, cells were lysed and
incubated in the presence of Z-DEVD-R110 substrate. Fluorescence intensities
corresponding to proteolysis of the DEVD substrate (�ex, 480 nm; �em, 520
nm) are reported as percentages of the fluorescence intensity obtained in un-
treated culture. The bars represent the standard deviation of a representative
experiment performed in triplicate.

FIG 4 FACS analysis of three markers used to define the mode of cell death
induced in L. donovani in the presence of staurosporine, miltefosine, and ampho-
tericin B at 0.428 �M, 46 �M, and 0.055 �M, respectively. The graphs represent
the percentages of cells, out of 10,000 cells counted, that showed mitochondrial
membrane depolarization (negative %) or hyperpolarization (positive %) (�),
annexin V binding (Œ), and propidium iodide incorporation (�). The experi-
ments were carried out three times, and a representative result is shown. TMRE,
tetramethylrhodamine ethyl; AV, annexin V; PI, propidium iodide.
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failure of this inhibitor to induce Leishmania cell death challenges
the notion of parasite kinases as a source for novel drug targets. To
investigate if a specific rather than generic kinase inhibitor causes
parasite death, we analyzed the effects of the casein kinase 1 (CK1)
inhibitor D4476 (CAS 301836-43-1) on parasite growth, apop-
totic marker expression, and viability. D4476 is a triaryl-substi-
tuted imidazolo compound that acts as a potent, reversible, and
relatively specific ATP-competitive inhibitor of CK1 in various
cellular systems. First, we used a novel activity-based procedure to
investigate the effects of staurosporine and D4476 on endogenous
protein kinase activities, including that of CK1, present in L. donovani
lysates. In this procedure, we used synthetic peptides as the substrates
to monitor the phosphotransferase activity levels of various protein
kinase families. In the absence of inhibitor, phosphorylation occurred
on canonical substrates for PKA, PKB, CK1, and CK2, as well as three
peptides from a random peptide library (Fig. 5A). As expected from
its pleiotropic action, staurosporine treatment of parasite lysates ab-
rogated phosphorylation of these peptides, with the exception of the
CK1- and CK2-specific substrates. In contrast, D4476 abrogated only
phosphorylation of the CK1-specific substrate, confirming its speci-
ficity to Leishmania CK1 kinases.

We next tested if specific inhibition of CK1 kinases by D4476
causes parasite death. The IC50 of this inhibitor, determined with
L. donovani promastigotes by using the alamarBlue assay, was 30
�M (N. Rachidi, unpublished data). At 30 �M an inhibition of cell
growth by 88% was observed, while 60 �M completely abrogated
cell growth as shown by a decrease in culture density (Fig. 5B, left).
At this concentration, D4476 treatment resulted in 12% PI	 cells
after only 4 h of incubation, which increased steadily to 75% at 24
h (Fig. 5B, right), demonstrating that the inhibition of a single
protein kinase family, such as CK1, has dramatic effects on cell
survival. It must be noted that at no time point in the analysis did
we see Leishmania cells that were exclusively annexin V positive,
not even with the use of 30 �M D4476 (data not shown), suggest-
ing that D4476 induces an annexin V-independent mode of cell
death. These data showed that specific rather than pleiotropic ki-
nase inhibition can be exploited for drug development. The anti-
leishmanial effect of D4476 was confirmed using bone marrow-
derived primary macrophages infected with bona fide amastigotes
obtained from infected hamster spleen, thus validating L. don-
ovani casein kinase family members as interesting drug targets
(Rachidi, unpublished).

DISCUSSION

Staurosporine treatment of L. donovani promastigotes caused a
pleiotropic response and revealed important functions of respec-
tive cellular targets in regulating parasite morphology, motility,
and cell cycle progression. As indicated by its effect on protein
phosphorylation, staurosporine largely targets protein kinases, al-
though effects of this inhibitor on other ATP-dependent and au-
tophosphorylation activities cannot be excluded (10). The first
phenotypic manifestation in response to staurosporine was repre-
sented by a drastic change in L. donovani flagellar activity from a
propeller-like to a wave-like motion, thus preventing parasite pro-
pulsion. This defect might arise from inhibition of the ATP-de-
pendent flagellar motor proteins such as dyneins (23); flagellar
protein kinases such as the mitogen-activated protein (MAP) ki-
nase homologs mitogen-activated protein kinase 3 (MPK3) and
MPK9, which have been genetically linked in Leishmania mexi-
cana to flagellar biogenesis (24, 25); or phosphoinositide 3-kinase

(PI3K) and adenylate kinase homologs, which were identified in
the Trypanosoma brucei flagellar proteome (26). Given the poten-
tial role of L. donovani motility in establishing host cell infection
(27), our data lead us to propose ATP-driven flagellar activities as
potential new drug targets.

A second major phenotypic manifestation in staurosporine-
treated L. donovani promastigotes corresponds to a dose-depen-
dent inhibition of cell proliferation, a phenomenon previously
observed in other eukaryotic systems (28). Similar to its effect on
the human cyclin-dependent kinases (CDKs) CDK2, CDK3,
CDK5, and CDK7 (29), staurosporine might inhibit 1 or more of
the 11 conserved L. donovani CDK homologs (30). Significantly,
this cytostatic effect was accompanied by an inhibition of the mi-
tochondrial enzymatic activity that is used as a readout for cell
survival in the alamarBlue viability assay. Using staurosporine at
the IC50 determined by this assay did not affect parasite survival as
indicated by the absence of propidium iodide incorporation.
Hence, drug development efforts targeting Leishmania protein ki-
nases must include the consideration of these kinase-dependent
effects on metabolic activity, and the establishment of IC50 values
for potential kinase inhibitors should be performed by direct
monitoring of cell death.

Finally, staurosporine treatment induced expression of several
classical apoptotic markers in L. donovani promastigotes in the
absence of cell death. This observation feeds important new infor-
mation to the somewhat controversial discussion of the existence
of programmed cell death in Leishmania (31, 32). Clearly, the
dissociation of marker expression and cell death raises important
questions on the applicability of current apoptotic readouts to
determine Leishmania cell death. This ambiguity is further fueled
by the absence of conserved caspase homologs from the Leishma-
nia genomes (33) and by conflicting results regarding the presence
of the annexin V ligand phosphatidylserine in parasite membrane
fractions (16, 34).

Some of our results might support rather than challenge the
presence of PCD in Leishmania. We provide evidence that drug-
induced cell death is distinct between amphotericin B- and milte-
fosine-treated parasites, which argues for the presence of defined
and regulated cell death mechanisms. Miltefosine-induced para-
site death in our experimental system reproduced the sequence of
events described for apoptosis in other eukaryotes, including the
loss of morphological features and depolarization of the mito-
chondrial membrane (3 h), induction of caspase 3/7-like protease
activities (6 h), annexin V binding (9 h), and finally, propidium
iodide uptake and cellular death (24 h). The absence of conserved
caspases from the parasite genome might be compensated for by
Leishmania metacaspases, as their expression in yeast can func-
tionally replace the yeast metacaspase YCA1 in PCD (35), and
their overexpression in Leishmania correlates with enhanced sen-
sitivity to oxidant-induced parasite death (36, 37). Furthermore, a
recent study linked a cathepsin B-like protease to Leishmania cell
death, which can cleave the canonical caspase substrate and was
likely monitored in our study (22). An intriguing observation was
the absence of cell death despite pleiotropic inhibition of the par-
asite kinome and ATP-dependent enzymatic activities in stauro-
sporine-treated parasites. This finding represents a paradox, given
that genetic ablation of specific Leishmania protein kinases (5, 38)
as well as pharmacological inhibition of confined protein kinase
families (7, 39) (our study) results in parasite death. Although we
cannot rule out the possibility that staurosporine does not affect
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FIG 5 The casein kinase 1 inhibitor D4476 causes death in L. donovani promastigotes. (A) Modulation of endogenous Leishmania kinase activities by stauro-
sporine and D4476. L. donovani cell extracts were treated with vehicle alone (0.5% DMSO, control [co]) or treated with either 10 �M staurosporine (S) or D4476
(D) for 5 min before adding the peptide substrate and ATP. The percentage of phosphorylation of the substrate compared to that of untreated cell extracts
(determined as described in Materials and Methods) is reported in the form of a heat map, with gray corresponding to phosphorylation and black to the absence
or inhibition of phosphorylation. Abbreviations: cyclic AMP-dependent protein kinase (PKA), protein kinase B (PKB), protein kinase C� (PKC), casein kinases
(CK1 and -2), cyclin-dependent kinases (CDK2 and -5), and AMP-activated protein kinase (AMPK). (B) Inhibition of CK1 activity by D4476 kills Leishmania
through necrosis. Cell growth analysis (left). Cell growth was determined following measurement of optical density (OD) at 600 nm in the presence of 30 �M (�)
and 60 �M (Œ) D4476. Right, FACS analysis. The three markers TMRE (tetramethylrhodamine ethyl), AV (annexin V), and PI (propidium iodide) were followed
to define the mode of cell death induced in L. donovani in the presence of D4476 at 60 �M. The percentages of cells showing mitochondrial membrane
depolarization (negative %) or hyperpolarization (positive %) (�), annexin V binding (Œ), and propidium iodide incorporation (�) are represented. The
experiment was carried out twice, and one representative result is shown.
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any of these essential protein kinases in Leishmania, it is possible
that the absence of cell death is caused by inhibition of staurospo-
rine-sensitive ATP-dependent functions required for PCD. In-
deed, a regulatory relationship between protein kinases and
caspases has been described in other organisms. In this relation-
ship, caspase activities are regulated by phosphorylation (40), and
vice versa, cell death-promoting protein kinases, for example pro-
tein kinase C
 (PKC
) (41), MEKK1 (42), and Rho-associated,
coiled-coil containing protein kinase 1 (ROCK1) (43), are acti-
vated by caspase-dependent proteolysis. It is therefore possible to
hypothesize that inhibition of Leishmania homologous protein ki-
nases that might recognize cathepsin B or metacaspases as substrates
can abrogate PCD in staurosporine-treated promastigotes. In sup-
port of this hypothesis, our data provide evidence that staurosporine
treatment of parasite lysates interferes with PKA protein kinase activ-
ity, which has proapoptotic functions in mammalian cells through
phosphorylation of its downstream targets (44, 45). Future experi-
ments designed to enrich for staurosporine-binding proteins by com-
bining affinity chromatography and proteomic analyses might reveal
the Leishmania regulatory proteins required for PCD.

In conclusion, the comparative inhibitor study described here
delivered significant new insight into ATP-dependent biological
processes in L. donovani with relevance for parasite infectivity,
including motility and proliferation, and allowed us to elucidate
molecular mechanisms underlying drug action and parasite
death. Our study provides information on important aspects rel-
evant for kinase-based drug development efforts, which should be
focused on the identification of cytotoxic, rather than cytostatic,
kinase inhibitors with specificity toward a limited number of es-
sential protein kinases not implicated in parasite cell death regu-
lation.
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