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a b s t r a c t 

The present work deals with the identification and characterization of a novel inhibitor Z220582104, 

specific to pyruvate phosphate dikinase, for leishmanicidal activities against free promastigotes and in- 

tracellular amastigotes. We have used structure-based drug designing approaches and performed ho- 

mology modelling, virtual screening and molecular dynamics studies. Primary mouse macrophages and 

macrophage cell line J774A1 were infected with promastigotes of Leishmania donovani . Both promastigotes 

and infected macrophages were subjected to treatment with the varying concentrations of Z220582104 

or miltefosine for assessment of leishmanicidal activity. The novel inhibitor Z220582104 demonstrated 

growth inhibitory potential and reduced the viability of the free promastigotes in a concentration- and 

time-dependent manner. Z220582104 was also effective against the intracellular form of the parasites and 

reduced the number of amastigotes in macrophages and also lowered the parasite index, compared with 

the untreated infected macrophages. Although less effective compared with the miltefosine, Z220582104 

is well tolerated by the dividing cells and normal human lymphocytes and monocytes with no adverse 

effects on the growth kinetics or viability. Our in silico and in vitro studies suggested that Leishmania 

donovani pyruvate phosphate dikinase could be a potential new drug target. 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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1. Introduction 

In humans, Leishmania harvests the cholesterol of the cell mem-

brane from macrophages to switch the signalling towards its sur-

vival [1,2] . Although chemotherapy is the only available choice of

treatment, drug resistance and side effects of the known anti-

leishmanial drugs hinder progress in developing an effective ther-

apeutic regimen. Miltefosine, pentavalent antimonials, and other

FDA-approved drugs demonstrated treatment failure and resistance

[3,4] . Hence, identification of new drug or alternative methods for

disease control are needed. Currently, structure-based drug design-

ing (SBDD) strategies are used for the search of new drugs. Virtual

screening of new and potentially effective inhibitors against the

essential molecules such as enzymes of the parasites and molec-

ular dynamics simulation studies could offer new strategies for
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reatment of visceral leishmaniasis [5] . SBDD methods could offer

ost-effective mechanisms to identify new drugs more comprehen-

ively. The information about the gluconeogenesis in Leishmania is

nsufficient [6] . The enzyme pyruvate phosphate dikinase (PPDK)

s one of the key players for the entry of alanine in intracellular

mastigotes. It is also reported that mammalian glucogenic pre-

ursor L-lactate is also used by amastigotes during the synthesis

f its storage carbohydrate mannogen in adverse conditions. This

rocess is mostly facilitated by PPDK [6] . PPDK performs the re-

ersible conversion of PPi, AMP and phosphoenolpyruvate (PEP)

nto Pi, ATP and pyruvate, respectively [7] . The glycolytic path-

ay in mammals, including humans, contains pyruvate kinase (PK)

nstead of PPDK for glucose synthesis. Therefore, the absence of

PDK in mammals and its essential role in parasites makes this

nzyme an attractive target for designing anti-leishmanial drugs

8] . We targeted Leishmania donovani pyruvate phosphate dikinase

 Ld PPDK) in search of a new drug which could be of low cost, have

ess chance of drug resistance and provide better chemotherapeutic
rved. 

https://doi.org/10.1016/j.ijantimicag.2018.12.011
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esults. We have determined the dynamics of anti-leishmanial ac-

ivity of Z220582104 and compared it with miltefosine against free

romastigotes and intracellular amastigotes. Our results suggested

hat Z220582104 has significant leishmanicidal effects against pro-

astigotes as well as amastigotes. 

. Material and methods 

.1. Structure Prediction and Evaluation 

Ld PPDK enzyme sequence was retrieved from uniprot (id;

9BAT8). BLASTp server was used for the template identification.

odeller 9.13 was used for homology modelling [9] . Structure Vi-

ualization was performed via PyMol [10] . We used multiple se-

uence alignment (MSA) to find the conserved active site residues

11] . PDBsum server generated the topology of protein. 

.2. Virtual screening 

Idock, a multithreaded virtual screening tool for flexible dock-

ng, was implemented for virtual screening ( http://istar.cse.cuhk.

du.hk/idock/ ). The tool collected the list of compounds from the

INC database by applying filters. Nine molecular filters were ap-

lied to get the best ligands against the target Ld PPDK (Supple-

entary Table S1). 

.3. Molecular Dynamics Simulation 

Molecular dynamics (MD) is a widely used computational

ethod used to simulate biological systems. GROMACS 4.5.5 was

sed for this purpose [12] . The protein and ligands topology files

ere created using GROMOS 96 force field and PRODRG2 server

13] . Na + /Cl − ions satisfied the electroneutrality conditions [14] .

he rest of the parameters were set as described previously [5] . Fi-

ally, a 60-ns simulation was performed for all the four complexes

nd apoprotein. Structural properties were calculated from the tra-

ectory files with the built-in functions such as g_rmsd, g_rms,

_gyrate, g_dist and g_hbond utilities. GRACE program was imple-

ented for plot generation and outcome extrapolation. 

.4. Parasites, cell lines, reagents and anti-leishmanial drug 

L. donovani strain AG83 (MHOM/IN/1983/AG83) was isolated

rom an Indian kala azar patient [15] . Details of the parasite, cell

ines and the culture procedure are given in the Supplementary

aterial and Methods. Z220582104 (ZINC ID ‘ZINC09457211’) was

btained from ENAMINE (Cincinnati, OH, USA) and miltefosine was

urchased from Sigma, USA. 

.5. Viability and growth Inhibition study 

Viability and growth kinetics of promastigotes or tumour cells

JE6.1 and J774A1) were performed in the presence of varying con-

entrations of Z220582104 or miltefosine. Details are given in the

upplementary Materials and Methods. 

.6. In vitro infection of macrophages and treatment with 

220582104 or miltefosine 

Mouse splenic macrophages or J774A1 (5 × 10 4 ) cells were cul-

ured on sterile coverslips in culture medium for 3–4 days [15] . In-

ection in macrophages and leishmanicidal effects of Z220582104

r miltefosine in infected macrophages were described in the Sup-

lementary Materials and Methods [15] . 
.7. Statistical analysis 

Data are presented as mean ± standard deviation (SD) for

ultiple experiments ( n = 3–4). Evaluation of statistical significance

as performed by unpaired t test and one- or two-way analysis

f variance (ANOVA) and multiple group comparison tests, using

RISM software (Graph Pad). Statistical significance was analysed

y log-rank (Mantel Cox) test. P < 0.05 was considered as statisti-

ally significant. ∗P < 0.05, ∗∗P < 0.01, and 

∗∗∗P < 0.001. 

. Results and Discussion 

.1. Ld PPDK Structure 

The Ld PPDK enzyme consists of 914 amino acids. Trypanosoma

rucei pyruvate phosphate dikinase, Tb PPDK (PDB id: 2 × 0S) was

elected as a template, having 76% sequence similarity with

d PPDK and was used to construct the model Ld PPDK enzyme via

odeller 9.13 ( Fig. 1 A). The root mean square deviation (RMSD)

etween the target and template was 0.847 Å ( Fig. 1 B). The Ld PPDK

tructural topology showed 43 helices, 31 strands and 7 β-sheets

 Fig. 1 C,D). The model showed 91.8% residues in the most favoured

egions, 7.5% in additionally allowed regions and 0.6% in the disal-

owed regions of the Ramachandran plot, generated by PROCHECK

16] (Supplementary Fig. S1A). The ProSA web-server-based Z-score

alues of Ld PPDK and Tb PPDK were -13.86 and -14.32 suggesting

eliability of the model (Supplementary Fig. S1B). It also generated

he knowledge-based energy profile of the Ld PPDK protein (Sup-

lementary Fig. S1C). The catalytic site of the template Tb PPDK

as Lys-27, Arg-96, Asp-348, Glu-350, and Arg-364 as critical

esidues (Supplementary Fig. S2A ) [17] . MSA data (Supplementary

ig. S2B) showed that the conserved active site residues of Ld PPDK

re Lys-28, Arg-97, Asp-349, Glu-351 and Arg-365 ( Fig. 1 A). The

ocket coordinates of the enzyme was generated by the Ligsite-csc

rogram [18] . 

.2. In silico virtual screening 

The idock tool showed the binding energy ranging from -3.68

cal/mol to -9.95 kcal/mol of screened compounds. The top 10

igands were selected for the study (Supplementary Table S2).

hese top 10 compounds were also screened through the iGEM-

OCK tool [19] in order to ensure their interactions with Ld PPDK

Supplementary Table S2). The top four molecules with ZINC ids,

INC08297842, ZINC09457211, ZINC36 6 60108 and ZINC40182556

howed binding affinity of -9.95 kcal/mol, -9.83 kcal/mol, -9.63

cal/mol and -9.61 kcal/mol, respectively. The docked complexes

nd interaction plots are shown in Supplementary Fig. S3. 

.3. Molecular dynamics simulations 

MD simulations of the top four docked complexes were per-

ormed, and the generated trajectories were used for the anal-

sis ( Fig. 2 ). The RMSD values of all of the systems were in-

reased in the initial phases during the simulation. The backbone

f first complex ( Ld PPDK-ZINC08297842) showed the higher de-

ections between 0.51 and 0.62 nm at 5–9 ns and 0.71 nm at 11

s (green line, Fig. 2 ). Later, it decreased and converged to 0.66

m at 60 ns. The Ld PPDK-ZINC09457211 complex demonstrated the

est-equilibrated trajectories among all the values. It attained the

MSD value of 0.5 nm at 4 ns followed by a drop and later reached

.64 nm at around 11.0 ns. Finally, the plateau converged at 0.46

m (blue line, Fig. 2 ). Similarly, Ld PPDK-ZINC36 6 60108 (yellow line,

ig. 2 ) made higher deflection of 0.62 nm at 19 ns, 0.80–0.91 nm

t 28 ns and converged to 0.89 nm at 60 ns. The fourth com-

lex, Ld PPDK-ZINC40182556 (purple line, Fig. 2 ) converged at 0.76

http://istar.cse.cuhk.edu.hk/idock/
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Fig. 1. (A) Cartoon model of LdPPDK enzyme with the predicted active site residues (shown in stick model). (B) Superimposed structure of the target and template enzymes. 

(C) Secondary structure elements and (D) topology map of LdPPDK enzyme, indicating a conserved α and β framework. 
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nm finally. The apoprotein backbone showed destabilised trajecto-

ries throughout the simulation (black line, Fig. 2 ) and gets sim-

ulated at 0.49 nm. This suggested that compound ZINC09457211

has the lowest RMSD value compared with the other systems and

may have the maximum potential to inhibit the Ld PPDK activity

( Fig. 2 A ) . The backbone root mean square fluctuation (RMSF) val-

ues of all the systems demonstrated the movement of each residue.

The higher the value of RMSF, the greater will be the flexibility

and unstable binding. The active site positions K28, R97, D349 and

E351 in Ld PPDK-ZINC09457211 complex (blue line, Fig. 2 ) attained

0.17 nm, 0.11 nm, 0.07 nm and 0.07 nm RMSF values, respec-

tively. These values were lower than the apoprotein RMSF value

which suggests that it was the most stable complex ( Fig. 2 B ) .

The radius of gyration (Rg) analyses the stability of a protein

by exploring the tertiary structure volume. A higher value of Rg

suggests that the apoprotein has loose packing. The average Rg

values for the Ld PPDK enzyme, Ld PPDK-ZINC08297842, Ld PPDK-

ZINC09457211, Ld PPDK-ZINC36 6 60108 and Ld PPDK-ZINC40182556

complexes were 3.51 nm, 3.22 nm, 3.10 nm, 3.27 nm and 3.16

nm, respectively. This plot suggested that Ld PPDK attained tight

packing after ZINC09457211 binding ( Fig. 2 C). The average dis-

tance between the Ld PPDK protein and the compounds were plot-

ted against time. The Ld PPDK-ZINC09457211 complex showed dis-

tance value of 2.10 nm which was proximal, compared with the

rest of the three complexes formed by the other three compounds.

The compounds ZINC08297842, ZINC36 6 60108 and ZINC40182556

showed 2.34-, 2.24- and 2.21-nm distances, respectively. The com-

pound ZINC09457211 showed significantly less distance compared

with the other three compounds ( Fig. 2 D). The hydrogen bond

analysis during the simulation suggested that the compounds bind

with Ld PPDK with two to five hydrogen bonds (Supplementary Fig.

S4). We used miltefosine, a well-known anti-leishmanial agent as a

control drug. The binding affinity of miltefosine was -4.8 kcal/mol

and was unable to form any interaction with the conserved active
 (  
ite residues (Supplementary Fig. S5A). The RMSD value of Ld PPDK-

iltefosine complex attained higher values compared with apopro-

ein and Ld PPDK-ZINC09457211 complex values and converged at

.69 nm. The RMSF deflection also presented higher flexibility of

he backbone made by the Ld PPDK-miltefosine complex (Supple-

entary Fig. S5B). 

.4. Parasite growth Inhibitory effect of Z220582104 

Following treatment with Z220582104 for 24 h, the viabil-

ty of promastigotes was significantly reduced in a concentration-

ependent manner (Supplementary Fig. S6). Direct effect of var-

ous concentrations of Z220582104 or miltefosine on the growth

nhibition of L. donovani promastigotes was studied following co-

ulture of the parasites with the drugs for 8 days at 22 °C in M-

99 medium ( Fig. 3 ). Compared with the Z220582104, miltefosine

as significantly higher growth inhibitory effect against the para-

ite. Z220582104 at a concentration of 100 μM reduced the growth

f the promastigotes by 60% compared to 100% inhibition in the

resence of miltefosine. At lower concentrations, Z220582104 be-

ame less effective while miltefosine remained significantly leish-

anicidal at the concentration of 12.5 μM . Z220582104 was found

o be ineffective at lower concentrations (12.5 μM and 6.25 μM)

hile miltefosine was significantly growth inhibitory to L. donovani

romastigotes ( P < 0.01, P < 0.001) . Z220582104 at 100 μM con-

entration, inhibited the growth of L. donovani promastigotes by

4.45% on day 2, 79.1% on day 4 and 60.8% on day 6 ( P < 0.0 0 01 for

ach comparison) ( Fig. 3 ). Lower concentrations (50 and 25 μM) of

220582104 were also growth inhibitory to L. donovani promastig-

tes although the effect was markedly lower compared to higher

oncentration. Higher concentrations ( > 100 μM) of Z220582104

20 0, 30 0 and 400 μM) was significantly more leishmanicidal and

early achieve comparable performances to that of miltefosine

Supplementary Fig. S7). Z220582104, compared with miltefosine,
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Fig. 2. (A) Root mean square deviation (RMSD) plot as a function of time. Black, green, blue, yellow and purple colours represent the values obtained for free LdPPDK, 

LdPPDK-ZINC08297842, LdPPDK-ZINC09457211, LdPPDK-ZINC36660108 and LdPPDK-ZINC40182556 complexes, respectively. (B) Root mean square fluctuation (RMSF) of free 

LdPPDK enzyme (black), LdPPDK-ZINC08297842 (green), LdPPDK-ZINC09457211 (blue), LdPPDK-ZINC36660108 (yellow) and LdPPDK-ZINC40182556 (purple) complexes. (C) 

Radius of gyration (Rg) values for free LdPPDK enzyme (black), LdPPDK-ZINC08297842 (green), LdPPDK-ZINC09457211 (blue), LdPPDK-ZINC36660108 (yellow) and LdPPDK- 

ZINC40182556 (purple) complexes. (D) The average distances between the LdPPDK enzyme and the compounds were plotted against time. 
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as relatively tolerant to dividing cell line JE6.1 as assessed by the

iability and growth inhibition kinetics respectively (Supplemen-

ary Fig. S8A,B). The viability and growth inhibition experiments

n promastigotes suggested that Z220582104 has immediate and

ong-term anti-promastigote effects comparable to that of miltefo-

ine treatment. 

.5. Anti-leishmanial effect of Z220582104 against infected 

acrophages 

Results from the above experiments suggested that Z220582104

as strong anti-leishmanial effect against free promastigotes. We

ext wanted to know whether Z220582104 could also restrict

he growth and proliferation of intracellular amastigotes in in-

ected BALB/c macrophages. Following treatment with L. dono-

ani infected BALB/c splenic macrophages; Z220582104 kills the

ntracellular amastigotes in a concentration dependent manner.

he percent infection in infected macrophages reduced signifi-

antly at various concentrations tested ( Fig. 4 ). The percent in-

ected macrophages reduced from 74.48 ±2.00 in untreated control

o 19.26 ±3.92, 9.82 ±0.60 and 5.51 ±1.71 following treatment with

0 0 μM, 20 0 μM and 40 0 μM Z220582104 ( Fig. 4 A). The amastig-

tes per 100 macrophages were reduced from 197.50 ±29.89 in

ntreated control to 61.12 ±15.25, 28.95 ±4.40 and 17.13 ±3.94 fol-

owing identical treatment with Z220582104 as mentioned above
 Fig. 4 A). Miltefosine was found to be significantly more leishmani-

idal compared with Z220582104. Percent infected macrophages

ere reduced to 23.87 ±2.08, 15.11 ±2.77 and 13.77 ±4.13 fol-

owing treatment with 25μM, 50 μM and 100 μM miltefos-

ne ( Fig. 4 C). The amastigotes per 100 macrophages were re-

uced from 197.50 ±29.89 in untreated control to 67.86 ±12.65,

7.80 ±8.25 and 29.12 ±1.51 respectively ( Fig. 4 C). On an aver-

ge, miltefosine is 4 times more effective in leishmanicidal ac-

ivity against the intracellular amastigotes ( Fig. 4 B,D). The phago-

ytic index was reduced from 146.38 ±18.91 in control group to

2.08 ±5.11, 2.79 ±0.28 and 0.92 ±0.36 following treatment with 100

M, 200 μM and 400 μM Z220582104 ( Fig. 4 B). The correspond-

ng results in miltefosine treatment were 16.30 ±5.08, 5.76 ±2.23

nd 3.97 ±1.32 following treatment with 25 μM, 50 μM and 100

M respectively ( Fig. 4 D). Significant reduction in percent in-

ected macrophages and amastigotes/100 macrophages were ob-

erved between the highest and lowest concentrations of miltefos-

ne tested ( P < 0.05, < 0.01 and < 0.001). Z220582104 requires four-

imes more drug in order to produce equivalent effects compared

ith miltefosine. However, Z220582104 has one brighter side in

ontrast to miltefosine which is toxic to the cells beyond 100

M, causing extensive cell death and cell lysis. We tested both

220582104 and miltefosine on the viability and growth inhibition

f J774A1 macrophage. Our data suggested that like JE6.1, J774A1

ells also retained the viability in the presence of Z220582104.
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Fig. 3. Dose-dependent growth inhibitory effects of Z220582104 and miltefosine on promastigotes of Leishmania donovani for 2, 4, 6 and 8 days. Number of promastigotes 

was counted following treatment with each concentration of above formulations for the indicated days. n = 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

s  

t  

Z  

p

 

h  

t  

f  

i  

b  

i  

p  

B  

i  

p  

P  

p  

o  

c  

i  

c  

h  

t  

f  

b  

h  

n  

m

Cell viability was severely compromised in the presence of

miltefosine ( P < 0.01, at 50 μM concentration) (Supplementary

Fig. S9A). 

Proliferation of dividing cells such as E6.1 or J774A1 for ex-

tended periods of time was also affected significantly in the pres-

ence of miltefosine compared with Z220582104 ( P < 0.01, 400 vs

6.25 μM), as judged by MTT assay (Supplementary Fig. S9B).

Z220582104 remain tolerant to mammalian cells despite the pres-

ence of very high concentration (400 μM). We extended our

study to examine the role of both the drugs against normal

human peripheral blood lymphocytes and monocytes. Our data

suggested that Z220582104 is safe with respect to lymphocytes

viability, which was severely affected in the presence of mil-

tefosine ( P < 0.05) (Supplementary Fig. S10A). Human monocytes

were found to be relatively safe in the presence of comparable

concentrations of Z220582104 or miltefosine (Supplementary Fig.

S10B). Leishmanicidal effects of Z220582104 and miltefosine were

also tested against intracellular amastigotes in J774A1 cells. Simi-

lar to splenic macrophages, Z220582104 significantly reduced the

percent infected macrophages and amastigotes/100 macrophages

compared with the untreated control (Supplementary Fig. S11A).

Results on phagocytic index suggested that Z220582104 can be

an effective alternative in reducing the parasite burden inside

the macrophages without affecting the viability of the host cells

( P < 0.001) (Supplementary Fig. S11B). Miltefosine was also effective

against the intracellular parasites in J774A1 cells, similar to that of

splenic macrophages (Supplementary Fig. S11A,B). The leishmani-

cidal effects of Z220582104 and miltefosine against amastigotes of
plenic BALB/c macrophages were also documented in the pho-

omicrographs presented in Supplementary Fig. S12. The effects of

220582104 treatment were remarkably competitive when com-

ared with miltefosine. 

We took a bioinformatic approach to identifying a novel in-

ibitor specific to pyruvate phosphate dikinase of Leishmania and

ested its anti-leishmanial potential against free and intracellular

orms of the parasite. The enzyme is present in a variety of organ-

sms such as trypanosomatids, Entamoeba histolytica, Giardia lam-

lia, thermophilic actinobacteria, leaves and roots of C3 plants and

n the mesophyll cells of C4 plants [20] . PPDK has also been re-

orted in the Wolbachia endosymbiont found in the filarial worm

rugia malayi [21] . In the kinetoplastid parasite Trypanosoma , PPDK

s located in the glycosomes where it performs a role in pyrophos-

hate recycling [22] . In single-cell protists and anaerobic bacteria,

PDK plays a role in the novel pyrophosphate-dependent glycolytic

athway, which is the key source of chemical energy in the above

rganisms due to the absence of proteins which supports the Krebs

ycle and oxidative phosphorylation [23–25] . In Entamoeba histolyt-

ca , PPDK has been reported to exert significant control in gly-

olytic flux [24] . PPDK gene knockdown experiments in G. lamblia

ave shown that the level of ATP was reduced to 3% compared to

he normal level [24] . The search for novel inhibitors against PPDK,

ocusing on ATP binding as well as inhibition of kinase has also

een reported [25] . Due to its absence in higher organisms, PPDK

olds significant potential as a selective target for the fabrication of

ew therapeutic agents against infectious diseases including leish-

aniasis. 
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Fig. 4. Antileishmanial activities of Z220582104 and miltefosine against Leishmania donovani infected BALB/c splenic macrophages. Anti-leishmanial activity was scored as 

described in Materials and Methods. (A, C) Percent infected macrophages and amastigotes/100 macrophages following treatment with either Z220582104 or miltefosine; (B, 

D) the phagocytic index following indicated treatment. Data represents mean ± standard deviation (SD) of quadruplicate determinations. n = 4. ∗ < 0.05, ∗∗ < 0.01 and ∗∗∗

< 0.001. n = 4. 
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. Conclusions 

Effective vaccines against leishmania infection do not exist, al-

hough some groups have developed formulations with acceptable

mmunogenicity [26] .Therapeutic intervention is largely based on

hemotherapy including pentavalent antimonials which has long

een the cornerstone of the first line of treatment [26,27] . How-

ver, treatment with antimonials is associated with several draw-

acks including: severe side effects, poor tolerability and crit-

cal levels of drug resistance, especially in India [27] . Ampho-

ericin B, pentamidine and miltefosine are the other alternatives

hich become frontline options for fighting against visceral and

utaneous forms of leishmaniasis, including the antimony-resistant

ases [27,28] . The problems become compounded due to the in-

reased rate of resistance and therapeutic failure in critically en-

emic areas such as India, Africa and South America. Hence, there

s an urgent need to explore new drugs that are readily avail-

ble and affordable f or the affected population [29] . Based on the

bove-mentioned facts and with the objectives to discover active

ompounds against Leishmania that are non-toxic to mammalian
 f
ells, we have searched for a novel inhibitor specific to the PPDK

f Leishmania . The PPDK-specific inhibitor was found to be safe and

on-toxic to the mammalian cells even at very high concentrations.

t these concentrations, the PPDK inhibitor (Z220582104) is signif-

cantly leishmanicidal against the promastigotes and intracellular

mastigotes. PPDK has long been considered as a logical target for

eveloping potential herbicides and designing new drugs [30,31] .

ur in silico study was aimed at investigating a new inhibitor

hich is effective against the parasites but tolerant to mammalian

ells. The study of PPDK in parasitic organisms is significant be-

ause the enzyme is absent in the mammalian host which has dif-

erent catalytic mechanisms for the glycolytic pathway. 
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