
Executive summary. The LEISHDRUG consortium aims to exploit the Leishmania kinome for anti-
parasitic drug development. The major strength of the consortium lies in the highly multi-disciplinary 
approach combining complementary expertise in imaging and cell biology, peptide biochemistry, 
genomics and proteomics, drug development and structural biology, and finally in vivo assessment of 
leishmanicidal activity and pharmacokinetics of lead compounds. The FP7 program provided an 
important platform to establish for the first time a collaborative network combining this expertise. The 
LEISHDRUG consortium is based on three clusters with each two interactive scientific work packages 
that together follow the major stages of the drug development process. Our main objectives over the 
past three years were (i) to identify novel anti-leishmanial hit compounds utilizing phenotype- as well 
as target-based screening approaches in combination with kinase-biased compound and peptide 
libraries (WP1 and WP2), (ii) to initiate hit-to-lead validation using mouse and macrophage infection 
models, and peptide-based drug delivery strategies (WP3 and WP4), and (iii) to discover novel drug 
targets involved in parasite-specific signal transduction using complementary genetics, proteomics, 
bio-informatics and structural approaches (WP5 and WP6). The final goal of the LEISHDRUG 
consortium was to translate basic research results into application through the establishment of a 
robust technical platform that will coordinate current and future European efforts in anti-
trypanosomatid drug discovery.  

During the first granting period (month 0 – 18), the consortium made important progress 
towards the achievement of this final goal. Across all work packages, a series of novel techniques and 
bioinformatics tools have been developed, which include high content image analysis, conditional null 
mutant analysis, phosphoprotein, phosphopeptide, and phospho-signature analyses, inhibitory peptide 
delivery systems, activity-based kinase screens, protein kinase and phosphoprotein annotation 
pipelines, and phosphorylation site and structure prediction algorithms. In addition, LEISHDRUG has 
established a unique collection of compounds, covering more than 35,000 commercial (Prestwick and 
ChemDiv), national as well as in-house developed molecules with synthetic or medicinal chemistry 
traceability, which was applied in our kinase-biased screening campaigns but are also available for 
other drug development projects on the Institut Pasteur campus and beyond.  

The second granting period (month 19 – 42) successfully applied the novel tools developed by 
LEISHDRUG to identify anti-leishmanial hit compounds and druggable target kinases. In particular, 
applying the phenotypic screen using over 2000 compounds of a highly selected, kinase-biased 
inhibitor library, LEISHDRUG has identified fifteen novel anti-leishmanial hit compounds that were able 
to efficiently kill intracellular parasites without affecting host cell survival, which include bisindolyl 
maleimides, betulins, isophtalates, azacarbazoles and quinolines. In a complementary target-based 
assay, over 4000 natural and synthetic compounds were screened on recombinant Leishmania casein 
kinase 1 alpha, identifying 11 hit compounds, including PP2, 5’-iodotubercidin and gefitinib. Our durg 
discovery pipeline was further supplemented by (i) the genetic demonstration of LmaMPK4 as an 
essential protein kinase in Leishmania, thus defining this protein kinase as drug target, (ii) the 
identification of highly parasite-specific regulatory residues with good druggability in LmaMPK10 
through genetics, crystallographic and bio-informatics approaches, and (iii) the discovery of parasite-
specific essential phosphorylation events in Leishmania stress proteins, which defines respective 
stress kinases as interesting new drug targets.  

In conclusion, the LEISHDRUG consortium established a novel, throughput capable drug 
development platform with complementary expertise in assay development, proteomic drug target 
identification and genetic validation, phenotypic and target-based compound screens, and in vitro as 
well as in vivo assessment. The LEISHDRUG consortium represents today a highly interactive 
collaborative network with unique know how, which will leave a permanent footprint in the field of 
neglected parasitic disease drug development through ongoing and future collaborative actions that 
will be sponsored by national and international funding agencies.  
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Summary of project context and objectives. Visceral Leishmaniasis (VL), also known as kala-azar, 
is caused by the protozoan parasites Leishmania donovani and Leishmania infantum (= Leishmania 
chagasi), and is a potentially fatal disease with a worldwide distribution in Asia, East Africa, South 
America and the Mediterranean region (including Southern Europe). Almost all VL patients die within 
months if untreated. Leishmaniasis persists in poor and remote areas, where there is limited health 
care and patients have little access to preventive measures and affordable drugs. For VL, almost all of 
the 500,000 new cases arising from recurrent epidemics each year occur in the rural areas of the 
Indian subcontinent (India, Nepal, Bangladesh), Brazil, Sudan and Ethiopia. The real burden of VL is 
unknown, but it is estimated that only 20% of cases are reported in India.The parasites are transmitted 
through the bite of female phlebotomine sand flies and in the human host are obligate intracellular 
parasites of the mononuclear phagocyte system, surviving and multiplying in different macrophage 
subsets in many different tissues. Sub-clinical infection in partially immune humans may be an 
important source of parasites when sand flies are active. Other mammals, often canids, either 
domesticated or wild, act as an additional zoonotic reservoir of Leishmania infantum. Patients with VL 
develop splenomegaly, irregular febrile episodes, anaemia, pancytopaenia, weight loss and weakness 
progressively over a period of weeks or even months.  
  The incidence of Leishmaniasis shows an important increase over the last decades due (i) to 
failing preventive and therapeutic measures in developing countries as a result of 
insufficient/inefficient control of vector and reservoir, and emergence of drug resistant parasites, (ii) to 
urbanization and climate changes that expose naïve populations to infected Sand flies in previously 
unaffected areas, and (iii) to Leishmania-HIV co-infections and anthroponotic transmission by needle 
sharing in the industrialized world [4]. In consequence, Leishmaniasis has been declared by the World 
Health Organization (WHO) as a category I neglected disease for which no vaccine and no efficient, 
safe, and affordable treatment is available. The need to search for more effective medicine to treat 
Leishmaniasis was highlighted by the WHO during the 60th World Health Assembly in March 2007. 
The 193 Member States recognized Leishmaniasis as one of the most neglected tropical diseases and 
approved a resolution on the control of this disease. Member States were urged to find alternative 
safe, effective and affordable medicines to treat VL, which translated into specific FP7 calls on anti-
trypanosomatid drug development.  

During the infectious cycle, trypanosomatid pathogens of the genus Leishmania alternate 
between the insect promastigote stage and the vertebrate non-motile amastigote stage that 
proliferates inside infected host macrophages provoking the pathology of the disease. Amastigote 
development and growth are highly dynamic events regulated by signaling cascades involving (i) 
extracellular signals encountered in the host cell phagolysosome such as pH and temperature, (ii) 
stage-specific signaling molecules that are able to sense these cues such extracellular-regulated 
kinases, and (iii) downstream phosphorylated substrates that are potentially implicated in virulence 
and pathogenicity. LEISHDRUG used a highly interdisciplinary approach to reveal Leishmania 
signaling molecules associated with amastigote virulence, with the major aim to exploit parasite-
specific pathways for anti-leishmanial drug development. Translating results to clinical applications 
was our ultimate goal. 
  We proposed to build upon our complementary expertise in cutting edge bio-imaging and 
phospho-proteomic analysis to develop and use innovative drug screening concepts that have not 
been applied previously on parasitic systems. LEISHDRUG was based on 6 interactive scientific work 
packages that together propose a dual strategy for anti-leishmanial drug development. First, we 
utilized visual high-content screening to discover compounds capable to kill intracellular Leishmania 
amastigotes without deteriorating the host cell. This phenotype-based strategy relies on fluorescent 
parasites and macrophages as read-outs and allowed simultaneous assessment of anti-leishmanial 
activity and host cell toxicity under physiological conditions. Second, we applied a target-based 
strategy utilizing recombinant Leishmania protein kinases for inhibitor identification and structure-
guided drug design. The identification of appropriate target kinases, with only limited homology to their 
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where they proliferate.  The resulting PVs display two features-, i.e. large size and stable acidic pH, 
that are tractable to live imaging-based readout assay. By selecting fluorescent probes that label the 
giant communal PVs and the macrophage nucleus and generating transgenic L. amazonensis 
expressing the DsRed 2 fluorescent reporter, the IPP WP1 members developed a powerful system to 
identify chemicals that selectively kill cell-cycling DsRed2 transgenic amastigotes without impairing the 
host cell.  

After implementation of a bench-top visual screen to high content medium throughput 
capacity, the WP1 IPP members have developed standard operating procedures for automated 
sample preparation and image acquisition and established a data analysis pipeline based on robust 
statistical methods and tests encompassing calculation of quality metrics, phenotype classification and 
expert visual validation. The effective measure of leishmanicidal activity is mainly based on the 
“clearance of the giant and acidic PVs”, a more or less rapid process coupled to the recovery of 
macrophage endosomal/lysosomal organelles’ steady state features. After validation of the various 
processes involved in the overall screening pipeline, a series of screening campaigns on kinase-
biased targeted libraries containing around 2500 compounds, provided by our LEISHDRUG partners, 
was conducted. SAR studies for interesting compound families including betulins, bisindolyl 
maleimides, isophtalates, azacarbazoles and quinolines were implemented and confirmatory screens 
performed for some compounds. Finally, using ex vivo amastigotes isolated from infected mice and in 
vitro derived promastigotes, we set up “secondary screens” that allowed us to distinguish if 
intracellular parasite killing occurs through parasite or host cell targets.  

 The overall procedure of the assay developed by the IPP WP1 teams has allowed selecting 
compounds interfering with Leishmania amastigote growth and survival within homogeneous 
population of model rodent primary macrophages. While closely interacting with other partners within 
the LEISHDRUG consortium, the IPP WP1 partners gained important new insight into Leishmania-
host cell interactions at the molecular, sub-cellular and cellular levels and demonstrated how to apply 
cross-disciplinary research for designing robust screening assays at the level of the host organism. 
Thus, two main categories of related perspectives directly emerge from the integrative analysis 
deployed by the IPP WP1 members reflecting the dual-purpose research of the Institut Pasteur:  

First, an immediate forward looking outcome of the completion of the WP1 deliverables is the 
selection of leishmanicidal compounds from kinase-biased libraries for future target deconvolution 
studies. This approach would allow the identification of the Leishmania target kinases, deciphering 
their functional role in intracellular infection, and developing target-specific compound optimization 
programs. Additionally, our understanding of the Leishmania-host cell interplay can benefit from the 
HCA developed by WP1 members in many ways. These includes projects based on the study of both 
compounds interfering with PV biogenesis and secreted molecules such as cytokines and chemokines 
known to act as signaling molecules on primary macrophages. The HCA assay can also serve to 
visualize interactions between innate and/or adaptive immune leucocytes and Leishmania infected 
macrophages. Altogether, these studies should provide new clues about the multilayered processes 
contributing to the clearance of intra-macrophagic amastigotes. 

Second, another component of the collaborative studies deployed by the WP1 members, 
within the framework of the LEISHDRUG consortium is to promote concerted actions between 
chemists, physicists, engineers, computer scientists, mathematicians and biologists at the very early 
onset of any project aimed at reaching a better understanding of the complexity of the Leishmania 
developmental program in the tissues of its mammalian hosts by deciphering and characterizing 
complex interactions in vivo in real time. In this context, one could envision to extend our studies to 
viscerotropic strains of Leishmania. Indeed, it is urgent to initiate biologically sound studies to better 
understand how the stepwise developmental program of L. donovani, L. chagasi/L. infantum deploys 
over time, once skin-distant tissues such as the liver, the spleen, or the bone marrow become 
infected. It is now well recognized that within these three distinct tissues, the macrophage populations 
are much more heterogeneous than the macrophage population on which rely the dermotropic 
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WP3: Sequence-based MAPK inhibitors and peptide carriers for drug delivery. The main goal 
of WP3 was to enhance the effectiveness of Leishmania kinase inhibitors discovered by the 
consortium through in vitro screening but acting poorly on the parasite in vivo due to either deficient 
membrane permeability or lack of adequate translocators. The strategy chosen to overcome these 
problems was to use cell-penetrating peptides (CPPs) as intracellular delivery agents, capable of 
entering cells by crossing their membranes in the absence of dedicated transporters. Coupling of 
CPPs to drugs with known leishmanicidal action but poor transcytosis properties was expected to 
overcome these difficulties. A second goal of WP3 was to explore / exploit kinase inhibition by 
targeting sites other than the ATP-binding one, in order to achieve higher specificity. The activation 
loop (ALP) appeared promising in this regard, by means of peptide sequences that would compete 
with the native substrates, hence interfere with the MAPK signal transduction cascade. The two goals 
were further intertwined in the sense that, as ALP sequences are ca. 15 amino acids-long, hence 
intrinsically membrane-impermeable, they would need to be delivered into the intracellular space by 
conjugation to CPP shuttles.  

The development of WP3 has allowed defining which of the CPPs described in the literature 
are best able to enter the Leishmania parasite, despite the hurdles posed by the special 
characteristics of its plasma membrane and endocytosis systems. Using Tat(48-60) and miltefosine 
(hexadecylphosphocholine) as typical examples of CPP and poorly absorbed leishmanicidal drug in 
current clinical use, respectively, the feasibility of CPP-mediated drug delivery, hence of overcoming 
miltefosine resistance due to poor drug accumulation inside the parasite, has been demonstrated. The 
approach can be easily extended to other leishmanicidal drugs with similar poor membrane absorption 
profiles. In a similar way, WP3 has explored the possibility of using CPP-based constructs in a 
pepducin-like fashion, namely to interfere with the signal transduction pathways of Leishmania. The 
constructs allow the internalization of peptide sequences corresponding to the activation loops (ALPs) 
of described Leishmania MAPKs, and can find use as new and specific reagents with applications in 
basic science and clinics 

The results from the first goal of WP3 should hopefully have impact not only within the 
Leishmania community but beyond, by encouraging researchers in areas where chemotherapeutically 
useful drugs face difficulties due to poor absorption to develop CPP-based strategies to ferry such 
drugs into the target cell or microorganism. Results from the second WP3 goal are mostly applicable 
to Leishmania, but support the hypothesis that MAPK signaling cascades can be efficiently and 
specifically interfered with by means of intracellular delivery of the pertinent peptide kinase substrates. 
 
WP4:  Evaluations and validation of novel anti-leishmanial compounds in macrophage and 
mouse models of infection. The aims of WP4 were to perform further evaluation of active 
compounds identified during studies arising from WP1 and WP2, in order to inform the selection of 
lead molecules for further development and SAR studies.  Compounds were assessed using an in 
vitro intracellular amastigote assay against a range of visceral and cutaneous Leishmania strains and 
those compounds that exhibited potent and parasite-selective activity were further tested in animal 
models of the disease. 

To date we have received 10 compounds from Partners 1, 10 and 13.  These included 3 
Paullone derivatives, 5 CDK inhibitors of unknown structure and 2 compounds,  
PKRC013-F4 and PKRC013-F5.  We have tested all of these compounds against an Ethiopian 
reference strain L. donovani HU3 in an intracellular amastigote assay using murine peritoneal 
macrophages.  Only 2 candidates, PKRC013-F4 and PKRC013-F5, were confirmed as active “Hits” 
and gave IC50 values of 4.24 and 2.54 µM respectively.  This level of activity is comparable to that 
observed with the standard drug miltefosine and could be replicated against other L. donovani strains 
including a recent clinical isolate from the Sudan (SUKA001) and a SbV resistant strain isolated in 
India (BHU1).  Activity against cutaneous strains was less consistent being comparable to miltefosine 
against L. major JISH118 (IC50 values of 4 and 7.5 µM for PKRC013-F5 and PKRC013-F4 
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(VEGFR) and stem cell growth factor receptor (c-KIT).  Both compounds contain a carboxamate group 
but otherwise have few functional groups in common.  In contrast lapatinib is a quinazolineamine 
which targets epidermal growth factor receptor (EBBR2/HER2), but two similar quinazolineamine 
compounds which also inhibit HER2, erlotinib and gefitinib, were not active against L. donovani HU3 in 
murine peritoneal macrophages.   
 
WP5: Proteomic identification of atypical Leishmania kinases and kinases targeted by lead 
compounds. The ultimate goal of WP5 was to identify druggable Leishmania protein kinases through 
a series of complementary genetics and proteomics approaches. Three partners were involved and 
their respective S&T results are summarized below.  
 

Partner 1 (Institut Pasteur, Spaeth lab) developed a novel conditional null mutant system that 
allows to genetically proof the essential nature of any target protein, thus establishing an important 
tool for drug target validation. We tested various more classical conditional knock out systems that 
are based on the transgenic expression of an inducible copy of the target gene. First, we obtained 
the constructs of the TET-inducible expression system from Jena Bioscience (Germany) and 
established triple-transgenic parasites expressing the T7 polymerase, the TET repressor and the 
target kinase (in this case LmaMPK10) under the control of the tet-operator. Unfortunately we had to 
abandon this system as control of expression was very leaky. We next established a conditional 
expression system based on the FKBP destabilization domain (ddFKBP, kindly provided by Stephen 
Beverley, WashU, USA), which promotes degradation of dd-fusion proteins. While expression of a 
ddYFP control was efficiently regulated (i.e. stabilization occurred in the presence of SHIELD or 
FK506 and protein degradation in the absence of this ligand), neither expression of ddMPK10 nor 
ddCYP40 yielded satisfactory results, i.e. protein degradation was incomplete. In addition, adding the 
destabilization domain bears the risk to modify activity and interaction of the target protein and thus 
further limits the applicability of this technology. Finally, we tested a third method based on 
transgenic expression of a negative selectable marker, the thymidine kinase gene of herpes simplex 
virus (hsv-tk), which renders parasites susceptible to the antiviral drug ganciclovir (GCV). We used a 
vector containing the hsv-tk gene and a GFP reporter cassette, which allows monitoring the loss of 
the episome by FACS analysis during negative selection. In this system, the endogenous alleles of 
the target gene are deleted by homologous recombination using transgenic parasites that over-
express the target gene from the negative selectable vector. Ganciclovir is added to the culture 
medium of these conditional KO parasites. The loss of the vector driving episomal target gene 
expression is assessed by the reduction of the GFP fluorescence. This provides a binary readout for 
the requirement of the target gene for parasite survival (i.e. persistence of the vector in the presence 
of ganciclovir demonstrates essential nature of the gene; loss of the vector in the presence of 
ganciclovir demonstrates viable null mutant phenotype) (Morales et al, PNAS 2010). This system 
allowed us to generate a conditional knock out for the essential MAP kinase LmaMPK4 thus 
validating this protein kinase as drug target (Dacher et al., in preparation). The system is currently 
applied on the genetic analysis of the LmaMPK7 and LmaMPK10 (see WP6) as well as the 
Leishmania casein kinase 1 alpha (see WP2).  

In addition, Partner 1 applied a series of qualitative and quantitative phosphoproteomics 
analyses to reveal amastigote-specific phosphorylation events that may inform on novel drug targets. 
A classical 2D electrophoresis approach was used to investigate qualitative changes of the 
phosphoproteome of the major L. donovani life cycle stages, establishing the very first non-
exhaustive repertoire of the Leishmania phosphoproteome and identifying 73 new phosphoproteins 
across the two life cycle stages (Morales et al, Proteomics 2008). Stage-specific protein 
phosphorylation events were revealed by quantifying changes in phosphoprotein abundance across 
the parasite life cycle stages utilizing 2D-DIGE (Morales et al., PNAS 2010). The phospho-2D-DIGE 
analysis revealed that 38% of the Leishmania phosphoproteome showed statistically significant 
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Partner 5 (ITT, Zilberstein lab) performed LC-MS/MS analysis of phosphoprotein fractions 
obtained from various time points during the pro- to amastigote differentiation process with the aim (i) 
to gain insight into developmentally regulated processes that are necessary for intracellular infection 
and thus qualify as novel drug targets, (ii) to identify amastigote-specific protein kinases and 
substrates that qualify as potential new drug targets, and (iii) to investigate the druggability of the 
specific candidates. Partner 5 has used a Leishmania host-free system, developed by the Zilberstein 
laboratory that simulates promastigote to amastigote differentiation, to screen for stage-specific 
phosphoproteins. We employed quantitative proteomics approaches based on affinity tagging of 
peptides (iTRAQ), phosphoprotein enrichment using titanium dioxide followed by LC-MS/MS analyses. 
This method yielded 1700 phosphorylation sites in a few hundreds proteins. In collaboration with the 
bioinformatics partners of the consortium, novel Leishmania-specific phosphorylation motifs were 
discovered. To select for candidate amastigote-specific phosphoproteins and protein kinases, we 
performed differentiation phosphoproteome time course analysis during stage differentiation. Of these, 
we selected a few protein kinases whose phosphorylation is triggered specifically by differentiation 
signals (i.e. acidic pH and 37°C). To date, we have identified 4 protein kinases that meet these criteria 
and will further assess their value as anti-leishmanial drug targets. In addition we identified two key 
enzymes that are phosphorylated during differentiation and are essential for Leishmania survival; 
nucleolar RNA helicase and LdCDC20. The helicase is an essential enzyme whose phosphorylation 
changes during differentiation, but up-regulates in amastigotes. LdCDC20 is involved in regulation of 
entry to G1 phase in the cell cycle. Thus, this work has provided the largest database of Leishmania 
phosphoproteins, led to the discovery of Leishmania-specific phosphorylation motifs, and improved 
our knowledge of Leishmania development inside its host 
 

Partner 11 (Photeomix, Iain Pemberton) carried out phosphopeptide signature screens, lead 
compound target identification and kinase druggability tests by SELDI-TOF protein array, and 
Activomics®analyses. Hit to target identification and validation are essential components in the 
pharmacological evaluation of novel drugs based on screens for cell-specific toxicity. This work sought 
to develop the pharmacological and molecular tools to define the mode of action of novel anti-
Leishmania compounds selected from the macrophage-amastigote based screen. In particular, 
innovative approaches towards the identification of druggable kinases and kinase pathways were 
developed. The two main approaches combined (i) the use of temporal phosphoproteome signatures 
to study the effect of kinase inhibitors on protein phosphorylation versus markers of apoptosis and cell 
death and (ii) a novel kinome profiling approach (Activomics®).  Activomics® was introduced as a 
replacement for the lead-compound target identification-protein immobilisation approach due (a) to the 
lack of lead compounds available for chemical coupling to agarose beads but also (b) after the 
preliminary development of the assay had revealed the predominance of non-kinase (ATP-binding) 
proteins in pull-down analyses, in part due to the formation of large protein-protein complex formation 
between multiple Leishmania kinases and their chaperones.   

We have developed and standardized an assay for the analysis of temporal and sustained 
changes in protein phosphorylation patterns to define biomarker signatures that distinguish critical 
events affected by lead inhibitors and leading to Leishmania cell death. The assay relies on the 
enrichment of Leishmania phosphoproteins by Ga3+-NTA columns, phosphoproteome immobilisation 
on H50 SELDI protein chip and detection by SELDI-TOF mass spectrometry (Foucher et al., 2010). 
We first analyzed the temporal evolution in the phosphoproteome signature associated with 
development and maintenance of amastigotes in a quantitative manner using differential analysis and 
cluster pattern analysis (Deliverable 5.4). Importantly, we demonstrated the apparent transient 
activation of kinase versus phosphatase activities, with kinases being significantly activated in the first 
10h following induction of amastigote differentiation, whilst phosphatase activities were significantly 
deactivated in the following 24h hour. By contrast, differential analysis of time 0 versus 48h revealed 
only small quantitative differences in the phosphoprotein signatures. The analysis of the phospho-

 
11











consortium promoted exchange of personnel, material, and knowledge. In particular, LEISHDRUG 
organized various cluster meetings to foster interaction between the partners, exchange information 
and material (vectors, recombinant bacteria, parasite strains and transgenic lines, protein extracts) 
and work on joint publications. Knowledge was shared with the scientific community and industrial and 
governmental bodies through the organization of an international symposium by Partner 1 on drug 
development against neglected protozoan parasites, the participation of LEISHDRUG partners at 
more than 50 international meetings and the publication of over 40 manuscripts. Training actions 
sponsored through LEISHDRUG included short term stays of LEISHDRUG members at the Institut 
Pasteur (Partner 1) to transfer the technologies for Leishmania cell culture and genetics to Partners 10 
and 13, and the 2D-DIGE technology to Partner 4. As part of LEISHDRUG, partner 3 proposed a 
training program on “Proteomics and drug design” responding to the EU effort to strengthen European 
research on trypanosomatid control and to foster European interactions with programs and partners in 
developing countries. The objective of this course was to train the participants in bioinformatics 
techniques applied to drug development. The program was organized at the Institut Pasteur de Tunis 
on 20-24 March 2012. 7 lecturers have trained 21 participants from ICPC countries where Leishmania 
is endemic. The participants were selected upon their interest in strengthening their research activities 
and developing novel tools for the control of infections due to parasites of the Trypanosomatidae 
family. The course was taught in English and was organized in modules constituted by computer work, 
demonstrations and lectures. Criteria for candidate selection have included the description of the 
institutional profile, and institutional plans for applying knowledge exchanged during the courses and 
for stimulating collaborations across an institutional network. 

Thus, by transferring scientific information and excellence to ICPC partners, the present 
project provided important contributions to building capacities for basic research in bioinformatics, 
proteomics, imaging, and structure-based drug design.  
 
2) Discovery of new classes of lead compounds for curing leishmaniasis 
 
The major long-term impact of LEISHDRUG relies on the identification of a series of very promising 
novel hit compounds against Leishmania using a dual compound screening strategy. As part of the 
LEISHDRUG project, Partner 1 set up and validated a high content live cell-based readout assay 
using an advanced automated liquid dispensing facility and digital-imaging microscopy to select 
leishmanicidal hits. This powerful innovative drug discovery assay developed at the Institut Pasteur in 
a secure Biosafety Level 2 environment was successfully applied for a series of screening campaigns 
using kinase-biased compound libraries containing around 2500 compounds provided by LEISHDRUG 
partners. From initially 240 compounds identified in this screen, fifteen new hit candidates were 
selected after the completion of high content confirmatory screens, which display different scaffolds, 
including bisindolyl maleimides, betulins, isophtalates, azacarbazoles and quinolines. Thus, the WP1 
team members from the Institut Pasteur Paris successfully developed and applied a miniaturized 
assay for high throughput screening that revealed very promising new drug candidates, which feed 
into current translational research projects and will jump start future drug development programs.  

Applying a complementary, target-based screening procedure using recombinant Leishmania 
casein kinase 1a, Partner 2 identified a series of independent hit compounds that could be developed 
further into drug leads. From 4028 compounds screening in this assay, 11 compounds were selected 
for further testing as they were either very potent or very selective, including  NSC146 771, Purvalanol 
B and Indirubin-3’-monoxime. The indirubins were the most promising compounds, showing potent 
and specific inhibition against recombinant LmCK1a, but also cultured and intracellular parasites 
without any overt toxicity toward the macrophage host cells. The variability in inhibitory activity seen 
with different indirubin analogues suggests that medicinal chemistry approaches applied on these 
compounds could dramatically improve the potency and the specificity of these compounds and 
therefore increase the chances to find a lead. Three promising indirubins were selected and further 
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tested by Partner 6 in in vitro and in vivo assays, together with three other compounds that gave 
excellent results on intracellular parasites without showing toxicity toward the host cells: PP2, 5’-
iodotubercidin and gefitinib.  In addition, Partner 6 tested ten FDA-approved protein kinase drugs used 
in cancer treatment and the commercially available Src family kinase inhibitor, PP2 were obtained 
from commercial sources. These were evaluated both in vitro and where appropriate, in an in vivo 
model of visceral Leishmaniasis.  Significant activity was demonstrated by PP2 in vivo and by 
sunitinib, lapatinib and sorafenib in vitro and in vivo.  To our knowledge this is the first demonstration 
that protein kinase inhibitors can be used to inhibit the growth of Leishmania parasites in an animal 
model and 3 of these compounds, sunitinib, lapatinib and sorafenib have the advantage that they are 
already approved by the FDA for the treatment of human cancers.  

In conclusion, LEISHDRUG established a very potent, multi-disciplinary screening pipeline 
that identified important new compounds with anti-leishmanial activity, which could translate into 
powerful therapeutic agents with potential broad applicability to other trypanosomatid pathogens. 
Efficient treatment will dramatically improve public health in disease-endemic countries. Infections due 
to Trpanosomatidae account for 122 000 deaths per year and over 4 million Disability Adjusted Life 
Years (DALY) (http://www.who.int/tdr/diseases). Reducing the burden of disease will have important 
consequences for the reduction of poverty and the economic development of ICPCs. This may be 
further enhanced by manufacture and commercialization through ICPC partners of inhibitors identified 
by our consortium.  
 
3) Development of new technologies for drug target identification, validation, and 
characterization 
 
LEISHDRUG developed and applied important technical tools for drug target discovery by exploiting 
the multidisciplinary expertise of its consortium partners in genomics, bio-imaging, in silico biology, 
proteomics, peptide chemistry, and structure-based drug design.  

Novel drug targets were identified using a series of complementary proteomics investigations. 
Quantitative gel-based and qualitative LC-based approaches allowed Partner 1 to reveal amastigote-
specific over-phosphorylation of all major heat shock proteins and chaperones suggesting a post-
translational regulation of the Leishmania stress response through stress-regulated protein kinases. 
Phospho-peptide analysis combined with multiple sequence alignment revealed that phosphorylation 
of these highly conserved proteins occurs on parasite-specific residues that are absent from the 
mammalian homolog. In a complementary, quantitative LC-based phosphoproteomic study, Partner 5 
revealed 1658 phosphorylated sites representing 628 distinct proteins across both promastigote and 
amastigote developmental stages, and analyzed the developmental dynamics of stage-specific 
phosphorylation during promastigote to amastigote differentiation using titanium dioxide-enriched 
phosphopeptides from different differentiation stages (promastigotes at 0h, transitional stages at 2.5h, 
5h, 10h, 15h, 24h, and mature amastigotes at 120h). iTRAQ labeling followed by LC-MS/MS analyses 
identified 807 phosphorylated sites in 616 peptides that correspond to 301 distinct proteins, including 
six protein kinases detected at all seven time points of differentiation, some of which had multiple 
phosphorylation sites that showed distinct phosphorylation kinetics during differentiation and may 
represent interesting new drug targets. Significantly, this analysis revealed two Trypanosomatid-
specific phosphorylation sites characterized by a conserved ‘SF’ motif, one of which appeared only in 
amastigotes. This novel motif might be a Leishmania-specific substrate of known kinases or a site for 
novel, parasite-specific protein kinases. In both cases these unique motifs might lead to the 
identification of novel druggable protein kinase. In addition, Partner 1 developed a novel activity-based 
screening approach that allows visualizing protein kinase activities on a proteomic level by combining 
in-gel kinase activity assay and 2D electrophoresis. This novel procedure allowed identification of 
proteins that are associated with amastigote ATP-binding, ATPase, and phosphotransferase activities. 
The two dimensional in-gel kinase assay (2D-IGKA), in combination with recombinant phospho-protein 
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substrates identified by the previous phospho-proteomics analyses described above, provides a novel 
drug target discovery tool able to identify target kinases through their activity towards essential 
phosphorylation sites. 

For drug target validation, Partner 1 developed a novel conditional null mutant system based 
on negative selection protocol. This approach was applied to assess the biological relevance of 
parasite-specific phosphorylation sites by gene deletion and complementation of the null mutant with 
phospho-site mutated versions of the target gene. This strategy revealed two phosphorylation sites in 
the co-chaperone STI1 that were essential for parasite viability validating the corresponding stress 
kinases as novel drug targets. The same genetic system was applied on the Leishmania MAP kinase 
LmaMPK4 providing the genetic proof of the essential nature of this protein, which thus is genetically 
defined as an important drug target.  

Partner 11 developed alternative, innovative strategies for the characterization of druggable 
kinases and kinase pathways in Leishmania donovani cell extracts. The analysis by SELDI-TOF of the 
temporal quantitative variation in phosphoproteins in presence of a generic kinase inhibitor compound 
revealed an overwhelming inhibition of phosphotransferase activity affecting 82% of the detectable 
phosphoproteome. Phenotypic and biochemical variations measured in parallel showed pleiotropic 
effects on Leishmania cells, ranging from loss of motility to cell arrest, demonstrating the involvement 
of kinases in many essential cell functions.  However, despite the inhibition of essential cell functions 
by staurosporine, no cell death was observed in Leishmania. Further evaluation revealed that 
staurosporine-targeted kinases are implicated in the apoptosis-like pathways of Leishmania and thus 
are not good drug targets.  

Applying the proprietary Activomics® technology to the analysis of endogenous Leishmania 
kinase activities, Partner 11 identified phosphotransferase activities inhibited by staurosporine, which 
included PKA and PKB but not CK1 and CK2. On the other hand, the CK1 specific inhibitor, D4476, 
was able to kill Leishmania cells rapidly in a necrotic-like way and the Activomics® technology 
revealed inhibition of CK1, but not CK2, PKB or PKA. In conclusion, PKA and PKB are less desirable 
drug targets than CK1. Twelve lead inhibitory compounds, selected by partners 1 and 12 and which 
had been screened on the OPERA platform, were analysed using the Activomics® technology to 
identify their inhibitory signalling pathways. None of the phosphostransferase activities currently 
available on the Activomics® platform was inhibited, revealing that PKA, PKB, CK1 and CK2 were not 
targeted by these compounds.  

An important contribution to validation of the Leishmania kinases as a source for parasite-
specific drug target was delivered by Partners of WP6, which allowed target selection through 
genomic comparisons, 3D-modelling and experimental determination of 3D structures. A novel 
phylogenetic approach was developed based on comparative genomics in order to characterize the 
parasite-specific kinome and to prioritize potential drug targets in comparison with host kinomes. The 
resolution of the LmaMPK10 crystal structure alone or bound to the inhibitor SB203580 revealed 
parasite-specific structural features, which will be further tested in vitro and in vivo through 
structure/function studies.  
 

In summary, LEISHDRUG synergized important national and international expertise of its 
academic and industrial Partners in Leishmania signal transduction and kinase-biased drug 
development. The project generated considerable foreground that may be exploited for intellectual 
property purposes, including innovative activity-based target screens, phenotypic drug screening 
assays, and hit compound identification using a unique kinase-biased compound library. This 
foreground lays the basis for our future drug development endeavors, which are aimed (i) to identify 
anti-leishmanial lead compounds that fulfill the major criteria of broad anti-leishmanial activity, 
selectivity, bio-availability, and feasible medicinal chemistry, (ii) to develop and apply novel proteomic 
strategies of target deconvolution to identify the parasite kinases that are targeted by these leads, and 
(iii) to validate the druggability of these protein kinases by biochemical and genetic approaches. 
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LEISHDRUG thus created a powerful platform to drive translational research in the field of anti-
parasitic drug treatment. It delivered considerable progress beyond the state-of-the-art with respect to 
the development of innovative, systems-wide drug screening concepts, and advanced our 
understanding on trypanosomatid signal transduction that may be exploited for the development of 
new therapeutic approaches.  
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amenable to conjugation, as they lack functional groups adequate for chemoselective ligation (e.g., 
oxime or disulfide); appropriate derivatives bearing carbonyl (ketone) or thiol groups must therefore be 
developed. On the other hand, linking of peptide inhibitors to CPPs should pose no difficulties.  

D3.2 (1st-generation kinase inhibitor peptide library based on available sequences). Peptide inhibitors 
will be produced by partner 12 (DA) as planned. A massive library of peptides is not judged a priority; 
rather, carefully selected structures based on information already available (from GS and DZ labs) are 
envisaged. LR points out that in order to achieve this deliverable, a fluorescent parasite is required. 
This has been provided later on the day by EP (WP1). The fluorescent properties of the parasite and 
the label for CPP must be carefully coordinated with other imaging devices at IP.   

DA responds affirmatively to a request from LM about the feasibility to obtain 100 mg of a given 
substrate peptide, so that the kinase assays (hitherto performed only on small molecules) can be 
adapted to peptides.  

D3.3 (SAR-based indolicidin analogs as 2nd-generation CPPs for delivery into Leishmania) This 
deliverable is self-contained within WP3, does not involve interaction with other WPs. DA and LR point 
out that in case of failure of the CPP included as primary option, there are several more available, 
including some novel sequences just unveiled at DA’s laboratory. 

Finally, SS points out at a recently reported fluorescent labeling method employing a tetra-Cys tag and 
an arsenic complex (FLASH, Nature Protocols, Tsien, Sept. 2008) that would allow both electron 
microscopy and high-resolution imaging with a single label, as well as an easy comparison between 
the data obtained with these techniques. DA agrees to look into the matter.  

Cluster meeting 1B: WP4 + WP5 + WP6, Target validation and characterization (notes: Gerald 
Spaeth) 

WP4 (SC) 

First deliverables are due only at month 24. It was discussed how WP4 could contribute earlier by 
testing and validating selected compounds that are already available through the consortium, for 
example the paullones (CK) which have been shown to provide annti-leishmanial activity (three papers 
have been published on this by CK and LM, J Biol Chem. 2002 Jul 12;277(28):25493-501, J Med 
Chem. 2008 Feb 14;51(3):659-65, Bioorg Med Chem Lett. 2008 Mar 15;18(6):1985-9). SC points out 
that compounds should also be tested on antimony-resistant lines. The current screening system in 
SC/VY lab consists of  L.donovani HU3 amastigotes obtained from infected immuno-compromized 
mice.  

WP5 (DZ) 

D5.1 (Optimization of 1D screening assay for specific kinase activities, due month 3). This deliverable 
has basically been achieved. There are several bottle necks for this approach, (i) the screen depends 
on the ability of the kinases to regain their activity after denaturation/renaturation (possible solutions 
see D5.5 below), and (ii) the identification of the protein that shows the kinase activity (see D5.6 
below), due to incompatibility of radioactive labeling and MS analysis, or issues related to sensitivity of 
radioactivity versus in gel protein stains used to visualize the protein for MS analysis.  

D5.2 (Identification of amastigote-specific phosphoproteins, due month 6). This deliverable has been 
largely achieved using the 2D gel-based approach and LC-MS-MS analysis of enriched phospho-
protein fractions. A database is currently generated in the lab of GS that will allow access to the gel 
image, the MS results, and the gene information in GeneDB. 

Link to WP6: Hypothetical proteins validated by MS analysis will be annotated with the help of AliaB 
and her link to Amos Bairoch at SwissProt, who already works developing a TriTry-specific database. 
GO and Network analysis may be performed with the phospho-protein subset.  

D5.3 (Identification of Leishmania protein phosphorylation sites, due month 8). DZ together with the 
UVic Proteomics Center (http://www.proteincentre.com/) currently performs time course experiments 
(early time points during the pro- to amastigote conversion) using iTRAQ and LC-MS-MS analysis on 
TiO2 enriched phospho-peptides obtained from total parasite extracts. First putative phosphorylation 
sites were identified by automatic annotation using ProteinPilot software. Manual analysis of the 



spectra for validation of these sites will be performed. A database will be generated containing these 
validated peptides. Two other complementary approaches will feed into this database: (i) LC-MS-
MS/TiO2 phospho-peptide analysis of enriched phospho-protein fractions obtained from axenic as well 
as infectious (hamster spleen) amastigotes performed by GS in collaboration with the Pasteur 
Proteomics facility (ongoing), and (ii) TiO2 phosphopeptide isolation from protein spots of 2D gels (5 
phospho-peptides identified and manually validated so far).  

Link to WP6: CN, MC, and AB could exploit a peptide database to identify common AA motifs or 
sequence elements in 5’ and 3’ UTR that would suggest co-regulation.  

D5.4 (Temporal biomarker signatures of amastigote development, due month 8). IP briefly presented 
the protein array technology based on SELDI-TOF. In this analysis, a protein mixture is spotted on a 
surface of arrays that are modified with a chemical functionality. Binding to the SELDI surface acts as 
a separation step and the subset of proteins that bind to the surface are analyze by time-of-flight mass 
spectrometry. Common surfaces include weak-positive ion exchange, hydrophobic surface, reverse 
phase chromatography, strong anion exchanger, or IMAC for phospho-peptide enrichment (used 
here). Surfaces can also be functionalized with antibodies, proteins/peptides, or DNA. The technique 
has throughput capacities combining the arrays with a 96 well-plate layout. IP proposed to use 
immobilized phospho-peptides to screen for the respective kinases. GS raised concerns on the rather 
transient kinase-substrate interaction, which may not allow enriching for the kinase. Potentially such 
an interaction could be stabilized by the presence of kinase inhibitors, which may reduce the substrate 
turnover rate of the kinase. IP mentioned the possibility to exploit a “cage” effect to trap the kinases on 
their phospho-peptides.  

Link to WP6: CN suggested that the SELDI profiles may be used to create a “fingerprint” database, 
which may help classifying the inhibitory hit compounds.    

In a first set of experiments we will test the robustness of the approach and obtain phospho-
peptide signatures using amastigote extracts (triplicate experiment with three independent 
extractions). Eventually these experiments will be performed with amastigotes treated with a broad 
kinase-inhibitor to establish a signature profile for drug treated parasites (staurosporine), which can be 
used to screen compounds obtained by WP1 for their potential effects on the Leishmania kinome. The 
specifics of extract preparation were discussed. It has been decided that GS sends protein pellets to 
IP and DZ will provide the protocol used for phospho-peptide enrichment. A second set of experiments 
will be performed to identify temporal biomarker signatures during parasite differentiation using 
extracts from DZ. 

D5.5 (Refinement, adaptation and expansion of kinome screening assays on 2D gels, due month 8). 
First preliminary results have been obtained by the lab of GS (by DSA) using 2D electrophoresis and 
FPLC/1D electrophoresis. In-gel kinase assays in Blue Native gels will be performed to test if we can 
overcome the limitations provided by kinase denaturation/renaturation (see above).  

D5.6 (Identification of amastigote-specific kinases, due month 12). The 2D approaches above will 
allow us to gain enough resolution to clearly correlate activity with protein. The problem of radio-
labeling and its incompatibility with MS at Pasteur will be overcome by allowing the radioactivity to 
decay and then using the Institut Curie Proteomics Platform for MS analysis (done before).  

WP6 (CN): 
The first deliverable is due month 12 only. We decided that during this time period the WP6 members 
could be available for other collaborations linked to the bio-informatic discovery of kinases and their 
substrates. A conference call has been scheduled and was realized on October 22nd (summary of this 
discussion has been provided by CN). SC asked for the criteria that a kinase has to fulfill to be 
considered for crystallization. ABus summarized the criteria (essential for virulence, active in 
amastigotes). CN suggested to perform “site”omics to identify druggable sites. ABus pointed out that 
the crystallization of LmaMPK7 and LmaMPK10 will have priority, eventually it would be important to 
do crystallization using unphosphorylated and phosphorylated kinase (on/off states). GSK3 has been 
identified as a potential drug target in Leishmania and may be a possible candidate for crystallization. 
SC informed us that there is already a company that exploits this venue. 
 



Cluster meeting 2A: WP1 + WP4 + WP6, Hit validation and hit-to-lead (Animator: Cedric 
Notredame, Notes: Vanessa Yardley) 

WP1 (SS) 

1st deliverable D1.1 already underway.  Algorithm to ID targets pretty much complete in 2 formats, 
using 2 commercialised software, will be scaled up to allow for increased throughput. Institut Pasteur, 
Paris (IPP) developing the HTS up to M18 and then due to start screening larger numbers.   

WP2 (LM) 

6000 compounds vs 3 kinases ready to test by M18. 

Institut Pasteur, Korea (IPK) has 3 Opera systems running already and can commence HTS. 

IPP currently uses L.m. amazonensis in primary mouse macrophages i.e. bone marrow. IPK uses L. 
donovani HU3 amastigotes in mouse monocytes i.e. THP-1.  LSHTM uses L. donovani HU3 
amastigotes in mouse peritoneal macrophages and in the BALB/c-VL model.  Need to standardise in 
vitro models as much as possible to reduce impact of both strain and host cell variation on drug 
activity.   

ACTION: VY to liaise with Genevieve Milon & Thierry Lang to send L. donovani HU3 to IPP 
a.s.a.p. IPP will investigate the possibility of transfecting this strain and validate it in their 
model. 

CN: Need for validation pipeline of the best possible leads.  What aspects are we looking for when 
validating leads? 

Ideally need a refined knowledge of the compounds before reach the cell-based assays. Relying on 
WP1, 2 & 3 to feed into the pipeline e.g. sequencing, experimental characterisation etc. 

SC: suggested that the best strategy might be to screen an already focused library.  Then rank the 
chemistry and then ask the chemist (CK) to make more of that series perhaps.  These go on to the 
differential enzyme screen i.e. human vs parasite then on to functional assay i.e. kinase or not, do we 
know what it hits & where?  NB. A commercially available library has already been pre-selected for 
drug-like parameters.  A problem of plant-derived compounds, for example, is their lack of 
“drugability”. 

CN:  Bioinformatics needs to be extremely conservative to avoid picking up duff leads.  Should we be 
looking at a different target to the active site of MPK’s? 

Suggest 1) DZ and GS ID target kinases, 2) Manuela interact with WP2 to ID compounds most likely 
to succeed.  

AB: crystallography & structure can help to ID targets of the hits and feed this back to the chemists. 

Manuela: Should still look at ATP pocket.  If examine the pocket & surrounding area more closely can 
ID key elements.  Use existing compounds as leads and feed back to the chemist (WP2) 

GM: Leishmania sequence data not L. donovani and the number of differences between the 3 species 
which have been sequenced and that are available so far have not been so great.  BUT there is 
documented differential drug sensitivity between species.  Perhaps we could liaise with Jean-Claude 
Dujardin on this (LEISHRISK) as his new project is going to have sequence data on 100 L. donovani 
clinical isolates (?). 

ACTION: ask J-C D about possibility of being allowed access to his sequence data?  Is he 
including a reference strain in this?  DD8 and/or HU3. 

CN: Bioinformaticians - re the sequencing, an ideal kinase will have the right properties but with the 
lowest level of polymorphism 

AB: How to connect WP1 compound screening with target-based screening/identification in WP5?  If 
the hit-to-lead is straightforwardly successful then the structural people may have not much to do 
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Identification of binding pockets in protein structures 
using a knowledge-based potential derived from local 
structural similarities Helmer-Citterich, M. BMC 
Bioinformatics. 2012 No 13, Suppl 4 S17 
 
What has proteomics taught us about Leishmania 
development? Tsigankov P, Gherardini PF, Helmer-
Citterich M, Zilberstein D., Parasitology. 2012. 28:1-12 
 
Leishmania are obligatory intracellular parasitic protozoa 
that cycle between sand fly mid-gut and phagolysosomes 
of mammalian macrophages. They have developed 
genetically programmed changes in gene and protein 
expression that enable rapid optimization of cell function 
according to vector and host environments. During the last 
two decades, host-free systems that mimic intra-lysosomal 
environments have been devised in which promastigotes 
differentiate into amastigotes axenically. These cultures 
have facilitated detailed investigation of the molecular 
mechanisms underlying Leishmania development inside its 
host. Axenic promastigotes and amastigotes have been 
subjected to transcriptome and proteomic analyses. 
Development had appeared somewhat variable but was 
revealed by proteomics to be strictly coordinated and 
regulated. Here we summarize the current understanding 
of Leishmania promastigote to amastigote differentiation, 
highlighting the data generated by proteomics.  
 
Accurate multiple sequence alignment of 
transmembrane proteins with PSI-Coffee. Chang JM, 
Di Tommaso P, Taly JF and Notredame C. BMC 
Bioinformatics. 2012. 13(Suppl 4) In press 
 
Methodology optimizing SAGE library tag-to-gene 
mapping: application to Leishmania. Smandi S, 
Guerfali FZ, Farhat M, Ben-Aissa K, Laouini D, Guizani-
Tabbane L, Dellagi K, Benkahla A. 
 
BACKGROUND: Leishmaniasis are widespread parasitic-
diseases with an urgent need for more active and less 
toxic drugs and for effective vaccines. Understanding the 
biology of the parasite especially in the context of host 
parasite interaction is a crucial step towards such 
improvements in therapy and control. Several experimental 
approaches including SAGE (Serial analysis of gene 
expression) have been developed in order to investigate 
the parasite transcriptome organisation and plasticity. 
Usual SAGE tag-to-gene mapping techniques are 
inadequate because almost all tags are normally located in 
the 3'-UTR outside the CDS, whereas most information 
available for Leishmania transcripts is restricted to the 
CDS predictions. The aim of this work is to optimize a 
SAGE libraries tag-to-gene mapping technique and to 
show how this development improves the understanding of 
Leishmania transcriptome. FINDINGS: The in silico 
method implemented herein was based on mapping the 
tags to Leishmania genome using BLAST then mapping 
the tags to their gene using a data-driven probability 
distribution. This optimized tag-to-gene mappings 
improved the knowledge of Leishmania genome structure 
and transcription. It allowed analyzing the expression of a 
maximal number of Leishmania genes, the delimitation of 
the 3' UTR of 478 genes and the identification of biological 
processes that are differentially modulated during the 
promastigote to amastigote differentiation. CONCLUSION: 
The developed method optimizes the assignment of SAGE 
tags in trypanosomatidae genomes as well as in any 
genome having polycistronic transcription and small 
intergenic regions. BMC Research Notes. 2012. 5:74 
 
Defeating Leishmania resistance to Miltefosine 
(hexadecylphospho-choline) by peptide-mediated drug 
smuggling: a proof of mechanism for trypanosomatid 

chemotherapy Rivas, L./Andreu D. Journal of Controlled 
Release. In revision 2012 
 
Insights into the uptake mechanism of NrTP, a cell-
penetrating peptide preferentially targeting the 
nucleolus of tumor cells. Radis-Baptista G/Andreu D. 
Chemical Biology and Drug Design. 2012. Mar 8. doi: 
10.1111/j.1747-0285.2012.01377.x. [Epub ahead of 
print] Blackwell Oxford 2012 
 
AMPA: an automated web server for prediction of protein 
antimicrobial regions. Torrent M/Andreu D. Bioinformatics. 
2012. 28(1):130-131 
AMPA is a web application for assessing the antimicrobial 
domains of proteins, with a focus on the design on new 
antimicrobial drugs. The application provides fast 
discovery of antimicrobial patterns in proteins that can be 
used to develop new peptide-based drugs against 
pathogens. Results are shown in a user-friendly graphical 
interface and can be downloaded as raw data for later 
examination.  
 
T-Coffee: a web server for the multiple sequence 
alignment of protein and RNA sequences using 
structural information and homology extension. Di 
Tommaso P, Moretti S, Xenarios I, Orobitg M, 
Montanyola A, Chang JM, Taly JF, Notredame C. 
Nucleic Acids Research. 2011. 39(Web Server 
issue):W13-7  
 
This article introduces a new interface for T-Coffee, a 
consistency-based multiple sequence alignment program. 
This interface provides an easy and intuitive access to the 
most popular functionality of the package. These include 
the default T-Coffee mode for protein and nucleic acid 
sequences, the M-Coffee mode that allows combining the 
output of any other aligners, and template-based modes of 
T-Coffee that deliver high accuracy alignments while using 
structural or homology derived templates. These three 
available template modes are Expresso for the alignment 
of protein with a known 3D-Structure, R-Coffee to align 
RNA sequences with conserved secondary structures and 
PSI-Coffee to accurately align distantly related sequences 
using homology extension. The new server benefits from 
recent improvements of the T-Coffee algorithm and can 
align up to 150 sequences as long as 10,000 residues and 
is available from both http://www.tcoffee.org and its main 
mirror http://tcoffee.crg.cat. 
 
Using the T-Coffee package to build multiple sequence 
alignments of protein, RNA, DNA sequences and 3D 
structures. Taly JF, Magis C, Bussotti G, Chang JM, Di 
Tommaso P, Erb I, Espinosa-Carrasco J, Kemena C, 
Notredame C. Nature Protocols 2011. (11):1669-82 
 
T-Coffee (Tree-based consistency objective function for 
alignment evaluation) is a versatile multiple sequence 
alignment (MSA) method suitable for aligning most types 
of biological sequences. The main strength of T-Coffee is 
its ability to combine third party aligners and to integrate 
structural (or homology) information when building MSAs. 
The series of protocols presented here show how the 
package can be used to multiply align proteins, RNA and 
DNA sequences. The protein section shows how users can 
select the most suitable T-Coffee mode for their data set. 
Detailed protocols include T-Coffee, the default mode, M-
Coffee, a meta version able to combine several third party 
aligners into one, PSI (position-specific iterated)-Coffee, 
the homology extended mode suitable for remote 
homologs and Expresso, the structure-based multiple 
aligner. We then also show how the T-RMSD (tree based 
on root mean square deviation) option can be used to 
produce a functionally informative structure-based 
clustering. RNA alignment procedures are described for 



using R-Coffee, a mode able to use predicted RNA 
secondary structures when aligning RNA sequences. DNA 
alignments are illustrated with Pro-Coffee, a multiple 
aligner specific of promoter regions. We also present some 
of the many reformatting utilities bundled with T-Coffee. 
The package is an open-source freeware available from 
http://www.tcoffee.org/. 
 
STRIKE: evaluation of protein MSAs using a single 3D 
structure. Kemena C, Taly JF, Kleinjung J, Notredame 
C. Bioinformatics 2011; 27(24):3385-91 
 
MOTIVATION: Evaluating alternative multiple protein 
sequence alignments is an important unsolved problem in 
Biology. The most accurate way of doing this is to use 
structural information. Unfortunately, most methods require 
at least two structures to be embedded in the alignment, a 
condition rarely met when dealing with standard datasets. 
RESULT: We developed STRIKE, a method that 
determines the relative accuracy of two alternative 
alignments of the same sequences using a single 
structure. We validated our methodology on three 
commonly used reference datasets (BAliBASE, Homestrad 
and Prefab). Given two alignments, STRIKE manages to 
identify the most accurate one in 70% of the cases on 
average. This figure increases to 79% when considering 
very challenging datasets like the RV11 category of 
BAliBASE. This discrimination capacity is significantly 
higher than that reported for other metrics such as Contact 
Accepted mutation or Blosum. We show that this increased 
performance results both from a refined definition of the 
contacts and from the use of an improved contact 
substitution score. 
 
Phosphate binding sites identification in protein 
structures Helmer-Citterich, M. Nucleic Acids 
Research. 2011. 39:1231-1242. 
 
Nearly half of known protein structures interact with 
phosphate-containing ligands, such as nucleotides and 
other cofactors. Many methods have been developed for 
the identification of metal ions-binding sites and some for 
bigger ligands such as carbohydrates, but none is yet 
available for the prediction of phosphate-binding sites. 
Here we describe Pfinder, a method that predicts binding 
sites for phosphate groups, both in the form of ions or as 
parts of other non-peptide ligands, in proteins of known 
structure. Pfinder uses the Query3D local structural 
comparison algorithm to scan a protein structure for the 
presence of a number of structural motifs identified for their 
ability to bind the phosphate chemical group. Pfinder has 
been tested on a data set of 52 proteins for which both the 
apo and holo forms were available. We obtained at least 
one correct prediction in 63% of the holo structures and in 
62% of the apo. The ability of Pfinder to recognize a 
phosphate-binding site in unbound protein structures 
makes it an ideal tool for functional annotation and for 
complementing docking and drug design methods. The 
Pfinder program is available at 
http://pdbfun.uniroma2.it/pfinder. 
 
Phospho3D 2.0: An enhanced database of three-
dimensional structures of phosphorylation sites 
Helmer-Citterich, M. Nucleic Acids Research. 2011. 39 
(Database issue):D268-271 
 
Phospho3D is a database of three-dimensional (3D) 
structures of phosphorylation sites (P-sites) derived from 
the Phospho.ELM database, which also collects 
information on the residues surrounding the P-site in space 
(3D zones). The database also provides the results of a 
large-scale structural comparison of the 3D zones versus a 
representative dataset of structures, thus associating to 
each P-site a number of structurally similar sites. The new 
version of Phospho3D presents an 11-fold increase in the 
number of 3D sites and incorporates several additional 

features, including new structural descriptors, the 
possibility of selecting non-redundant sets of 3D structures 
and the availability for download of non-redundant sets of 
structurally annotated P-sites. Moreover, it features 
P3Dscan, a new functionality that allows the user to submit 
a protein structure and scan it against the 3D zones 
collected in the Phospho3D database. Phospho3D version 
2.0 is available at: http://www.phospho3d.org/. 
 
PhosTryp: a phosphorylation sites predictor specific 
for parasitic protozoa of the family trypanosomatidae 
Helmer-Citterich, M. BMC Genomics No 12, December 
2011 BioMed Central UK2011 614 
 
BACKGROUND: Protein phosphorylation modulates 
protein function in organisms at all levels of complexity. 
Parasites of the Leishmania genus undergo various 
developmental transitions in their life cycle triggered by 
changes in the environment. The molecular mechanisms 
that these organisms use to process and integrate these 
external cues are largely unknown. However Leishmania 
lacks transcription factors, therefore most regulatory 
processes may occur at a post-translational level and 
phosphorylation has recently been demonstrated to be an 
important player in this process. Experimental identification 
of phosphorylation sites is a time-consuming task. 
Moreover some sites could be missed due to the highly 
dynamic nature of this process or to difficulties in phospho-
peptide enrichment. RESULTS: Here we present 
PhosTryp, a phosphorylation site predictor specific for 
trypansomatids. This method uses an SVM-based 
approach and has been trained with recent Leishmania 
phosphosproteomics data. PhosTryp achieved a 17% 
improvement in prediction performance compared with 
Netphos, a non organism-specific predictor. The analysis 
of the peptides correctly predicted by our method but 
missed by Netphos demonstrates that PhosTryp captures 
Leishmania-specific phosphorylation features. More 
specifically our results show that Leishmania kinases have 
sequence specificities which are different from their 
counterparts in higher eukaryotes. Consequently we were 
able to propose two possible Leishmania-specific 
phosphorylation motifs.We further demonstrate that this 
improvement in performance extends to the related 
trypanosomatids Trypanosoma brucei and Trypanosoma 
cruzi. Finally, in order to maximize the usefulness of 
PhosTryp, we trained a predictor combining all the 
peptides from L. infantum, T. brucei and T. cruzi. 
CONCLUSIONS: Our work demonstrates that training on 
organism-specific data results in an improvement that 
extends to related species. PhosTryp is freely available at 
http://phostryp.bio.uniroma2.it. 
 
From sequence to structural analysis in protein 
phosphorylation motifs Helmer-Citterich. M. Frontiers 
in Bioscience. 2011. 16:1261-1275 
 
Phosphorylation is the most widely studied post-
translational modification occurring in cells. While mass 
spectrometry-based proteomics experiments are 
uncovering thousands of novel in vivo phosphorylation 
sites, the identification of kinase specificity rules still 
remains a relatively slow and often inefficacious task. In 
the last twenty years, many efforts have being devoted to 
the experimental and computational identification of 
sequence and structural motifs encoding kinase-substrate 
interaction key residues and the phosphorylated amino 
acid itself. In this review, we retrace the road to the 
discovery of phosphorylation sequence motifs, examine 
the progresses achieved in the detection of three-
dimensional motifs and discuss their importance in the 
understanding of regulation and de-regulation of many 
cellular processes. 
 
 





combination therapies involving miltefosine and 
paromomycin can be introduced to ensure long-term 
availability of several drugs for visceral leishmaniasis and 
to protect against resistance. 
 
“Quantitative proteome profiling informs on 
phenotypic traits that adapt Leishmania donovani for 
axenic and intracellular proliferation”. Pescher P., 
Blisnick T., Bastin P., and Späth G.F. Cell Microbiol. 
2011. 13(7):978-91 
 
Protozoan parasites of the genus Leishmania are 
important human pathogens that differentiate inside host 
macrophages into an amastigote life cycle stage. Although 
this stage causes the pathogenesis of leishmaniasis, only 
few proteins have been implicated in amastigote 
intracellular survival. Here we compare morphology, 
infectivity and protein expression of L. donovani LD1S 
grown in host free (axenic) culture, or exclusively 
propagated in infected hamsters, with the aim to reveal 
parasite traits absent in axenic but selected for in hamster-
derived amastigotes through leishmanicidal host activities. 
Axenic and splenic amastigotes showed a striking 
difference in virulence and the ability to cause 
experimental hepato-splenomegaly in infected hamsters. 
2D-DIGE analysis revealed statistically significant 
differences in abundance for 152 spots, with 14 spots 
showing fivefold or higher abundance in splenic 
amastigotes. Proteins identified by MS analysis include the 
anti-oxidant enzyme tryparedoxin peroxidase, and 
enzymes implicated in protein and amino acid metabolism. 
Analysis of parasite growth in vitro in minimal medium 
demonstrated increased survival of hamster-derived 
compared with axenic parasites under conditions that 
mimic the nutrient poor, cytotoxic phagolysosome. Thus, 
our comparative proteomics analysis sheds important new 
light on the biochemistry of bona fide amastigotes and 
informs on survival factors relevant for intracellular L. 
donovani infection. 
 
"Probing the dynamic nature of signalling pathways 
by IMAC and SELDI-tof MS" Foucher A.L., Späth G.F., 
and I.K. Pemberton. Archives of Physiology and 
Biochemistry. 2010. 116(4-5):163-73 
 
One major obstacle to the analysis of signalling pathways 
is the dynamic nature of signalling response to 
environmental stimuli. To overcome this limitation we 
applied immobilized metal affinity chromatography (IMAC) 
in combination with SELDI-tof MS to investigate the 
temporal variation of protein phosphorylation. We analysed 
the phospho-proteome variations in our model organism, 
Leishmania donovani, in response to changes in pH and 
temperature, which induce differentiation from 
promastigotes to amastigotes. Investigation of total cell 
extracts did not allow promastigote and amastigote life 
cycle stages to be distinguished. However, using IMAC 
enriched samples, the pattern and intensity of phospho-
proteins analysed distinguished both stages reproducibly. 
Approximately 61% of the phospho-proteins analysed were 
significantly different in abundance (p<0.02). Of these 
61%, 73% showed an increased phosphorylation in 
promastigotes while 27% showed an increase 
phosphorylation in amastigotes. The workflow developed is 
currently being applied to the temporal analysis of 
environmental stimuli. 
 
Modular architecture of nucleotide binding pockets 
Helmer-Citterich, M. Nucleic Acids Research. 2010. 
38:3809-3816.  
 
Recently, modularity has emerged as a general attribute of 
complex biological systems. This is probably because 
modular systems lend themselves readily to optimization 
via random mutation followed by natural selection. 
Although they are not traditionally considered to evolve by 

this process, biological ligands are also modular, being 
composed of recurring chemical fragments, and moreover 
they exhibit similarities reminiscent of mutations (e.g. the 
few atoms differentiating adenine and guanine). Many 
ligands are also promiscuous in the sense that they bind to 
many different protein folds. Here, we investigated whether 
ligand chemical modularity is reflected in an underlying 
modularity of binding sites across unrelated proteins. We 
chose nucleotides as paradigmatic ligands, because they 
can be described as composed of well-defined fragments 
(nucleobase, ribose and phosphates) and are quite 
abundant both in nature and in protein structure 
databases. We found that nucleotide-binding sites do 
indeed show a modular organization and are composed of 
fragment-specific protein structural motifs, which parallel 
the modular structure of their ligands. Through an analysis 
of the distribution of these motifs in different proteins and 
in different folds, we discuss the evolutionary implications 
of these findings and argue that the structural features we 
observed can arise both as a result of divergence from a 
common ancestor or convergent evolution. 
 
Superpose3D: a local structural comparison program 
that allows for user-defined structure representations 
Helmer-Citterich, M. PLoS One. 2010. 5(8):e11988 
 
Local structural comparison methods can be used to find 
structural similarities involving functional protein patches 
such as enzyme active sites and ligand binding sites. The 
outcome of such analyses is critically dependent on the 
representation used to describe the structure. Indeed 
different categories of functional sites may require the 
comparison program to focus on different characteristics of 
the protein residues. We have therefore developed 
superpose3D, a novel structural comparison software that 
lets users specify, with a powerful and flexible syntax, the 
structure description most suited to the requirements of 
their analysis. Input proteins are processed according to 
the user's directives and the program identifies sets of 
residues (or groups of atoms) that have a similar 3D 
position in the two structures. The advantages of using 
such a general purpose program are demonstrated with 
several examples. These test cases show that no single 
representation is appropriate for every analysis, hence the 
usefulness of having a flexible program that can be tailored 
to different needs. Moreover we also discuss how to 
interpret the results of a database screening where a 
known structural motif is searched against a large 
ensemble of structures. The software is written in C++ and 
is released under the open source GPL license. 
Superpose3D does not require any external library, runs 
on Linux, Mac OSX, Windows and is available at 
http://cbm.bio.uniroma2.it/superpose3D. 
 
Cyclosporin A treatment of Leishmania donovani 
reveals stage-specific functions of cyclophilins in 
parasite proliferation and viability Späth GF. PLoS 
Negl Trop Dis. 2010 4(6):e729 
 
Cyclosporin A (CsA) has important anti-microbial activity 
against parasites of the genus Leishmania, suggesting 
CsA-binding cyclophilins (CyPs) as potential drug targets. 
However, no information is available on the genetic 
diversity of this important protein family, and the 
mechanisms underlying the cytotoxic effects of CsA on 
intracellular amastigotes are only poorly understood. Here, 
we performed a first genome-wide analysis of Leishmania 
CyPs and investigated the effects of CsA on host-free L. 
donovani amastigotes in order to elucidate the relevance 
of these parasite proteins for drug development. 
METHODOLOGY/PRINCIPAL FINDINGS: Multiple 
sequence alignment and cluster analysis identified 17 
Leishmania CyPs with significant sequence differences to 
human CyPs, but with highly conserved functional residues 
implicated in PPIase function and CsA binding. CsA 
treatment of promastigotes resulted in a dose-dependent 



inhibition of cell growth with an IC50 between 15 and 20 
microM as demonstrated by proliferation assay and cell 
cycle analysis. Scanning electron microscopy revealed 
striking morphological changes in CsA treated 
promastigotes reminiscent to developing amastigotes, 
suggesting a role for parasite CyPs in Leishmania 
differentiation. In contrast to promastigotes, CsA was 
highly toxic to amastigotes with an IC50 between 5 and 10 
microM, revealing for the first time a direct lethal effect of 
CsA on the pathogenic mammalian stage linked to parasite 
thermotolerance, independent from host CyPs. Structural 
modeling, enrichment of CsA-binding proteins from 
parasite extracts by FPLC, and PPIase activity assays 
revealed direct interaction of the inhibitor with LmaCyP40, 
a bifunctional cyclophilin with potential co-chaperone 
function. CONCLUSIONS/SIGNIFICANCE: The 
evolutionary expansion of the Leishmania CyP protein 
family and the toxicity of CsA on host-free amastigotes 
suggest important roles of PPIases in parasite biology and 
implicate Leishmania CyPs in key processes relevant for 
parasite proliferation and viability. The requirement of 
Leishmania CyP functions for intracellular parasite survival 
and their substantial divergence form host CyPs defines 
these proteins as prime drug targets. 
 
"Identification of Leishmania-specific protein 
phosphorylation sites by LC-ESI-MS/MS and 
comparative genomics analyses" Hem S., Gherardini 
P.F., Osorio y Fortéa J., Hourdel V., Morales M.A., 
Watanabe R., Pescher P., Kuzyk M.A., Smith D., 
Borchers C.H., Zilberstein D., Helmer-Citterich M., 
Namane A., and Späth G.F. Proteomics. 2010 
10(21):3868-83 
 
Human pathogenic protozoa of the genus Leishmania 
undergo various developmental transitions during the 
infectious cycle that are triggered by changes in the host 
environment. How these parasites sense, transduce, and 
respond to these signals is only poorly understood. Here 
we used phosphoproteomic approaches to monitor 
signaling events in L. donovani axenic amastigotes, which 
may be important for intracellular parasite survival. LC-
ESI-MS/MS analysis of IMAC-enriched phosphoprotein 
extracts identified 445 putative phosphoproteins in two 
independent biological experiments. Functional enrichment 
analysis allowed us to gain insight into parasite pathways 
that are regulated by protein phosphorylation and revealed 
significant enrichment in our data set of proteins whose 
biological functions are associated with protein turn-over, 
stress response, and signal transduction. LC-ESI-MS/MS 
analysis of TiO(2)-enriched phosphopeptides confirmed 
these results and identified 157 unique phosphopeptides 
covering 181 unique phosphorylation sites in 126 distinct 
proteins. Investigation of phosphorylation site conservation 
across related trypanosomatids and higher eukaryotes by 
multiple sequence alignment and cluster analysis revealed 
L. donovani-specific phosphoresidues in highly conserved 
proteins that share significant sequence homology to 
orthologs of the human host. These unique 
phosphorylation sites reveal important differences between 
host and parasite biology and post-translational protein 
regulation, which may be exploited for the design of novel 
anti-parasitic interventions. 
 
The Antitumoral Depsipeptide IB-01212 Kills 
Leishmania through an Apoptosis-like Process 
Involving Intracellular Targets. Rivas, L./Albericio, F. 
Molecular Pharmaceutics. 2010. 7(5):1608-1617 
 
IB-01212, an antitumoral cyclodepsipeptide isolated from 
the mycelium of the marine fungus Clonostachys sp., 
showed leishmanicidal activity at a low micromolar range 
of concentrations on promastigote and amastigote forms of 
the parasite. Despite its cationic and amphipathic 
character, shared with other membrane active antibiotic 
peptides, IB-01212 did not cause plasma membrane 

lesions large enough to allow the entrance of the vital dye 
SYTOX green (MW = 600), even at concentrations causing 
full lethality of the parasite. Having ruled out massive 
disruption of the plasma membrane, we surmised the 
involvement of intracellular targets. Proof of concept for 
this assumption was provided by the mitochondrial 
dysfunction caused by IB-01212, which finally caused the 
death of the parasite through an apoptotic-like process. 
The size of the cycle, the preservation of the C2 symmetry, 
and the nature of the bonds linking the two tetrapeptide 
halves participate in the modulation of the leishmanicidal 
activity exerted by this compound. Here we discuss the 
potential of IB-01212 as a lead for new generations of 
surrogates to be used in chemotherapy treatments against 
Leishmania . 
 
Characterization of the leishmanicidal activity of 
antimicrobial peptides. Rivas, L. Methods in Molecular 
Biology. 2010. 618:393-420 
 
This chapter describes the basic methodology to assay the 
activity of antimicrobial peptides (AMPs) on Leishmania, a 
human protozoan parasite. The protocols included can be 
methodologically divided into two major blocks. The first 
one addresses the basic technology for growth of the 
different stages of Leishmania, assessment of 
leishmanicidal activity, and monitoring of plasma 
membrane permeabilization. The second block 
encompasses the monitoring of bioenergetic parameters of 
the parasite, visualization of structural damage by 
transmission electron microscopy, or those methods more 
closely related to the involvement of intracellular AMP 
targets, as subcellular localization of the peptide and 
induction of parasite apoptosis. 
 
Lysine N(epsilon)-trimethylation, a tool for improving 
the selectivity of antimicrobial peptides. Rivas, L./ 
Andreu D. Journal of Medicinal Chemistry. 2010. 53(15) 
5587-96 
 
The effects of lysine N(epsilon)-trimethylation at selected 
positions of the antimicrobial cecropin A-melittin hybrid 
peptide KWKLFKKIGAVLKVL-amide have been studied. 
All five monotrimethylated, four bis-trimethylated plus the 
per-trimethylated analogues have been synthesized and 
tested for antimicrobial activity on Leishmania parasites 
and on Gram-positive and -negative bacteria, as well as for 
hemolysis of sheep erythrocytes as a measure of 
cytotoxicity. The impact of trimethylation on the solution 
conformation of selected analogues has been evaluated by 
NMR, which indicates a slight decrease in the alpha-helical 
content of the modified peptides, particularly in the N-
terminal region. Trimethylation also enhances the 
proteolytic stability of mono- and bis-trimethylated 
analogues by 2-3-fold. Although it tends to lower 
antimicrobial activity in absolute terms, trimethylation 
causes an even higher decrease in hemolytic activity and 
therefore results in improved selectivity for several 
analogues. The monotrimethylated analogue at position 6 
shows the overall best selectivity against both the 
Leishmania donovani protozoan and Acinetobacter 
baumannii, a Gram-negative bacterium of increasing 
clinical concern. 
 
New benzophenone-derived bisphosphonium salts as 
leishmanicidal leads targeting mitochondria through 
inhibition of respiratory complex II. Dardonville 
C/Rivas L. Journal of Medicinal Chemistry. 2010. 
53(4):1788-98 
 
A set of benzophenone-derived bisphosphonium salts was 
synthesized and assayed for lethal activity on the human 
protozoan parasite Leishmania. A subset of them, mostly 
characterized by phosphonium substituents with an 
intermediate hydrophobicity, inhibited parasite proliferation 
at low micromolar range of concentrations. The best of this 





In the absence of safe and efficient vaccines, 
chemotherapy, together with vector control, remains the 
most important measures to control trypanosomatid 
diseases. Here, we review current limitations of anti-
trypanosomatid chemotherapy and describe new efforts to 
safeguard existing treatments and to identify novel drug 
leads through the three multinational and interdisciplinary 
European Union Framework Programmes for Research 
and Technological Development (FP7) funded consortia 
KALADRUG-R, TRYPOBASE, and LEISHDRUG. 
 
Structural motifs recurring in different folds recognize 
the same ligand fragments. Helmer-Citterich, M. BMC 
Bioinformatics. 2009. 10:182  
 
The structural analysis of protein ligand binding sites can 
provide information relevant for assigning functions to 
unknown proteins, to guide the drug discovery process and 
to infer relations among distant protein folds. Previous 
approaches to the comparative analysis of binding pockets 
have usually been focused either on the ligand or the 
protein component. Even though several useful 
observations have been made with these approaches they 
both have limitations. In the former case the analysis is 
restricted to binding pockets interacting with similar 
ligands, while in the latter it is difficult to systematically 
check whether the observed structural similarities have a 
functional significance. RESULTS: Here we propose a 
novel methodology that takes into account the structure of 
both the binding pocket and the ligand. We first look for 
local similarities in a set of binding pockets and then check 
whether the bound ligands, even if completely different, 
share a common fragment that can account for the 
presence of the structural motif. Thanks to this method we 
can identify structural motifs whose functional significance 
is explained by the presence of shared features in the 
interacting ligands. CONCLUSION: The application of this 
method to a large dataset of binding pockets allows the 
identification of recurring protein motifs that bind specific 
ligand fragments, even in the context of molecules with a 
different overall structure. In addition some of these motifs 
are present in a high number of evolutionarily unrelated 
proteins. 
 
Amphibian antimicrobial peptides and Protozoa: 
lessons from parasites. Rivas, L/Andreu,D. Biochim 
Biophys Acta. 2009. 1788(8):1570-81  
 
Antimicrobial peptides (AMPs) from amphibians and other 
eukaryotes recognize pathogenicity patterns mostly related 
to differences in membrane composition between the host 
and a variety of bacterial, fungal and protozoan pathogens. 
Compared to the other two groups, protozoa are fairly 
neglected targets in antimicrobial chemotherapy, despite 
their role as causative agents for scourges such as 
malaria, amoebiasis, Chagas' disease or leishmaniasis. 
Herein we review the scarce but growing body of 
knowledge addressing the use of amphibian AMPs on 
parasitic protozoa, the adaptations of the protozoan to 
AMP pressure and their impact on AMP efficacy and 
specificity, and the current and foreseeable strategies for 
developing AMPs into practical therapeutic alternatives 
against parasitic disease. 
 
Therapeutic index of gramicidinS is strongly 
modulated by D-phenylalanine analogues at the beta-
turn Andreu D./Cativiela C. Journal of Medicinal 
Chemistry. 2009. 52(3):664-74  
 
Analogues of the cationic antimicrobial peptide gramicidin 
S (GS), cyclo(Val-Orn-Leu-D-Phe-Pro)2, with d-Phe 
residues replaced by different (restricted mobility, mostly) 
surrogates have been synthesized and used in SAR 
studies against several pathogenic bacteria. While all D-
Phe substitutions are shown by NMR to preserve the 
overall beta-sheet conformation, they entail subtle 

structural alterations that lead to significant modifications in 
biological activity. In particular, the analogue incorporating 
D-Tic (1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid) 
shows a modest but significant increase in therapeutic 
index, mostly due to a sharp decrease in hemolytic effect. 
The fact that NMR data show a shortened distance 
between the D-Tic aromatic ring and the Orn delta-amino 
group may help explain the improved antibiotic profile of 
this analogue. 
 
“The flagellum-MAP kinase connection in 
Trypanosomatids: a key sensory role in parasite 
signaling and development?”. Rotureau B, Morales 
MA, Bastin P, Späth G.F. Cell Microbiol. 2009. 
11(5):710-8 
 
Trypanosomatid parasites are the causative agents of 
severe human diseases such as sleeping sickness, 
Chagas disease and leishmaniases. These 
microorganisms are transmitted via different insect vectors 
and hence are confronted to changing environments 
during their infectious cycle in which they activate specific 
and complex patterns of differentiation. Several studies in 
Trypanosoma brucei and in different subspecies of 
Leishmania have shed light on the role of mitogen-
activated protein (MAP) kinases in these processes. 
Surprisingly, several MAP kinases turned out to be 
involved in the control of flagellum length in the 
promastigote stage of Leishmania. Recently, a sensory 
function has been recognized for cilia and flagella in 
unicellular and multicellular eukaryotes. This review aims 
to stimulate discussions on the possibility that the 
Trypanosomatid flagellum could act as a sensory organ 
through the MAP kinase pathway, with the objective to 
encourage investigation of this new hypothesis through a 
series of proposed experimental approaches. 
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The strength of the consortium lies in the highly multi-
disciplinary approach combining complementary expertise in 
imaging and cell biology (IP, IPK), peptide biochemistry (CSIC, 
UPF), genomics (IPT, CRG, UR2) and proteomics (IP, IIT, PHX), 
drug development and structural biology (CNRS, TUBS, IPM), 
and finally in vivo assessment of leishmanicidal activity and 
pharmacokinetics of lead compounds (LSHTM). 

1. Identification of anti-parasitic hit compounds using a dual 
strategy based on phenotype- and target-based screening 
approaches in combination with kinase-biased compound and 
peptide libraries (WP1 and WP2).

2. Hit-to-lead validation in mouse and macrophage infection 
models using peptide-based delivery strategies (WP3 and 
WP4).

3. Lead characterization involving identification of compound 
targets (WP5), and SAR analysis using complementary bio-
informatics and structural approaches (WP6).

The consortium is based on three clusters with two work 
packages that follow the major stages of the drug development.
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Amastigote development and growth are highly dynamic events 
regulated by signaling cascades involving

(i) extracellular signals encountered in the host cell 
phagolysosome such as acidic pH and elevated temperature, 

(ii) stage-specific signaling molecules that are able to sense 
these cues such as extracellular-regulated kinases, and 

(iii) downstream phosphorylated substrates that are potentially 
implicated in virulence and pathogenicity. 

LEISHDRUG uses a highly interdisciplinary approach to reveal 
Leishmania signaling molecules associated with amastigote
virulence, with the major aim to exploit parasite-specific 
pathways for anti-leishmanial drug development. Translating 
results into clinical applications is our ultimate goal.
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A. Endemic areas of cutaneous and visceral leishmaniasis. 2 million new cases (1.5 million for CL and 500 000 for VL) are
considered to occur annually, with an estimated 12 million people presently infected worldwide1.
B. Clinical manifestation of cutaneous (upper panel) and visceral (lower panel) leishmaniasis. Cutaneous leishmaniasis, 
also known as Œaleppo boil•, is caused by different species of Leishmania, including L.major, L.infantum and L.braziliensis. 
It is characterised by skin ulcers which heal spontaneously, leaving a scar. Visceral leishmaniasis, also known as Œkala
azar• is characterized by fever, anemia and liver- and splenomegaly. It is caused by L.donovani, L.infantum and L.chagasi.
Untreated the disease leads to death. Current treatment consists of pentavalent antimonies, amphotericin B and 
miltefosine. Side effects and emerging drug resistances urge for the discovery of new drug targets2.
(image sources: WHO; E.Prina, Institut Pasteur; Nature Reviews in Microbiology)
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Leishmania promastigotes which are taken up by macrophages have to face substantial changes
in their environment: increase in temperature, low pH of macrophage phagosome. Conversion of 
promastigotes to Œaxenic• (host free) amastigotes can be triggeredin vitro by incubating parasites
at low pH and high temperature3.

(image source: http://en.wikipedia.org/wiki/Leishmaniasis)

Leishmaniasis is the 2 nd largest parasitic killer after Malaria Leishmania is transmitted by sandflies
Hypothesis: Leishmania kinases are important 

in amastigote virulence
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Sample preparation is crucial for
signal intensity
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Signal intensity is markedly reduced in a 2D in-gel kinase assay

Figure 4: 
A. Separation of total lysates. L.donovani amastigote parasites were resuspended in PBS and subjected to six consecutive freeze and thaw-cycles as previously described7. 100µg lysate was precipitated and washed using 2D clean-up kit (GE Lifescience). Pellets were resuspended in 
IEF sample buffer. Samples were seperated by isoelectric focusing using basic cup loading on pH4-7 11cm Immobiline strips.Second dimension was performed on a 12% SDS-PAGE w/o copolymerized substrate. In-gel kinase assay was performed as described in Figure 1, using 200µCi 
32P-�JATP/gel. Gels were stained by silver staining, dried and exposed to X-ray films.
B. Separation of phosphoproteins . L.donovani amastigotes were lysed and phosphoproteins were purified as previously described4. 100µg phosphoproteins were separated by isoelectric focusing on pH4-7 11cm Immobiline strips. Second dimension was performed on a 12% SDS-
PAGE w/o copolymerized substrate. In-gel kinase assay was performed as described in Figure 1, using 200µCi 32P-gATP/gel. Gels were stained by silver staining, dried and exposed to X-ray films. Note the different activity spot pattern as compared to total lysates.

Figure 1: 
A. Schematic representation of the in-gel kinase assay. Samples are run on a SDS-PAGE including co-polymerized substrate protein or peptide or without. SDS is washed away and 
proteins are renatured. Renaturation is facilitated if a denaturation step with guanidin hydrochlorid is preceeding. Phosphotransferase activity is monitored by using 32P-�JATP6.
B. Amastigotes show more autophosphorylation activities than promastigotes. 30µg of each L.donovani promastigote or axenic amastigote lysates were seperated by SDS-PAGE 
w/o copolymerized substrate. Gels were subjected to in-gel kinase assay using 100µCi/gel 32P-�JATP in the presence or absence of 30µM ATP (-/+ ATP).
C. Autophosphorylation activities can be inhibited by kinase inhibitors. In-gel kinase assay was performed as under A with the following changes: the indicated inhibitors were
included in the kinase buffer 30 min. before and during kinase reaction. DMSO was used as negative control.

€1D IGKA reveals increased kinase activity in the infective
amastigote stage

€copolymerization of canonical substrates increases signal
intensity

€protein enrichment and samp le preparation is crucial for
signal intensity

€renaturation process limits the detection of kinases

Figure 3: 
A. CE: crude extract;L.donovani axenic amastigote parasites
were resuspended in PBS and subjected to six consecutive
freeze and thaw-cycles. 
CEP: crude extract precipitated; parasites were lysed as above. 
Lysates were acetone precipitated and washed using the 2D 
cleanup kit (GE Lifescience). Protein pellets were resuspended in 
Lämmli sample buffer.  
PE: phospho-extracts; L.donovani axenic amastigote parasites
were lysed and phosphoproteins isolated using the Qiagen
Phosphoprotein kit, according to the manufacturer•s protocol. 
Phoshpo-extracts were acetone precipitated and protein pellets
resuspended in Lämmli sample buffer. 
Each lane contains 30µg protein.
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Figure 2: 
109 L.donovani amastigotes were resuspended in lysis buffer (50mM Tris, pH8.0, 25mM NaCl, 1mM EDTA, 
2mM EGTA, incl. protease inhibitors) and subjected to six consecutive freeze and thaw-cycles according to 
previous publications7. Lysates were cleared by centrifugation and diluted with buffer A (50mM Tris, pH8.0), 
before applying to a MonoQ anion exchange column. Proteins were eluted by using a linear gradient from 0-
30% buffer B (1M NaCl, 10mM Tris, pH8.0), followed by a 100% buffer B step (left figure). The indicated
fractions were concentrated using NanoSep 10K spin concentrators. Fractions were analyzed by SDS-PAGE 
and subsequent in-gel kinase assay (w/o copolymerized substrate) (right figure).
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Bioinformatic classification of potential
kinases in L.major 5

- no Tyr-kinases identified
- few kinases with TM prediction
- expansion of STE and CMGC group
- no expression and activity data available

The role of kinases in parasite virulence
Recently we could identify a plethora of phosphoproteins in both promastigotes
and amastigotes (right figure: IMAC-isolated phosphoproteins; ProQ: phospho-
protein staining). We could show that protein phosphorylation is increased in the 
amastigote stage, indicating the presence and importance of protein kinases for 
parasite virulence4. Newly identified parasite kinases would be good drug targets
for disease intervention.

1. http://www.who.int/leishmaniasis/en

2. Chappuis F. et al., Nat. Rev. Microbiol. 2007 Nov; 5(11):873-82

3. Barak E. et al.; Mol. Biochem. Parasitol. 2005 May;141(1):99-108

4. Morales MA. et al., Proteomics. 2008 Jan; 8(2):350-63

5. Parsons M. et al.; BMC Genomics. 2005 Sep 15;6:127

6. Wooten MW., Sci STKE. 2002 Oct 8;2002(153):PL15

7. Bente M. et al., Proteomics. 2003 Sep;3(9):1811-29

Figure 5: 
200µg/ml of the indicated substrates were copolymerized in 10% SDS-
polyacrylamid gels. 30µg of L.donovani promastigote or amastigote
lysates were separated by electrophoresis. The gels were subjected to 
an in-gel kinase assay performed as described before.Gels were
stained, dried and exposed to X-ray films.

€We will try to enrich protein kinases using anion exchange and immobilized
metal affinity chromatography

€2D in-gel kinase assay will be performed using copolymerized canonical
substrates

€We will try to adapt the in-gel kinase protocol to native PAGE in order to 
circumvent the limitations of the renaturation process

A B C

A B

In-gel kinase assay would allow to identify activity of parasite kinases under physiological conditions.

Conclusions

Kinases activities can be separated
by anion exchange chromatography

untreated �OPPase
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amastigote lysates
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The Leishmania MAP kinase MPK10 shows stage-
specific activity in the pathogenic amastigote form
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Figure 1: 
A. In vivo localisation of MPK10. L.donovani parasites were transfected with an episomal
expression construct coding for the N-terminal GFP-tagged LmaMPK10. Live promastigotes or
amastigotes were immobilised on poly(l-lysine)-coated 35 mm glass bottom dishes (MatTek
Corporation, USA) and counterstained with 5 ��g/ml Hoechst33342 Fluorescent imaging was 
performed using a spinning disk confocal Revolution XD from Andor Technology (UK) mounted on an 
inverted Axiovert 200M microscope from Carl Zeiss (Germany) using a 100× NeoFluor NA1.3 oil
immersion objective (Carl Zeiss).

B. Subcellular localisation of endogenous MPK10 in L.major. Fv1 parasites. 3·107 cells were
lysed using the Qiagen Qproteome Subcellular fractionation kit. Fractions were acetone precipitated, 
separated by SDS-PAGE and analyzed by immunoblotting using anti-MPK10 antibody. C: cytoplasm
M: membrane N: nucleus CS: cytoskeleton.

Figure 3: 
A. MPK10 is present in different isoforms. GFP-MPK10 was immunoprecipitated using anti-GFP antibodies from extracts of transgenic
L.donovani parasites. Immunoprecipitates were seperated by SDS-PAGE, gels were stained by Sypro Ruby and bands were analyzed using
mass spectrometry. Identified peptides covered the whole protein, including N- and C-terminus for all of the identified MPK10 bands.

B. MPK10 is present in different isoforms. 1/5th of the anti-GFP immunoprecipitation from A was analyzed by immunoblotting using anti-
GFP antibodies.

C. MPK10 is posttranslationally modified. GFP-MPK10 transgenic L.donovani parasites were starved from Cysteine and Methionine for
two hours and subsequently metbolically labeled using 200µCi/ml 35S-Cysteine/ Methionine. 1ml aliquots were taken at the indicated time 
points, washed 1x with PBS and subjected to cell lysis. GFP-MPK10 was immunoprecipitated using anti-GFP antibodies, subjected to SDS-
PAGE and incorporation of 35S was monitored by fluorography.

Figure 4: A. MPK10 associates with LinJ29.0020 in promastigotes but not amastigotes. Promastigotes or axenic amastigotes of GFP-MPK10 transfected L.donovani
parasites were subjected to cell lysis.GFP-MPK10 was immunoprecipitated using anti-GFP antibodies and subsequently analyzed by SDS-PAGE and Sypro Ruby staining. The
identity of protein bands were determined my mass spectrometry.

B. LinJ29.0020 association is restricted to the MAP kinases MPK4 and MPK7. L. donovani promastigotes, transfected either with empty plasmid or GFP-tagged MPK4, 
MPK7 or MPK10 were subjected to cell lysis and subsequent immunoprecipitation using anti-GFP antibodies. Immunoprecipitates were analysed as in A.

C. LinJ29.0020 is a potential SPT16 Leishmania orthologue. Potential domain structure of 29.0020, as revealed by NCBI DART, InterPro and PFAM. Boxes on the right side
indicate the function of SPT16 in yeast and human.
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Figure 5: 
A. Bacterial expression construct. ST: Strep3-tag. The GST moiety is cleavable by factor Xa protease.  
B. Typical purification of GST-Strep3-MPK10. ST:StrepTactin-Sepharose GF: gel filtration
C. Typical elution profile of a Strep3-MPK10 gel filtration chromatography on a Superdex200 column. Small insert: Initial crystal formation. Crystals didn´t show X-ray diffraction.
E. Schematic of tryptic digestion.
F. 50µg of Strep3-MPK10 were digested with 0.25µg trypsin at RT. Aliquots were taken at the indicated time points and the reaction was stopped either by adding Lämmli buffer (for N-
terminal sequencing) or by lowering the pH to 5.0 and subsequent freezing (for mass determination by SELDI-TOF). For N-terminal sequencing, samples were seperated by SDS-PAGE, 
transferred on PVDF membrane and stained by amidoblack. N-terminal sequencing was performed at the protein analysis platform at the Institut Pasteur. For mass determination, 
samples were immobilized on a H4 ProteinChip Array (C16 reversed phase surface) and masses identified by SELDI-TOF. 
G. N- and C-termini as identified by partial tryptic digestion.
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A. Endemic areas of cutaneous and visceral leishmaniasis. 2 million new cases (1.5 million for CL and 500 000 for VL) are
considered to occur annually, with an estimated 12 million people presently infected worldwide1.
B. Clinical manifestation of cutaneous (upper panel) and visceral (lower panel) leishmaniasis. Cutaneous leishmaniasis, 
also known as Œaleppo boil•, is caused by different species of Leishmania, including L.major, L.infantum and L.braziliensis. 
It is characterised by skin ulcers which heal spontaneously, leaving a scar. Visceral leishmaniasis, also known as Œkala
azar• is characterized by fever, anemia and liver- and splenomegaly. It is caused by L.donovani, L.infantum and L.chagasi.
Untreated, the disease leads to death. Current treatment consists of pentavalent antimonies, amphotericin B and 
miltefosine. Side effects and emerging drug resistances urge for the discovery of new drug targets2.
(image sources: WHO; E.Prina, Institut Pasteur; Nature Reviews in Microbiology)
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Leishmania promastigotes which are taken up by macrophages have to face substantial changes
in their environment: increase in temperature, low pH of macrophage phagosome. Conversion of 
promastigotes to Œaxenic• (host free) amastigotes can be triggeredin vitro by incubating parasites
at low pH and high temperature3.

(image source: http://en.wikipedia.org/wiki/Leishmaniasis)
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Figure 2: 
A. MPK10 shows increased activity in axenic L.donovani amastigotes. GFP-MPK10 was immoprecipitated
using anti-GFP antibodies from promastigote or axenic amastigote lysates. Immunoprecipitates were subjected to 
in vitro kinase assay using MBP as substrate. Incorporation of 32P-phosphate was measured by liquid scintillation.
MPK10 levels were controlled by SDS-PAGE and silver staining.
B. MPK10 activiy depends on both, temperature and pH shift. GFP-MPK10 was immoprecipitated using anti-
GFP antibodies from promastigote or axenic amastigote lysates. Immunoprecipitates were subjected to in vitro
kinase assay using MBP as substrate. Incorporation of 32P-phosphate into MBP was analyzed by SDS-PAGE 
and subsequent autoradiography. Aliquots of the immunoprecipitation were analyzed by SDS-PAGE and 
immunoblotting using anti-MPK10 antibodies. 
C. MPK10 can be phosphorylated by a 45kDa protein. 30µg lysate of L.donovani promastigotes or axenic
amastigotes were analyzed by SDS-PAGE and subsequent in-gel kinase assay with GST-Strep3-MPK10 as 
copolymerized substrate.
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MPK10 might play a pivotal role in Leishmania virulence

Strep3 tag LmaMPK10
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Upper panel:
domain structure and sequence conservation (as compared to human ERK1/2 and p38�J) of MPK10; note the variation of the DFG and TxY
motif; the GFP-tagged MPK10 construct has been described before6.

Lower panel:
We could previously demonstrate that MPK10 phosphorylation is increased in axenic amastigotes4. The upstream active kinase is unknown as 
well as substrates for MPK10. As their are no transcription factors known up today in Leishmania and transcription is constitutiva and 
polycistronic5, the identification of MPK10 substrates is of particular interest. It is therefore very likely that MPK10 acts as a regulator on the 
post-transcriptional and …translational level.

500aa
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mass (MPK10): 46.4 kDa
mass (GFP-MPK10): 73.3 kDa

GFP

conserved areas unique C-terminus

MPK10 isoforms LinJ29.0020 MPK10 structure & function

€ We will use Northern blot to reveal existance of 
different transcripts

€35S pulse-chase analysis will be performed to 
monitor production of MPK10 HMW species

€ Cell surface biotinylation will help us to reveal if 
MPK10 HMW species are TM proteins

€ Post-translational modifications will be identified by 
mass spectrometry analysis

€ We will perform localisation studies using
YFP-tagged LinJ29.0020

€ Pulldowns of LinJ29.0020 in nuclear and 
cytoplasmic extracts will be performed to 
identify associating partners

€In vitro interaction studies using bacterial
recombinant 29.0020 and histone proteins

€ We will try to improve MPK10 crystallisation by removal of C-terminus

€ Identification of the potential MPK10 upstream kinase will be performed by 
mass spectrometry

€ MPK10 point mutants inferred by homology to p38�J��will be analysed in respect 
of its activation

€ MPK10 gene replacement in L.major will be performed for virulence studies

€ MPK10 gene replacement in L.donovani is ongoing for the identification of 
substrates

€ Complementation studies in MAP kinase deficientAspergillus fumigatus are 
ongoing (collaboration with J.Wong and JP Latgé, Institut Pasteur)
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MPK10 phosphorylation in axenic
amastigotes suggests its implication
in virulence-relevant signalling
pathways.



4 solid-state excitation lasers
Infrared laser based autofocus system
1 non-confocal UV lamp
3 high sensitivity CCD cameras
4 magni“  cations: 
 10x air
 20x, 40x, 60x water

An innovative Leishmania amastigotes-targeting 
screening strategy

Leishmania  developmental stages

End of 90•s
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Flagellated 
promastigotes

��The amastigotes  
within acidic PVs of M�

Julie Desrivot, Geneviève Milon, Eric Prina. Immunophysiologie et Parasitisme Intracellulaire, Institut Pasteur, Paris
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L. amazonensis amastigotes 
within PVs Drug

Compound
Fluorescent reporters

recombinant mouse 
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Monitoring of:
- antileishmanial activity 

- M� cytotoxicity 

BALB/c mouse Nude mouse

37°C 34°C

The clinically 
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developmental 
stage  

for drug screening

Bone 
marrow

Plating of 
primary M� ��in 

microwell plates

Puri“ cation of genetically modi“ ed 
amastigotes, expressing the 
” uorescent DsRed2 molecule

Addition of 
” uorescent amastigotes 
to adherent M�

Microscopic monitoring  of phenotypic traits: 
�  amastigote numbers
� PV numbers/size
�  macrophage integrity

Negative control :
living amastigotes 

within M� PVs

Hit selection

Screening in 384-well plates

Positive control :
no more amastigote, 

no more PV detectable 

Toxic compound:
no more amastigote,

but high toxicity on M�

High-content  confocal microscopy read-out
Collaboration with the Plate-forme d•Imagerie Dynamique (PFID, Imagopole):

S. Shorte, N. Aulner, P.-H. Commere, A. Danckaert

Manual  distribution of M�, amastigotes and compounds

Screening in 96-well plates

Chromosomal integration of the 
DsRed2-specifying gene

Bacteriologic 
plastic labware

Automatic  distribution of M�, amastigotes and compounds
 Collaboration with the Organic chemistry unit team:
S. Pochet, H. Munier-Lehmann, A. Lupan, O. Helynck

Output:
- Leishmanicidal activity 

- M� toxicity

PVs (LysoTracker DND-26/green )
Amastigotes (DsR ed2/red )
M� nuclei (Hoechst/ blue )  

No toxicity toward M�

PerkinElmer Opera’ QEHS

Acapella algorithm segmentation of objects

M� nuclei:
510

Amastigotes within PVs: 
1765

PVs:
532

Hands-off quanti“ cation of: 

Leishmaniasis and Project

Leishmaniasis  is considered  as a neglected disease, with  few existing treatments  rarely used in endemic  areas because of cost, toxicity, parenteral  administration and 
emergence of resistance. This proteiform disease, characterized by skin or tissue damages, can lead to death if not treated. 
Our project aims to develop a hands-off Medium Throughput Screening from a manual Low Throughput Screening. The visual monitoring is being replaced by an ef“ cient 
high content confocal microscopy read out, enabling a simultaneous hands-off assessment of both antileishmanial activity and macrophage toxicity.
Abbreviations: M�  macrophages ; PVs parasitophorous vacuoles

Perspectives

1. From Low Throughput Screening to Medium Throughput Screening.
2. MTS campaigns
3. In vivo  assays
4. Hit to lead optimization
         .................. Leishmaniasis treatment

Abstract
Leishmania spp, Euglenozoa parasites, are the etiologic agents of a spectrum of diseases known as leishmaniases. Leishmania spp ex-
perience two developmental stages: the promastigote in blood-feeding insects, and the strictly intracellular amastigote in mamm als 
such as rodents, canids and humans. In mammals, parasites are hosted within acidic parasitophorous vacuoles of phagocytes, mainly 
macrophages. 
Existing therapies for leishmaniases frequently have signi“ cant untoward liabilities. Furthermore, there is an increased incidence of hu-
man cases over the past decades. These highlight the urge for discovering novel drugs targeting Leishmania spp. We developed an ad-
vanced screening strategy from a visual manual assay set up in our lab in the 90ties and anchored to a solid knowledge of the a masti-
gotes-hosting macrophage. This project is carried out through the LeishDrug FP7 consortium.
The original assay involved the use of i) the clinically relevant Leishmania amastigote stage, and ii) primary mouse macrophages. In 
these conditions, compounds were evaluated on multiplying intracellular amastigotes, mimicking the classical therapeutic conditions in 
patients.
The innovation presented in the current assay relies on the use of genetically modi“ ed L. amazonensis expressing a ” uorescent repor-
ter, as well as advanced automation and imaging technologies. It involves the hands-off i) distribution of biological material in 384-well 
plates by a liquid handling Tecan robot, ii) acquisition of high-content images by an Opera plate reader (PerkinElmer), and iii ) image 
analysis by the Acapella’ software. 
This innovative approach will allow the medium throughput evaluation of industrial and academic chemical libraries. In the sear ch for 
new antileishmanial compounds, our work is a dynamic process engaging advanced technology. 

Negative control

Dawn of 2010•s

M� housing amastigotes within PVs
No drug added
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Only one 3D structure of a protein kinase is currently known in Trypanosomatidae: the glycogen synthase kinase 

(GSK) from L. major (3E3P). Elucidating novel structures of trypanosomal protein kinases appears thus as a major 

goal to better understand signal transduction at the molecular level. The contributions from PK structural biology in 

human models are a clear example of the possibilities in basic and applied biomedicine.

90°

THE MAP KINASE PK10 FROM THE MAP KINASE PK10 FROM LEISHMANIA MAJOR : a structural approachLEISHMANIA MAJOR : a structural approach

The Ser / Thr protein kinases (STPKs) are ubiquitous molecules involved in signal transduction in pro and eukaryotes. SPTKs act 

as "molecular switches", showing at least 2 extreme three-dimensional conformations:  the active and inactive states. We aim to 

understand how these conformational changes control kinase catalysis and regulation. This work is focused in the study of MAPK 

('mitogen activated protein kinase') PK10 of Leishmania major. PK10 is associated with the parasite's differentiation during its 

complex life cycle, reported to be phosphorylated in the amastygote, replicative phase, inside the host macrophage. It also

displays regions expected to be distinct when compared to human MAPKs sequences. Altogether, this makes PK10 a potential 

therapeutic target to develop novel leishmanicidal drugs, which are badly needed. PK10 was expressed as a soluble recombinant 

protein with good yields, allowing its purification to homogeneity. Optimized crystallization conditions were identified using a 

truncated construct (PK10� C) that lacks the final 43 amino acids. The full length construct allowed us to obtain crystals that are  

currently being optimized. PK10� C crystals grew in the tetragonal space group P43212, diffracting to 2.2 angstroms resolution. 

Full data sets were collected with our home X ray source and processed with standard methods. The structure was solved by 

molecular replacement using human ERK2 as search probe. To our knowledge this represents the first 3D structure of a MAPK 

from a trypanosomatid species. We are now in the process of obtainining the crystal structure of the full-length PK10 species. As 

well, the determination of phosphorylated forms of PK10 is being attempted, since this would disclose the active configuration, 

broadening the spectrum of structural data to search for inhibitor molecules.

PK10 FL y �� C expression in Top10F• strain of E. coli at 20°C o.n.

SDS-PAGE 10 % stained with Coomassie Blue. Cells were harvest and 

lysated. Soluble (S) and Insoluble (P) fractions were obtained by 

centrifugation. (NI) corresponds to total protein extract of an non-induced 

culture and (T) to the one induced.

PK10 FL & �� C purification

45-
36-

29-

kDa

66-

MW  NI  S   FT  W   E7   E9  E11   F1   F3

Chromatogram (IMAC) of His_PK10 �� C. Fractions of different steps were 

analyzed by SDS-PAGE 10%. NI= Total protein fraction of an Non-induced 

culture. S=Soluble protein fraction of an Induced culture, FT= post column 

(flow-through), W= column wash, E7-F3=  different successive elution 

fractions.

PK10� C and FL were purified by IMAC. Histidine Tag was removed after 

the first chromatography by TEV protease treatment. Then, the sample 

was subject of a new IMAC purification and a size molecular exclusion 

chromatography.

MPK10 FL             MPK10 � C
MW   NI     S       P      T       NI      S        P     T

kDa

66-

45-

36-

29-

Expression and purification of PK10 

PK10 ("full length" or FL) codifying sequence and a truncated construction in the 

43 C terminal residues (� C), were subcloned in the vector  pQE80. The truncation 

PK10� C, was selected by limited proteolysis studies of PK10 FL in presence of 

trypsin. Analysis of fold probability (FOLDIndex server) revels a lack of structure of 

these residues.

PK10 structure model: First stru cture of MAP kinase of Leishmana

PK10 phases were obtained by molecular replacement (AMoRe), employing as a research probe the crystallographic structure of ERK2 (PDB 

3HV3, similarity 40%). The refinement strategy was based in using Phenix to refine (including a two domain TLS model, simulated annealing in the first 

stages, and a conservative global strategy given the low resolution), iterating with manual model building with Coot .  PK10DC structure model shows the 

inactive state of the kinase with the two classical ePKs lobes. The N-terminal lobe and the last C-terminal extension have differences with erk2. There is a 

new feature, an extra � -helice at the N terminal lobe, that appears to be distinctive of Leishmania kinases.

PK10� C grow in tetragonal crystals (space group P43212) that 

diffract to 2..2Å. X ray diffraction data were processed with the 

CCP4 package: Indexing and integration was done with MOSFLM, 

Scaling and merging with SCALA and Intensity reduction and data 

analysis with TRUNCATE.  For space group determination we 

analyzed symmetry elements and systematic extinctions in 

reciprocal space (using HKLVIEW) and peaks in the self-rotation

function maps (with MOLREP).

Sofía Horjales 1, Dirk Schmidt-Arras 2, Analía Lima 3, Carlos Batthyány 3, Rosario Duran 3, Gerald Spaeth 2 & 
Alejandro Buschiazzo 1

1_Unit of Protein Crystallography - Institut Pasteur Montevideo, 2_Virulence Parasitaire - Institut Pasteur Paris, 3_Biochemical and Proteomics Analysis Unit- Institut Pasteur Montevideo

PK10 FL y �� C crystals

Crystallization conditions were assayed for MPK10� C and FL 

using a Honeybee963 robot. We obtain hits that allowed us to 

optimized MPK10� C crystals. 

MPK10 �� C

Crystals were

obtained by sitting

drop- vapor

diffusion method 

Tris.HCl 0,1M pH 7,5

PEG400 12%

Isopropanol 5%

Glycerol 10%

Sodiumm Cacodylate 

0,1M pH 6,9

Ammonium sulphate 

1,26M

MPK10 FL

N terminal lobe

C terminal lobe

N terminal lobe

(ATP binding site)

C terminal lobe

(substrate peptide binding site and phosphotranspherence)

Basic ePK fold conserved in MAPKs.   A) Schematic representation of the ePK 

fold. B)12 ePK conserved motifs. 

A

B

PK10�� C X-ray diffraction data processing  

Chromatogram (GF) of PK10 �� C.  The fractions that corresponds to the main 

pick are pool it and concentrated by centricon. The protein solution is 

conserved at 4°C in Tris 20mM pH 8.5, NaCl 100mM

Structural comparison of Pk10( in magenta-purple)
with active ERK2 (2gph -in green-blue) shows that
we crystallized the inactive conformation of PK10� C

PK10 sequence analysis

Structural comparison of Inactive PK10 with Active ERK2 

N terminal lobe

C terminal lobe

ERKs, p38 and jnk, are the closest human relatives to PK10 sequence (40% similar). PK10, is a potentially 

interesting drug target because it has unique substitutions in very well conserved position of functional relevance. 

These positions are common to different ePK groups (AGC, GMGC, GaMK, among others) 

a= b=80.84

c=130.13

Cell dimensions (Å)

7.3 (7.1)Multiplicity 

Data Refinement

34.5-2.23Refinement Resolution

24.23R cryst

19.40R free

0.008RMS bonds (A)

1.241RMS angles

96.9 (78)Completeness (%)

589203/22133

N° of reflections observed

/unique

19.6 (6.2)I/� (I)

6.4 (2.9)Rmerge (%)

38.6-2.21 (2.33-2.21)Resolution (Å)

1,5418� (Å)

Data Collection 

�=�=�=90Angles (°)

P43212Space group

Cell Parameters�

Catalytic loop Activation Nt-segment APE region � F to � G region GMGC insertP loop

I II III IV V VIbVIa VII VIII IX X XI

PK10 �� C characterization

74

97
66

45

30

25

4 7

97

66

45

30

25

Pk10 control

Pk10 ATP 1 2 3
4

5 6 7

1 2 3
4

5 6 7

PK10 controlPK10 ATP

7,116,386,346,477

7,186,324,956,386

53,886,2542,466,315

20,536,1618,056,224

5,706,1121,226,143

4,136,063,956,062

1,466,013,035,981

% volumenpI% volumenpISmears

Perspectives

Purified fractions of PK10DC incubated or not with ATP were analyzed by bi-dimensional electrophoresis. We could identified 

different isoforms of the purified protein from E.coli. The incubation of the protein with ATP results in a relative change in isoforms 

proportion. MS analysis reveled different phosphorylated peptides (isoform 3) , some of them corresponds with the THY

sequence of the activation loop, expected to be phosphorylated in the activated state of the enzyme. We conclude the 

autophosphorylation occurs although, it is not very effective in the activity assay conditions.

Extensive structural and sequence alignments to identify key residues and regions within the MAP kinase family

Cloning and expression of L. major PK10, as a target with potential druggablility

Crystallization and determination of the crystal structure of PK10

Analysis of structural features that might be relevant for further drug design strategies

Experimental Strategy

Local contact potential surface of PK10 �� C

180°

PK10� C C-terminal extension is highlighted in green, and 
as many MAP kinase, it is located in the N terminal lobe

-Optimization of PK10FL crystals in order to obtain the full length protein structure

-Try to express PK10� C and/or FL in the phosphorylated active state and try to study the structure and conformational changes associated with activation

-Determine the crystal structures of PK10 in complex with ligands to characterize the nucleotide-binding cleft

-Expression, purification and structural characterization of other Leishmania MAP kinase targets, as input from our collaborators' bioinformatics and biological 

studies.

Introduction

Results



Ab st r ac tAbstract

Introduction and Objectives 
Leishmaniases are anthropozoonotic parasitic diseases causing severe morbidity and mortality throughout tropical and 

subtropical areas. The causative agents belong to the Leishmania genus, protozoan parasites that show a digenetic life 
cycle, alternating between phlebotomine sand ” ies and mammalian hosts. 

No vaccine is available at present and numerous factors limit the use of conventional therapies such as high cost, poor 
compliance, emerging drug resistance, low ef“ cacy and poor safety. There is thus an urgent need for innovative hit discov-
ery initiatives to feed the drug discovery pipeline with new chemical entities that show anti-leishmanial activity.

Within the FP7 LeishDrug consortium that targets the Leishmania kinome for anti-parasitic drug development we set up 
an innovative high-content cell-based assay  for selecting new leishmanicidal hits. This assay is a physiologically highly 
relevant system based on the use of primary mouse macrophages (M� s) and the amastigote vertebrate-speci“ c form of 
Leishmania. Compared to classical promastigote insect form-based screens, this assay more closely re” ects the natural 
cellular niche of cell-cycling amastigotes in acidic parasitophorous vacuoles (PVs) they remodel in M� s (     ). 

This poster presents the development of a miniaturized high-content cell-based screen with a hands-off image acquisition 
procedure and the overall drug discovery pipeline applied to compounds from kinase-targeted libraries.

Experimental system and workflow
Primary M� s are derived from BALB/c mouse bone-marrow progenitors and LV79 Leishmania amazonensis amastigotes 

expressing the DsRed2 ” uorescent reporter are harvested from cutaneous lesions of infected Swiss nude mice. M � s, amas-
tigotes, chemical compounds and ” uorescent reporters (Hoechst 33342 and LysoTracker’ Green DND-26) are dispensed 
sequentially in a 384 well plate by a robot (TECAN Freedom EVO®) in a BLS2 room (     ).

The ” uorescence-based visual screening relies on the image acquisition performed on living M �  cultures by an automatic 
confocal plate reader (OPERA QEHSTM, Perkin Elmer) and on image analysis using algorithms developed with the ACAPEL-
LATM software (     ). 

The analytical method used in this assay is based on robust statistic estimators involving appropriate controls for leish-
manicidal effects and toxic effects on M� s. It allows the identi“ cation of selective hits based on simultaneous monitoring of 
i) parasite load in M�  cultures either by counting the PVs or the amastigotes, ii) toxic effects on host cells by counting M�  
nuclei and assessing nuclear integrity (     ).

+ 5 hours

Flagellated 
promastigotes

��Amastigotes  
within acidic PVs of M��

Lei shm an iaLeishmania

l i f elife

cyclecycle

Resu l t sResults

€From 2468 compounds tested in the 
primary and the secondary screen-
ing campaigns 20 compounds dis-
play very interesting biological ac-
tivity down to the micromolar range.

€The more selective ones will be sub-
jected to secondary screens for fur-
ther characterization, target identifi-
cation and hit-to-lead optimization.

Workflow chartWorkflow chart High content confocal microscopy readoutHigh content confocal microscopy readout

Per k inElm er  Oper a™ QEHSPerkinElmer Opera™ QEHS

Acapel la Acapel la Obj ect  segment at ionObject segmentation

M�  nuclei :M� nuclei : PVs:PVs:

Hands-of f  quant i f icat ion of :  Hands-off  quant i f icat ion of :  

10x air10x air

+ 5 HOURS

Bacter iologic Bacteriologic 
plast ic labwareplastic labware

day 0 day 6 day 7 day 10

Chem icalsChemicals

Fl u o r escen tFluorescent
r ep o r t e r sreporters

rm M-CSF
50 ng/ml

BALB/c mouse

37°C 34°C

Bone Bone 
m ar r owmarrow

rm M-CSF
12 ng/ml

3 days3 days

Am ast igot esAmastigotes

Production of CSF-1 
responsive M�  from 

bone marrow progenitors

Fresh medium

day 3

1 hr

Image
acquis i t ion

Image
analysis

Nude mouse

Hands-off plating in 384-well plates

Output:
- Leishmanicidal activity 

- toxicity on M�

A n  i n n ov a t i ve  a n t i -l e i s h m a n i a l
d r u g  s c r e e n i n g  s t r a t e g y
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Toxicity Control 
(Cdead)

Positive Control 
(Cpos)

Nuclei (Hoechst)
PVs (Lysotracker)

Amastigotes Ds Red2

Pr im ar y  Primary MM��

Negative Control 
(Cneg)

Mammalian
host

This work was supported by the Institut Pasteur, Région Ile de France, GIS 
IBISA, IMAGOPOLE and the European community. We thank Hervé Lecoeur 
and Gérald Späth for critical discussions and Thierry Lang for the gift of 
transgenic L. amazonensis parasites expressing the DsRed2 ” uorescent reporter.

The clinically 
relevant 

developmental 
stage  

for drug screening

Insect
host

Qual i t y  con t r o lQuality control
FACS analysi sFACS analysis
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5. LmCK1a is active in promastigotes and amastigotes and inhibited 
by CK1 specific inhibitors.  

(A) We used total protein extracts from L. donovani bob promastigotes and axenic 
amastigotes and measured CK1 activity by using increasing concentration of CK-S. (B)
Phosphorylation of CK-S is dependent on CK1 activity as it was completely abrogated 
in presence of known CK1 inhibitors: D4476. 

We have affinity-purified recombinant LmCK1a tagged with His6, produced from E.coli, with Cobalt beads. We used CK-S, Casein or Mbp as substrates, the assays are done at 30¡C, for 30 min in the presence 
of 15 ! M of 33P-radiolabeled ATP. The reaction is stopped by adding loading buffer and running a SDS-page gel.  

BIOCHEMICAL CHARACTERISATION OF LEISHMANIA LmjF35.1010, a Casein Kinase 1   

6. D4476 kills axenic  promastigotes and amastigotes . 
8. Sixty eight compounds are LmCK1 specific   

9. Eighteen compounds active at 10 µM and eight at 1 µM on intracellular 
parasites.   

LmCK1a is a valid drug target  

(A) We selected compounds highly 
potent or selective toward LmCK1a and 
assessed their ability to reduce the 
metabolic activity of  L. donovani bob 
promastigotes and axenic amastigotes at 
50 �� M and 10 !M, using the AlamarBlue 
method. (B) We identified several 
compounds with an EC50 below 10 �� M. 
(C) These compounds were also tested 
on intracellular parasites, we classified 
the response in several categories from  
cat.0, no toxicity to cat. 5, high toxicity 
on intracellular parasites. We identified 
18 compounds that kill intracellular 
parasites at 10 �� M and 8 at 1�� M 
without having host toxicity.   

CONCLUSION 
We have validated chemically LmCK1a as a drug target by showing that the CK1 inhibitor D4476 could kill extra and intracellular parasites. We generated a recombinant rLmCK1a that we used to conduct a drug 
screening on 4028 compounds. We identified 128 compounds active on LmCK1a, from which 24 block promastigote and 32 promastigote and amastigote growth. Finally, 18 compounds were efficient on 
intracellular parasite at 10 �� M and 8 at 1 �� M. 

najma.rachidi@pasteur.fr 

Pharmacological validation of the leishmania Casein Kinase 
1 and identification of potential inhibitors of LmCK1a with 
anti-leshmanial activity.  

Najma RACHIDI 1,2 , Emilie DURIEU 1, Pascale PESCHER2, Nathalie AULNER4, Eline ROUAULT-
HARDOIN 5, Spencer SHORTE4, Genevi•ve MILON 5, Eric PRINA 2,5 , Gerald SP!TH 2 and Laurent 
MEIJER 1,3  

*  C.N.R.S., Protein Phosphorylation & Human Disease Group, Station Biologique, 29682 Roscoff, FRANCE 
& Parasitologie molŽculaire et Signalisation, Institut Pasteur, Paris 

ABSTRACT 
Leishmania Casein Kinase 1 (CK1) family members represent promising therapeutic targets. Although Leishmania CK1a (LmjF35.1010) has been proposed as a drug target based on studies using promastigotes, 
chemical validation of this kinase family in amastigotes is lacking. Here we show that the CK1-specific inhibitor D4476 blocks promastigote and axenic amastigote growth in vitro and decreases the number of 
intracellular amastigotes. In vitro kinase assay using parasite extracts and a canonical CK1 substrate, revealed robust CK1 activity in L. donovani promastigotes and axenic amastigotes, which was inhibited by 
D4476. Utilizing purified recombinant protein, we showed that CK1a is susceptible to D4476 and identified potential inhibitors with IC50 between 0.07 and 9.5 �� M after screening of 5,000 compounds. The 
selected inhibitory scaffold was potent also against extra- and intracellular parasites. Our data reveal important roles of CK1 kinases in intracellular survival and validate CK1a as therapeutic target with good 
druggability.  

1. LmCK1a phosphorylates CK-S, casein and other substrates.  

We first checked that LmCK1a but not LmCK1a-K40A (kinase-dead) could phosphorylate CK1 substrates : CKS 
(RRKHAAIG(pS)AYSITA) and Casein (A). We also tested other substrates such as Mbp or Histone H1 (B). 
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4. LmCK1 is expressed in axenic promastigotes and amastigotes.  

To address whether LmCK1a is expressed in axenic parasites, we raised antibodies 
against LmCK1a catalytic domain (SY3535). We also used an anti human CK1 to 
validate SY3535 antibody. The two antibodies recognise recombinant LmCK1a (1) and 
a band just above 39KDa corresponding to LmCK1a in total protein extracts from L. 
donovani bob promastigote (2) and axenic amastigote (3).  

<=4545" >#9,"

51 KDa"

39 KDa"

"","""""""""""""""""""?"""""""""""""""""""4""","""""""""""""""""""?"""""""""""""""""""4"

1: purified recombinant LmCK1a.  
2: axenic promastigotes.  
3:  axenic amastigotes. 
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Small/medium throughput screening  

 EC50 of known CK1 inhibitors on  axenic Leishmania donovani bob promastigotes and amastigotes.!We tested CK1 known inhibitors on 
axenic parasites using the 
AlamarBlue method. We found that 
D4476 could decrease the 
percentage of metabolically active 
cells, with an EC50 of 30 to 40 " M. 

7. D4476 reduces intracellular parasite survival.  

We have tested 4028 compounds from various libraries on both LmCK1a and SsCK1 (mammalian CK1).  

We also asked whether D4476 could 
affect intracellular parasite survival. (A) 
We counted the percentage of infected 
macrophages in presence of 50 " M 
D4476 or 1 " M Amphotericin B. D4476 
decreases the percentage of infected 
macrophages indicating that inhibition 
of CK1 could reduce intracellular 
parasite survival. (B) Macrophages 
were infected by L. amazonensis 
DsRed2 in a 384-well optical bottom 
plates. The parasitophorous vacuole 
(PV) was marked by Lysotracker. After 
addition of DMSO or D4476 at 10 µM, 
disappearance of the Red marker 
(parasites) and the green marker (PV) 
was followed using the Opera system. 
We found that most of the 
macrophages lost their PV and 
parasites, suggesting that D4476 can 
kill intracellular parasites even at low 
concentrations. 

2. LmCK1a is sensitive to pH variation and to temperature.  

LmCK1a activity was tested  
at various pH and at two 
temperatures. (A) LmCK1a 
is inactive at acidic pH, its 
optimum pH is around 
7,5-8. (B) Morever, LmCK1a 

is more active at 30EšC than 

at 37EšC. 0 
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3. LmCK1a is inhibited by known CK1 inhibitors.  

We tested several known 
CK1 inhibitors. LmCK1a is 
inhibited by D4476 and 
CKI-7.  

0 

20 

40 

60 

80 

100 

120 

DMSO D4476 IC261 CK1-7 

%
 o

f r
es

id
ua

l a
ct

iv
ity

  

DMSO D4476 

!"

;"

We identified 128 active compounds on LmCK1a. Despite the close relation between LmCK1a and the 
mammalian CK1, only 37 compounds have the same potency on both CK1. These data suggest that 
the two proteins are sufficiently divergent to allow the identification of compounds that would inhibit 
LmCK1a without impairing SsCK1. 
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ABSTRACT 
TLeishmaniasis affects more than 10 million people with 2 million new cases each year. It is thus crucial to identify better treatments, choosing protein kinases as therapeutic targets. Here we present the 
biochemical characterisation of Leishmania major Casein Kinase 1 (LmCK1) and results from the first LmCK1-based drug screening. 
LmCK1 is a good candidate as a drug target. Indeed inhibition of LmCK1 blocks promastigotes growth but could also contribute to restore the host defence system. Liu et al (2009) have shown that LmCK1, an 
ecto-protein kinase, could phosphorylate host proteins involved in type I interferon signalling, affecting anti-viral defences. These findings suggest that 1- LmCK1 could be phosphorylating many more host 
proteins in order to rearrange the host cell to suit its requirement. 2- potent and selective inhibitors could be designed regardless of their ability to cross the plasma membrane, as the target is extracellular, 
considerably lowering the side effects. Therefore LmCK1 is a good target not only to impair parasite survival but to restore the host defence system.  
We have previously demonstrated, using purvalanol B (a kinase inhibitor identified in a CDK1/cyclin B screen) immobilized on sepharose beads, that we could affinity purified LmCK1 but not mammalian CK1. 
This data suggests that the two proteins are sufficiently divergent to allow the identification of LmCK1 specific compounds. Here we demonstrate that LmjF35.1010, putative LmCK1 found in our affinity 
chromatography experiment, is a casein kinase 1. It phosphorylates CK1 specific peptide, but not casein kinase 2 specific peptide and it is not inhibited by low concentration heparin. We also show that a CK1 
activity is found in L. donovani axenic promastigotes and amastigotes lysates. This activity can be inhibited by specific CK1 inhibitors such as D4476 or CK1-7. We generated a recombinant rLmCK1 that we used 
to conduct a drug screening and screened 3,710 compounds. 51 out of the 116 compounds that inhibit rLmCK1 by more than 40% are rLmCK1 specific. The IC50 varies between 0.07 and 9 �� M. Results from 
this first screen are currently used to select an inhibitory scaffold from which analogues and derivatives could be designed 

2. 35.1010 is a Casein Kinase 1 and not a Casein Kinase 2.  

To discriminate between CK1 
and Casein Kinase 2 (CK2), 
we checked that 
LmjF35.1010 could 
phosphorylate CK1 specific 
peptide (CK1-S) but not CK2 
specific peptide(CK2-S).  0 
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3. LmCK1 is inhibited by CK1 specific inhibitors.  

rLmCK1 is also inhibited by known CK1 inhibitors : IC261 (CK1! , CK1"), 
D4476 and CKI-7. The pattern of inhibition is slightly different whether the 
phosphorylation is toward a peptide (CKS) or toward a protein (Casein). 
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4. LmCK1 is active in promastigotes and amastigotes  
and inhibited by CK1 specific inhibitors.  
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To address whether we could detect CK1 activity in Leishmania , we used lysates 
from L. donovani promastigote and amastigote and mesure their activity toward CKS. 
The phosphorylation of CKS by the lysates that we detected, is dependent on CK1 
activity as it was completely abrogated in presence of known CK1 inhibitors : IC261, 
D4476 and CKI-7.  
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5. Materials & methods  
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7. 51 inhibitors are LmCK1 specific   
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8. 26 LmCK1 specific inhibitors show an IC50 between 1,5 and 9 !M  
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1. 35.1010 phosphorylates  CKS, casein and other substrates.  
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To address whether LmjF35.1010 is a Casein kinase 1, we first checked 
that it could phosphorylate CK1 substrates : CKS (RRKHAAIG(pS)AYSITA) 
and Casein.  
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We have affinity-purified recombinant LmCK1 tagged with His6, produced 
from E.coli, with Cobalt beads. We used CKS, Casein and Mbp as substrates, 
the assays are done at 30¡C, for 30 min in the presence of 15 ! M of 33P-
radiolabeled ATP. The reaction is stopped by adding loading buffer and 
running a SDS-page gel.  
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BIOCHEMICAL CHARACTERISATION OF LEISHMANIA LmjF35.1010, a Casein Kinase 1   

SMALL/MEDIUM THROUGHPUT DRUG SCREENING  

6. Among the 3,710 compounds tested, 116 show an inhibitory 
activity toward LmCK 1 

We have assembled a large collection of molecules (>50000), mainly identified, among 
which we have run a total of 3710 from 3 chemical libraries : National Cancer Institut, 
Prestwick Chemical Library and ChemDiv 

The sequence alignment of the LmCK1 versus the SsCK1 kinase domains showed that 
the two proteins were very homologous. However 51 out of the 116 compounds that 
inhibit LmCK1 by more than 40% are LmCK1 specific. These data suggest that the 2 
proteins are sufficiently divergent to allow the identification of compounds that would 
inhibit LmCK1 without impairing SsCK1. 

We selected either the specific 
inhibitors, the compounds that have a 
better potency toward LmCK1 or 
inhibitors with an activity >80% and 
established dose-response curves to 
obtain the IC50 value. The 26 specific 
inhibitors have an IC50 between 1,5 
and 9 !M. Out of the non-specific 
inhibitors tested, only two were 
interesting as their IC50 were below 
1�� M.  

CONCLUSION 
We have demonstrated that LmjF35.1010, found in our affinity chromatography experiment, is a casein kinase 1 as it phosphorylates CK1 specific peptide, but not CK2 specific peptide. We have also showed 
that a CK1 activity is found in L. donovani axenic promastigotes and amastigotes lysates. This activity can be inhibited by specific CK1 inhibitors such as D4476 or CK1-7. We have generated a recombinant 
rLmCK1 that we used to conduct a drug screening on 3,710 compounds. 51 out of the 116 compounds that inhibit rLmCK1 by more than 40% are specific, among which 26 show an IC 50 between 1,5 and 9 
�� M. These compounds are currently used to select an inhibitory scaffold from which analogues and derivatives could be designed to lower the IC50 toward LmCK1 below 1 or even 0,1 �� M. We also have two 
compounds that are only partially specific but very active against LmCK1 : 0,06 and 0,5�� M, the synthesis of analogues could greatly improve their selectivity. 
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Identification of Leishmania Casein Kinase 1 specific inhibitors  
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5. LmCK1a is active in promastigotes and amastigotes and inhibited 
by CK1 specific inhibitors.  

To address whether CK1 activity could be detected in Leishmania, we used total 
protein extracts from L. donovani bob axenic promastigotes and amastigotes and 
measure CK1 activity by using increasing concentration of CK-S (A). Phosphorylation 
of CK-S is dependent on CK1 activity as it was completely abrogated in presence of 
known CK1 inhibitors: D4476 and SB203580 (B). 

We have affinity-purified recombinant LmCK1a tagged with His6, produced from E.coli, with Cobalt beads. We used CK-S, Casein or Mbp as substrates, the assays are done at 30¡C, for 30 min in the presence 
of 15 ! M of 33P-radiolabeled ATP. The reaction is stopped by adding loading buffer and running a SDS-page gel.  

BIOCHEMICAL CHARACTERISATION OF LEISHMANIA LmjF35.1010, a Casein Kinase 1   

6. D4476 kills axenic  promastigotes and amastigotes . 
8. 102 inhibitors are LmCK1 specific   

9. 75 compounds tested on axenic promastigotes and amastigotes at 10 !M.   

LmCK1a a valid drug target  

516 850 232 

Based on the alignment of LmCK1a kinase domain with that of mammalian CK1, the two proteins are 
very homologous. However 102 out of the 516 compounds that inhibit LmCK1a by more than 40% 
are Leishmanian specific. These data suggest that the two proteins are sufficiently divergents to 
allow the identification of compounds that would inhibit LmCK1a without impairing SsCK1. 

We selected, either compounds 
with a better potency toward 
LmCK1a or compounds with an 
inhibitory activity above 80% 
inhibition. We assessed the 
ability of these compounds to 
reduce the metabolic activity of 
axenic promastigotes (blue) and 
amastigotes (red) at 10 !M, 
using the AlamarBlue method. 
We found seven compounds that 
seems to reduce the percentage 
of metabolically active cells. 
They will be tested on 
intracellular parasites. 

CONCLUSION 
We have demonstrated that LmjF35.1010 is a casein kinase 1 so we will call it: LmCK1a. We have also shown that LmCK1a is expressed and active in L. donovani bob axenic promastigotes and amastigotes. 
This activity can be inhibited by specific CK1 inhibitors such as D4476. We have validated LmCK1a as a drug target chemically by showing that the CK1 inhibitor D4476 could kill axenic and intracellular 
parasites. We have generated a recombinant rLmCK1a that we used to conduct a drug screening on 5,006 compounds. 102 out of the 516 compounds that inhibit rLmCK1 by more than 40% are specifics. We 
have tested 75 compounds on axenic parasites and found a family of inhibitors that could be tested on intracellular parasites.  
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Leishmania Casein Kinase 1: a promising drug target.  
 Najma RACHIDI* , Emilie DURIEU* , Pascale PESCHER&, GŽrald SPAETH& and Laurent MEIJER*  
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ABSTRACT 
Leishmaniasis affects more than 10 million people with 2 million new cases each year, so it is thus crucial to identify better treatments. The European Leishdrug consortium has been set up to tackle this task, 
choosing protein kinases as therapeutic targets. Here we present the biochemical characterisation of Leishmania major Casein Kinase 1 (LmCK1), the validation of LmCK1 as a drug target and the results from 
the first LmCK1-based drug screening. 
LmCK1a is a good candidate, indeed its inhibition blocks promastigotes growth but could also contribute to restore the host defence system. Liu et al (2009) have shown that LmCK1a, an ecto-protein kinase, 
could phosphorylate host proteins involved in type I interferon signalling, affecting anti-viral defences 1. These findings suggest that ( i) LmCK1 could be phosphorylating many more host proteins in order to 
rearrange the host cell to suit its requirement. (ii) potent and selective inhibitors could be designed regardless of their ability to cross the plasma membrane, as the target is extracellular, considerably lowering 
the side effects. Therefore inhibition of LmCK1 could not only impair parasite survival but also restore the host defence system.  
We have previously shown that LmCK1a and mammalian CK1 are sufficiently divergent to allow the identification of LmCK1 specific compounds2. Here we demonstrate that LmjF35.1010 is a casein kinase 1, as 
it phosphorylates CK1 but not casein kinase 2 specific peptide and it is not inhibited by low concentration heparin. We show that CK1 activity is present in L. donovani axenic promastigotes as well as 
amastigotes. This activity can be inhibited by specific CK1 inhibitors such as D4476 or CK1-7. We also show that inhibition of LmCK1 could kill axenic promastigotes and amastigotes as well as intracellular 
amastigotes. We have generated a recombinant LmCK1a that we used to conduct a drug screening, 5,006 compounds were tested so far. We identified several potential inhibitors with an IC 50 varying between 
0.07 and 9 �� M, which were efficient against axenic parasites. Results from these screens are currently used to select an inhibitory scaffold from which analogues and derivatives could be designed.  

1. LmCK1a phosphorylates  CK-S, casein and other substrates.  

To address whether LmjF35.1010 (LmCK1a) is a Casein kinase 1, we first checked that LmCK1a but not 
LmCK1a-K40A (kinase-dead) could phosphorylate CK1 substrates : CKS (RRKHAAIG(pS)AYSITA) and Casein (A). 
We also tested other substrates such as Mbp or Histone H1 (B). 
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3. LmCK1a is inhibited by known CK1 inhibitors.  

rLmCK1a is inhibited by 
known CK1 inhibitors: 
IC261 (CK1! , CK1"), D4476 
and CKI-7. The pattern of 
inhibition is slightly different  
whether phosphorylation 
target a peptide (CKS) or a 
protein (Casein). 
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2. LmCK1a is sensitive to pH variation.  

We tested LmCK1a activity 
at various pH. LmCK1a is 
inactive at acidic pH. The 
optimum pH around 7,5-8 
is slightly different whether  
a protein or a peptide is 
used as a substrate.  
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4. LmCK1 is expressed in axenic promastigotes and amastigotes.  

BN4545" BN454D" O#9,"

51 KDa"

39 KDa"

"","""""""""""""""""""C"""""""""""""""""""4""","""""""""""""""""""C"""""""""""""""""""4""","""""""""""""""""""C"""""""""""""""""""4"

To address whether LmCK1a is expressed in axenic parasites, we raised antibodies 
against LmCK1a catalytic domain (SY3535) and C-terminal domain (SY3538). We also 
used an anti human CK1 to validate our antibodies. All three antibodies recognises the 
recombinant LmCK1a (1) and a band just above 39KDa corresponding to LmCK1a in 
total protein extracts from axenic L. donovani bob WT, confirming that it is expressed 
in axenic promastigotes (2) and amastigotes (3). There is a bandshift in promastigotes 
that could correspond to phosphorylation.  

1: purified recombinant LmCK1a.  
2: axenic promastigotes.  
3:  axenic amastigotes. 
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Small/medium throughput screening  

Inhibitors! promastigotes! amastigotes!

IC261! 70 "M ! > 100 "M"

NG95! > 100 "M" 80 "M"

D4476! 30 "M !  40 "M"

CKI-7! > 100 "M! > 100 "M!

SB203580! 70 "M! > 100  "M!

 EC50 of known CK1 inhibitors on  axenic Leishmania donovani bob promastigotes and amastigotes.!

We asked whether inhibition of CK1 
could affect parasite growth or even 
survival, so we tested CK1 known 
inhibitors on axenic parasites using 
the AlamarBlue method. We found 
that D4476 could decrease the 
percentage of metabolically active 
cells, with an EC50 of 30 to 40 " M. 

7. D4476 reduces intracellular parasite survival.  
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We have tested 5,006 compounds from various libraries on both LmCK1a and SsCK1 (mammalian CK1).  
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2- Knockaert, M. et al., Intracellular targets of cyclin-dependent kinase inhibitors: identification by affinity chromatography using immobilised inhibitors. Chem Biol 7 (6), 411 (2000).   

We next asked whether D4476 could 
affect intracellular parasite survival. We 
counted the percentage of infected 
macrophages in presence of 50 " M 
D4476 or 1 " M Amphotericin B. D4476 
decreases the percentage of infected 
macrophages indicating that inhibition 
of CK1 could reduce intracellular 
parasite survival. 
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Characterization of MAP Kinase 10 upstream 
kinases in Leishmania donovani
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VISCERAL LEISHMANIASIS EPIDEMIOLOGY
Visceral leishmaniasis (VL) or kala-azar is present in 70 countries. VL is 
estimated at 300 000 cases in south-east Asia, 30 000 cases in East Africa 
and 4 000 cases in the Americas. New foci are appearing at an alarming 
rate, and incidence in East Africa is on the rise. A lack of surveillance 
systems and the frequency of misdiagnosis (especially confusion with 
malaria) suggest that the official incidence number is largely 
underestimated. The failure to properly diagnose the disease contributes to 
the increased of fatale cases.

Source : http://www.who.int

VISCERAL LEISHMANIASIS PATHOLOGY
VL is a severe diseases caused by L. donovani metacyclic promastigotes, 
which are transmitted by infected sand flies during a blood meal. 
Metacyclic promastigotes are phagocytozed by macrophages where they 
differentiated into the pathogenic amastigote form in response to extra-
cellular signals (low pH and elevated temperature) encountered in the host 
cell phagolysosome. Amastigote proliferation in infected cells can cause 
the VL pathology, including hepato-splenomegalie. 

Image source : http://www.jci.org/articles/view/33945/figure/3

LAB CONTEXT

Our research program is focused 
on the analysis of Leishmania
signal transduction pathways that 
are relevant for intracellular 
parasite development and survival 
through the development and 
application of novel methods of 
molecular parasitology, quantitative 
phosphoproteomics, and kinase 
activity determination. Our results 
converged to the novel hypothesis 
that the Leishmania stress 
response is regulated mainly at 
post-translational levels by stress-
regulated protein kinases that 
phosphorylate parasite-specific 
residues in otherwise conserved 
heat shock proteins and 
chaperones. 
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MAP kinase signaling cascades consist 
of three enzymes, MAP kinase kinase
kinases (MKKKs), MAP kinase kinases 
(MKKs) and MAP kinases that are 
activated in series. MKKK activation by 
extracellular stimuli leads to activation of 
the downstream MKK by phospho-
rylation of regulatory serine and 
threonine residues, which in turn 
activates its downstream MAP kinase by 
dual phosphorylation of threonine and 
tyrosine residues in the activation loop. 
MAP kinases often recognize nuclear 
transcription factors as substrate (well 
described for human ERK1/2).

In the absence of classical TFs in 
Leishmania we hypothesize that MAP 
kinase signaling participates in the post-
translational regulation of expression.

MAP KINASE 10 UPSTREAM KINASE : A POTENTIAL TARGET FOR DRUG DEVELOPMENT

2-DE of phosphoprotein extracts from 
L. donovani promastigotes (A) and 
host-free amastigotes (B). Extracts 
were separated on 11 cm pH 4–7 IPG 
strips, and 12.5% polyacrylamide gels. 
Gels were stained with SyproRuby. 
Spots were analyzed by MALDI-MS 
and MS/MS.

Enlarged areas of 2-DE gels indicating 
LmaMPK10 (146), which is exclusively 
detected in amastigote phospho-
extracts (B). The spots are visualized 
by a 3-D view of the gel region, with x 
and y-axes representing pI and MW, 
respectively, and the z-axis 
corresponding to the pixel value. 

Previous phosphoproteomics and genetics analyses revealed amastigote-
specific phosphorylation and activity of Leishmania MAP kinase 10 
(MPK10)2,4 suggesting an important role in intracellular infection and 
proposing this kinase as a potential target for drug development. Target-
based screening campaigns were unsuccessful largely due to the weak 
kinase activity of recombinant MPK10. To overcome this limitation we 
established a novel technology to identify the MPK10 upstream kinase.
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In conclusion, as judged by the functional enrichment analysis, the 
developed 2D-IGKA allows monitoring and identifying Leishmania 
proteins with ATP binding, hydrolysis, or phospho-transferase 
activities, and may therefore enable new insight into parasite-
specific biology. Given the importance of ATP-binding in parasite 
signaling and stress response, this assay may help elucidate 
mechanisms underlying environmentally-induced parasite 
development and its adaptation to intracellular growth. 

However, to develop the full potential of the 2D-IGKA assay, two 
major limitations have to be overcome. First, only some proteins
refold properly and regain their activity, a fact that strongly limits 
the application of this assay on a kinomics level. Second, the 
resolution of the gels still requires improvement in order to 
unequivocally  associate  one  detected  activity  with  one 
protein spot.

Combining the IGKA using less complex samples obtained by 
chromatographic fractionation gave promising results and allowed
us to enrich for the putative MKK. Identification of this protein will 
be likely possible applying our 2D-IGKA on these fractions. 
Alternatively, the MKK can be monitored and identified using 
native IGKA on protein complexes resolved by BlueNative
electrophoresis, or by in-vitro kinase assay on chromatographic 
fractions using a scintillation readout.

MASS 
SPECTROMETRY 
ANALYSIS

2ND SEPARATION

CY5 SIGNAL DETECTION

AUTORADIOGRAPHY

IN-GEL KINASE ASSAY

ISO-ELECTRIC 
FOCALISATION

SAMPLE 
CY5 LABELING

The 2D-IGKA is a novel tool combining 
isoelectric focusing and SDS-PAGE that 
increased substantially resolution and 
sensibility of the IGKA, and allows to use
mass spectrometry analysis to identify 
proteins of interest. Cy5-labeled L. donovani
total protein extract is separated in the first 
dimension by isoelectric focusing using basic 
cup loading on pH4-7 18 cm Immobiline 
strips, followed by second dimension 
separation on 10% SDS-polyacrylamide gels 
with or without co-polymerized recombinant 
MPK10. Then, an IGKA is performed and the 
proteins associated with the specific signals 
are identified by mass spectrometry 
analysis3.

SCHEMATIC REPRESENTATION OF THE 2D IN-GEL KINASE ASSAY 
(2D-IGKA)

SAMPLE
CONCENTRATION

GEL FILTRATION 
SEPARATIONS

ANIONIC
SEPARATION

POOL 
SELECTED

FRACTIONS

MASS SPECTROMETRY 
ANALYSIS

IN-GEL KINASE ASSAY
CONTROL WITH AN ALIQUOT

IN-GEL KINASE ASSAY
CONTROL WITH AN ALIQUOT

SCHEMATIC REPRESENTATION OF THE CHROMATOGRAPHIC 
STRATEGY

This approach combines successive chromato-
graphic purifications of total protein extracts with 
IGKA to enrich for specific kinase activities with 
the aim to identify the respective protein kinases 
by mass spectrometry analysis. First, L. donovani
total protein extract is concentrated by 
centrifugation and separated by gel filtration 
(superdex 200 10/300 GL) on an ÄKTA Purifier. 
This step is repeated 5 times and the fractions 
associated with similar protein peaks are pooled. 
Then, an IGKA is performed with an aliquot of 
each fraction to determine those containing
proteins that can phosphorylate MPK10. The 
positive fractions are pooled and separated by 
anion exchange (monoQ 5/50 GL) on an ÄKTA 
Purifier. An IGKA is performed to identify the 
fraction with the enriched kinase of interest.
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SCHEMATIC REPRESENTATION OF THE IN-GEL KINASE ASSAY 
(IGKA)

The IGKA is a powerful method to directly reveal 
protein kinases that are able to phosphorylate a 
given substrate. The assay relies on co-
polymerization of a kinase substrate (recombinant 
MPK10 at 200 µg/ml) with the SDS-polyacrylamide 
gel matrix. Substrate-loaded Gels are then used to 
separate L. donovani total protein extracts by 
electrophoresis. After SDS removal, gels are fixed, 
denatured and renatured in situ. The kinase assay 
is performed by incubation of the gel with         
[� 32P]-ATP in the presence of MnCl2. The 
phosphorylation activity of the kinase towards the 
gel-incorporated substrate is then revealed by 
autoradiography1.

NO SUBSTRATE

WITH SUBSTRATE

KINASE ASSAY

AUTORADIOGRAPHY

DE & RENATURATION

FIXATION

SEPARATION

We first applied an IGKA to reveal phosphotransferase activities in 
crude protein extracts obtained from cultured L. donovani 
promastigotes (P) and axenic amastigotes (A). In the absence of co-
polymerized substrate, detection of incorporated radioactive 
phosphate should exclusively result from auto-phosphorylation. With 
recombinant MPK10 as substrate, our results revealed a very strong 
phosphotransferase activity in the molecular weight range of 
approximately 40 kDa. The signal was significantly enhanced in 
amastigotes, suggesting a potential important role of MPK10 
phosphorylation at this intracellular stage. This finding is consistent 
with previous observations describe in HYPOTHESIS (see above).

No substrate

P A

64

49

37

MPK10

P A

To determined if the specific signal obtain is due to the 
MPK10 upstream MKK, site-directed mutagenesis was 
performed to eliminate the MKK-specific target 
residues inside the MPK10 activation loop (TxY motif). 
The threonine 190 was change into alanine and the 
tyrosine 192 change into phenylalanine. Another 
mutation inside the ATP-binding pocket (lysine 51 
change in alanine) was realize to eliminate kinase 
activity of the MPK10 substrate. Finally triple mutant 
(3mut) was establish. 

SPECIFIC PHOSPHORYLATION OF MPK10 MPK10 MUTAGENESIS COMPARATIVE I GKA BETWEEN MPK10 
MUTANTS 

We analyzed crude protein extracts obtained from cultured L. donovani 
axenic amastigotes and performed an IGKA with all the recombinant 
MPK10 mutants. Our results confirmed the very strong 
phosphotransferase activity in the 40 kDa molecular weight range, 
which was substantially decreased using the recombinant MPK10 TxY
motif mutants. This decrease may be potentially due to the absence of 
MKK activity on the mutated threonine and tyrosine residues. 

K51A T190A Y192F

98

64

50

36

K51ANo
substrate

WT 3Mut

MPK10

Y192FT190A

CONCLUSION

The 1D IGKA shows a very strong phosphotransferase activity than
can be potentially due to the MPK10 upstream MKK. To confirm this 
hypothesis we increased the resolution of this signal developing a two-
dimensional IGKA as a novel tool.
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2D IN-GEL KINASE ASSAY RESULTS

RESULTS OF THE IN-GEL KINASE ASSAY CHROMATOGRAPHIC RESULTS

This approach combines successive 
chromatographic purifications of protein 
extracts for fractionation and enrichment 
of the putative MKK as describe in the 
methods above, which will be combined  
with 2D-IGKA to increase the resolution of 
our analysis eventually leading to an 
identification of only one protein by mass 
spectrometry.

MASS 
SPECTROMETRY 

ANALYSIS

GEL FILTRATION 
SEPARATIONS

ANIONIC
SEPARATION

POOL SELECTED
FRACTIONS

CY5 LABELING
SELECTED
FRACTION

2D IN-GEL KINASE ASSAY
USE SELECTED FRACTION

SAMPLE
CONCENTRATION

OUR NOVEL COMBINATORIAL STRATEGY

SCHEMATIC REPRESENTATION OF MASS SPECTROMETRY RESULTS

Due to the rather 
diffuse nature of 

radioactive signals, 
the proteins 

contained in the 
spots are numerous.

CONCLUSION

The 2D-IGKA show a very good separation of strong phospho-transferase activities but the complexity of the sample did not allow us to 
identify a unique protein responsible for this activity. Once again, we need an increased resolution of this signal to identify a single protein 

by mass spectrometry. We therefore  decide to use a chromatographic approach.

No substrate

Phosphatase - 1

GTP-binding - 3

Pyruvate kinase - 1

Dehydrogenase - 4
Oxireductase - 5

Isomerase - 2

Peptidase - 5

Transferase - 5

Other - 7

Hypothetical - 15

tRNA synthesis - 3

HSP - 1

ATPase
complex - 1

S/T kinase - 2

Other - 2

Chaperonin - 7

ATP-binding
- 16

MPK10

Oxireductase - 3

Isomerase - 3

ATP-binding
 - 8

Other - 1

ATPase - 1

S/T metabolism - 1

S/T/Y 
kinase - 1

HSP - 3

Initiation 
factor - 1

Hypothetical - 14

Other - 11

Polymerase - 1

Ligase    2

Transferase - 4

Peptidase - 1

Dehydrogenase - 5

Phosphatase - 1

GTP-binding - 3

Hypothetical - 8

Other - 7
Transferase - 5

Isomerase - 2

Oxireductase - 2

Dehydrogenase - 2

Phosphatase - 1

GTP-binding - 1
HSP - 2

MPK10 missing spot

COMPARATIVE 2D IGKA TO REVEAL SPECIFIC MAP KINASE 10 
PHOSPHORYLATION
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Cy5 signal scanning Autoradiography
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49
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64
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+ -
pI

We applied the optimized 2D-IGKA protocol on total protein extracts from L. donovani axenic amastigotes. Cy5-
labeling allows us to visualize the separated proteins (without revealing the embedded substrate) and to evaluate  
the reproducibility of protein separation. The specific signal observed in the 1D-IGKA with recombinant MPK10 in 
fact corresponds to approximately 6 distinct kinases on the 2D gels, which migrate at similar molecular weight but 
at distinct pIs. The areas corresponding to these signals were excised (   ) and analyzed by mass spectrometry 
(see below).

COMPARATIVE 2D-IGKA BETWEEN MPK10 WILD-TYPE 
AND MPK10 TRIPLE MUTANT

We repeated the 2D-IGKA comparing the signals obtained with recombinant wild-type 
MPK10 and mutated MPK10 3MUT. The exposition was increase compare to previous 
experiments to increase signal intensities. The absence of one specific signal in the 2D-
IGKA using MPK10 3MUT reveals the presence of the putative MKK. The area 
corresponding to this signal was excised (   ) and analyzed by mass spectrometry (see 
below).
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SEPARATION  OF  AMASTIGOTE  TOTAL 
PROTEIN EXTRACT BY GEL FILTRATION 

109 amastigotes were lysed in 1 ml buffer containing 1% TRITON 
X-100. Total protein extract was concentrated by centrifugation 
using Amicon ultra 10K filters to a final volume of 100 µl. The 
concentrated protein extract was separated by a Superdex 200 
10/300 GL column on an ÄKTA Purifier. This procedure was 
repeated five times and similar fractions were pooled.

30µl of selected fractions were separated on a SDS-
polyacrylamide gel with or without 200µg/ml of MPK10 substrate, 
and an IGKA was performed. The fractions with the specific 
signal were pooled and selected for the second purification.

30µl of the positive fraction containing the specific 
signal was separated by electrophoresis on 
NuPAGE Novex 4-12% bis-tris gel and the proteins 
contain in the fraction were stain by SYPRO Ruby. 
This two-dimensional separation did not yet enrich 
enough to analyze the fraction by mass 
spectrometry and identify the putative MKK.

SEPARATION OF SELECTED FRACTIONS
USING AN ANION EXCHANGE COLUMN
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CONCLUSION

This procedure allows to decrease the complexity of 
the protein sample but did not yet reveal the putative 
MKK. This will be possible by combining the FPLC 
procedure with 2D-IGKA (see below). 

The fractions selected by gel filtration (see left panel) were 
pooled and separated by on a MonoQ  5/50 GL column on an 
ÄKTA Purifier. Elution was processed with a first gradient up to 
0.5M NaCl and a second gradient up to 1M NaCl.  

30µl of selected fractions were separated on a SDS-
polyacrylamide gel with 200µg/ml of MPK10 substrate and an 
IGKA was performed to identify the fractions containing the MKK 
activity.
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Establishment of a genetic system to study Leishmania MAP 
kinase LmaMPK4 implicated in parasite virulence

LmaMPK4 structure function analysis by plasmid shuf fle

Genetic system to test the requirement of LmaMPK4

Mariko Dacher 1, Miguel A. Morales 1 and Gerald F. Späth 1
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Outlook
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LmaMPK4 shows increased kinase activity in response to  pH 
and temperature shift in L. major

LmaMPK4 shows increased kinase activity during amastig ote 
differentiation in L. donovani

(Morales et al., Int J Parasitol., 2007)

(Morales et al., Proteomics, 2008)
•

Protein phosphorylation is an important process in Leishmania
differentiation and pathogenicity

•

•

What do we know

LmaMPK4 is essential for L. major viability

+ SAT: positive selection. For maintenance of the e pisome

+ GCV: negative selection. Thymidine Kinase (TK) modif ies the anti-viral drug 
ganganganciclovir (GCV) to a toxic nucleoside analog . As a result, parasites 
will elimeliminate the episome

pXNG-MPK4

MPK4 TK

GFPSAT
Kindly provided by S.M. Beverley

Heals spontaneously but leads
to disfiguring scars and stigma

Clinical aspects

Caused byOccurs 90% in

LmxMPK4 is essential for L. mexicana promastigote and 
amastigote viability (Wang et al., Kinetoplastid Biol Dis., 2005)

•

WT
WT WT

KOChr. MPK4

Epi. MPK4

GCV

R
el

at
iv

e 
F

I

50

75

25

100

0

GCV
0 1 3 5 0 1 3 5

Analysis of mpk4-/-[pXNGK4] by negative selection
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WT [pXNGK4] 
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mpk4-/- [pXNGK4]
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� Parasites are tested for their requirement to maintain pXNG-MPK4

If parasite maintains pXNG-MPK4 despite GCV: gene is essential

If the parasites loses pXNG-MPK4 due to GCV: gene is not essential

Negative selection with GCV

Time course analysis

Western-Blot analysis after 
15 passages in ganciclovir

Genetic tool

� Requirement for pXNG-MPK4 in LmaMPK4-/- suggests that
LmLmaMPK4 is essential for L. major parasite viability
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Plasmid shuffle analysis by FACS
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P-loopN-terminal

LmaMPK4 active sites

Conserved dom.Conserved AA Unique dom.

K59R : Attenuated kinase T190A, Y192F, T190A-Y192F : 
Mutants in the LmaMPK4 
activation (TXY motif)

N-terminal 
deletion:
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lost
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Plasmid shuffle

Cutaneous leishmaniasis

GCV 
negative
selection

Western-blot analysis after 15 passages in ganciclo vir

� Plasmid shuffle analysis
shshows essential sites of 
LmLmaMPK4 for L. major
parparasite viability

� A partial LmaMPK4 KO 
mmutant could be obtained
� Phenotype ??
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350 million people at risk Endemic in 88 countries

2 million new infected 14 million people affected

GEN GEN

Nourseothricin
Green Fluorescent Protein
Thymidine Kinase

SAT
GFP
TK

� Perform in vitro kinase assay on LmaMPK4 mutants isolated from transgen ic parasites

� Analyze the role of LmaMPK4 and its active sites in pa rasite virulence by mouse and macrophage infection assays 
anand in vivo GCV selection
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	MOTIVATION: Evaluating alternative multiple protein sequence alignments is an important unsolved problem in Biology. The most accurate way of doing this is to use structural information. Unfortunately, most methods require at least two structures to be embedded in the alignment, a condition rarely met when dealing with standard datasets.
	RESULT: We developed STRIKE, a method that determines the relative accuracy of two alternative alignments of the same sequences using a single structure. We validated our methodology on three commonly used reference datasets (BAliBASE, Homestrad and Prefab). Given two alignments, STRIKE manages to identify the most accurate one in 70% of the cases on average. This figure increases to 79% when considering very challenging datasets like the RV11 category of BAliBASE. This discrimination capacity is significantly higher than that reported for other metrics such as Contact Accepted mutation or Blosum. We show that this increased performance results both from a refined definition of the contacts and from the use of an improved contact substitution score.
	BACKGROUND: Protein phosphorylation modulates protein function in organisms at all levels of complexity. Parasites of the Leishmania genus undergo various developmental transitions in their life cycle triggered by changes in the environment. The molecular mechanisms that these organisms use to process and integrate these external cues are largely unknown. However Leishmania lacks transcription factors, therefore most regulatory processes may occur at a post-translational level and phosphorylation has recently been demonstrated to be an important player in this process. Experimental identification of phosphorylation sites is a time-consuming task. Moreover some sites could be missed due to the highly dynamic nature of this process or to difficulties in phospho-peptide enrichment. RESULTS: Here we present PhosTryp, a phosphorylation site predictor specific for trypansomatids. This method uses an SVM-based approach and has been trained with recent Leishmania phosphosproteomics data. PhosTryp achieved a 17% improvement in prediction performance compared with Netphos, a non organism-specific predictor. The analysis of the peptides correctly predicted by our method but missed by Netphos demonstrates that PhosTryp captures Leishmania-specific phosphorylation features. More specifically our results show that Leishmania kinases have sequence specificities which are different from their counterparts in higher eukaryotes. Consequently we were able to propose two possible Leishmania-specific phosphorylation motifs.We further demonstrate that this improvement in performance extends to the related trypanosomatids Trypanosoma brucei and Trypanosoma cruzi. Finally, in order to maximize the usefulness of PhosTryp, we trained a predictor combining all the peptides from L. infantum, T. brucei and T. cruzi. CONCLUSIONS: Our work demonstrates that training on organism-specific data results in an improvement that extends to related species. PhosTryp is freely available at http://phostryp.bio.uniroma2.it.
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