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Abstract

L-asparaginases belong to a family of amidohydrolases that catalyze L-asparagine into L-
aspartic acid and ammonia. Although bacterial L-asparaginases have been used extensively as
anti-leukemic agents, their possible role as potential drug target for pathogenic organisms has
not been explored. The presence of genes coding for putative L-asparaginase enzymes in
Leishmania donovani genome hinted towards specific role of these enzymes in extending
survival benefit to the organism. To investigate whether this enzyme can serve as a potential
drug target against Leishmania pathogen, we obtained structural models of one of the putative
Leishmania L-asparaginase I (LdAI). Using an integrated computational approach involving
molecular modelling, docking and molecular dynamics simulations, we found crucial differences
between catalytic residues of LdAI as compared to bacterial L-asparaginases. The deviation
from canonical acid-base pair at triad I, along with structural reorganization of a B-hairpin loop
in the presence of substrate, indicated an altogether new mechanism of action of the LdAI
enzyme. Moreover, the finding of compositional and functional differences between LdAI and
human asparaginase was used as a criterion to identify specific small molecule inhibitors.
Through virtual screening of a library of 11,438 compounds, we report five compounds that
showed favorable interactions with the active pocket of LdAI, without adversely effecting
human asparaginase. One of these compounds when tested on cultured Lesimania promastigotes
displayed promising Leishmanicidal effect. Overall, our work not only provides first hand
mechanistic insights of LdAI but also propose five strongly active compounds which may prove

as effective anti-leishmaniasis molecules.
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1. Introduction

Leishmaniasis is a prominent pathogenic disease in tropical countries caused by the protozoan
parasites Leishmania spp. [1-3]. Although Leishmania can affect various tissues, the visceral
infection (known as kala-azar) is most lethal, as at later stages of infection the pathogen severely
compromises the host immune response [4-6]. During infection, this pathogen usually begins
infiltrating the phagocytic cells, forms phagolysosomes, proliferate via complex host-parasite
interactions and eventually surpass host immune responses by strategically evading destruction
by the host cells [7, 8]. Forward line chemotherapy of leishmaniasis includes administration of
pentavalent antimonials, anti-fungal antibiotic and aromatic dimidines [9-13]. Some of the anti-
retro viral drugs and immunomodulators have recently been introduced in conjunction with
chemotherapy to potentiate anti-leishmanial effects [14-17]. Besides being expensive and highly
toxic, acquisition of drug resistance by the protozoa against the chemotherapeutics is a major
threat, necessitating the identification of newer drugs [18-20]. In the absence of effective
vaccines, inhibitors designed against pathogen-specific protein targets may prove to be most
appropriate, next generation, anti-leishmaniasis drugs.

Good volume of literature supports the employment of comparative proteome and
genome analysis for finding effective drug targets against protozoan pathogens [21,22].
Recently, an L-asparagine synthase has been found important in rendering survival benefit to
Leishmania, and hence has been proposed as a potential drug target [23]. Whole proteome

BLAST showed that amongst various protozoan pathogens, a distinct genomic region coding for
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putative L-asparaginase is present only in Leishmania, Giardia and Trichomonas spp. L-
Asparaginases belong to amidohydrolase class of enzymes and have been used as effective anti-
leukemic agent [24]. Its specific role in pathogenic protozoans has not been evaluated. An earlier
report suggests that the amino acid L-asparagine (substrate for L-asparaginase) poses an
inhibitory control over leishmanial auto-phagosomal pathway [25]. In a recent report it has been
shown that the L-asparaginase of Mycobacterium tuberculosis (M tb) renders survival benefit to
the pathogen by reducing the acidic environment inside the host cell [26]. Since a phagolysomal
fusion mechanism is common for the establishment of infection by both M. fuberculosis and
Leishmania donovani, we hypothesized that LdAI might be serving identical neutralizing
function for the survival of Leishmania inside the host. While this requires experimental
verification, we present first hand computational analysis of the putative LdAI with a
preliminary in vitro testing data to support our hypothesis.

Our data shows characteristic deviations of LdAI from the other known L-asparaginases
in its catalytic site composition, hinting towards a novel mechanism of action. Based on this we
identified five potential inhibitors of LdAI from a large library of compounds. We confirmed our
data about active site mechanism and the binding poses of the reported inhibitors using
Molecular docking and MD simulations. Our results strongly support the uniqueness of LdAI
that can be exploited as a potential and specific protein target against leishmaniasis. We hence,
believe that the information reported in our study will be critical and helpful in designing new

and efficacious inhibitors against lieshmaniasis in future.

2. Materials and methods

2.1 Material retrieval and sequence alignment

Protein sequences of L-asparaginase I (Uniprot: P0A962) and II (Uniprot: PO0805) from E. coli
(EcAl and EcAll) were retrieved from UniProtKB and a BLASTp analysis of these sequences
was done to identify putative L-asparaginase genes associated with enteric pathogens. To

identify residues in the catalytic triads of different asparaginases, multiple sequence alignment of
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various sequences Lieshmania spp. (Leishmania donovani, Leishmania infantum, Leishmania
major, Leishmania mexicana, Leishmania braziliensis) was done along with L-asparaginases
from E. coli using CLUSTALW?2 [27-29].

2.2 Model building and evaluation

The Leishmania donovani L-asparaginase (LdAI) structure was built using comparative
modelling from its primary sequence (Uniprot: E9BCS85). Initially, the LdAI sequence was
submitted to I-TASSER [30,31] (Iterative Threading Assembly Refinement) server that
generates atomic models based on multiple threading alignments of sequences with continuous
Z-score assignments. Following this, all the continuously aligned fragments are assembled using
the conformational constraints of the template structures. In the next step, structural matching of
predicted models with known protein structures from the RCSB Protein Data Bank (PDB) is
performed and C-scores are assigned based on relative clustering structural density and
consensus significance. Finally, the best model based on C-scores among the top five modelled
structures was chosen for further studies. The inspection of phi/psi angles using Ramachandran
plot and energy criterion comparison was done to validate the overall quality of the chosen
model using PROCHECK and ProSA [32, 33] programs, respectively.

2.3 Virtual Screening of compounds against LdAI

Virtual screening (VS) was carried out using a composite ligand based and receptor based
approach. Firstly, the filtering conditions for virtual screening of approximately 23 million
compounds from the ZINC database were applied on the basis of physicochemical properties of
the enzyme substrate, L-asparagine. These screened ligands were further filtered using the
AutoDock Vina [34] docking engine, adopted for a receptor-based virtual screening via the
iDOCK modification [35]. The docking grid was defined to encompass the active site of LdAI
(residues 11,16,21,89,91 in modelled structure). Various conformational orientations of ligands
were analyzed and ranked based on their binding scores. Only the top 100 compounds with

highest binding scores (>L-asp; score -5.3, 100th compound ; score -5.7) were selected based on
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the Lipinski’s rule of five [36] and respective iDock scores. The absorption, distribution,
metabolism, excretion and toxicity (ADMET) properties constitute crucial part of
pharmacokinetic profile of drug candidates. The druggability of candidate compounds and their
clinical effectiveness is based on their ADMET profile. Thus, only the top 20 drug-like
compounds were retained based on predicted low toxicity values using admetSAR [37]. The five
reported pharmacokinetic parameters and their evaluation models are described in the
supplementary methods.
2.4 Re-docking and free energy calculation
For eliminating the possibility of inhibitory effect of the selected ligands on the human
asparaginase isoform (Type-III L-asparaginase, HLA), binding of the top 20 admetSAR filtered
compounds was re-assessed using Molecular Operating Environment (MOE) v2009.10 [38].
MOE utilizes a Monte Carlo simulated annealing process from a set of energy grids at the active
site pocket of the protein. As compared to other docking algorithms such as AutoDock [39],
Glide [40] and Gold [41], MOE can produce ligand poses close to original conformers with
minimum RMSD. Besides, it also samples larger conformational spaces which are close to native
pose of the ligands upon interaction with receptors [42]. Hence, MOE was employed for precise
free energy calculations. The ligands were re-docked using MOE onto the active pockets of LdAI
and HLA using the above described active site grid parameters. Finally, triangular matching
placement method was employed to generate poses by aligning ligand triplets of atoms with
triplets of receptor site points. London dG scoring function was used to retain most favorable
poses of ligand conformations.
The free energy of ligand binding from a given pose is defined as:
AG = ¢+ Ef + Y1 _ponds CbFb + Zm—ligand CmFm + Y, omsi4D1
where, ¢ represents the average gain/loss of rotational and translational entropy, Er is the

energy due to the change in flexibility of the ligand upon binding, Fb measures geometric
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imperfections of hydrogen bonds, Cbis the energy of an ideal hydrogen bond, Fm measures
geometric imperfections of metal ligations, Cm is the energy of an ideal metal ligation;
and Di represents desolvation energy of i ™ atom.

Difference in desolvation energies are calculated as:

ADi = ciR?{fff lu|~6 dU
u¢AuUB

where, 4 and B are the protein and ligand volumes with atom i belonging to volume B; R; is
the solvation radius of atomiandc;i1s the desolvation coefficient of atomi. The best five
conformations were evaluated using the Generalized Born solvation model ranked by higher

binding free energy to LdAI in comparison to HLA.

n n
- ‘Izq]
Esolvation:—wsolw(d 1_ 1) Alle?2 Z Z (rl])Tl]

== \/y11+exp( Yij)/a

where, wy, and W are weights, d is the dielectric constant in the interior of the solute, d, is
the dielectric constant of the solvent and s and T are as in the van der Waals energy. G; is the self

energy of atom i, defined as:

G = ‘213 Vi Vim ([ oomee 31X —%:18(1x — x> R)dx

where, R;is the solvent model radius of atom i and V;is an approximation to the Born
Integral. Subsequently, the resulting five LdAl-inhibitor complexes were subjected to molecular
dynamics simulations to ascertain stability of these complexes. The holo-enzyme complex of LdAI
and its substrate L-asparagine was similarly created by docking the substrate into the active site of
the enzyme.
2.5 Molecular dynamics simulations
MD simulations were carried using GROMACS package v4.5.5. The GROMOS 53A6 force

field [43] was employed for analysing apo-LdAI (without substrate) and holo-LdAI (with

substrate or inhibitors). The Ligand topologies were generated using PRODRG [44]. In separate
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set of simulations, apo-LdAI, holo-LdAI and the five LdAl-ligand complexes were placed in
cubical boxes, equidistantly at 15A distance from box edges. Following this, hydrogen atoms
were added using pdb2gmx module of GROMACS and were constrained using LINCS
algorithm. With periodic boundary conditions applied in all three dimensions, protein was
explicitly solvated using TIP3P water system and appropriate counter ions were added to
neutralize the system. Solvated system was first energy minimized by steepest descent method
(2000 steps) followed by conjugant gradient (1000 steps) method. In two steps of 400ps each,
the systems were equilibrated in an NVT ensemble followed an NPT ensemble. Particle mesh
Ewald (PME) method was employed to treat long-range electrostatic interactions with cut off
radius of 10A.The system temperature of 300K was kept constant by modified Berendsen
coupling. The Leap frog integration was used for velocity generation with 2 fs time step. The
structural coordinates were recorded at 4 ps intervals in total of 15 ns simulations for apo-LdAI
and holo-LdAI along with 10 ns each for LdAlI-ligand complexes. The resulting trajectories were
later analyzed for RMSD, Solvent accessible surface area, Radius of gyration and Energy. The
structural coordinates were analysed using PyMOL and Discovery Studio visualizer v.3.1.

2.6. Anti-leishmanial activity assay

The effect of compound L1 on the viability of L. donovani AG83 promastigote cells was
determined by standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide (MTT)
assay. The assay was performed as described previously with minor modifications [54, 55]. To
mimic the leishmanial auto-phagosomal pathway, the assay was performed on low pH adapted
promastigotes. For adaptation to lower pH, L.donovani Ag83 promastigotes were seeded
gradually to M199 medium with Hanks salt at pH 7.0, 6.5, 6.0 and 5.5 with 15% FBS and
incubated at 25 °C in a BOD incubator. After second passage at pH 5.5, cells were used for MTT
assay. At the exponential phase (~1x10” cells/ml), cells were collected by centrifugation at
1000xg and were resuspended in fresh M199 medium with 15% FBS to make 2.22 x10° cells/ml.

90 pl of cells (2x10° cells) were seeded in each well of three 96 well plates and incubated at
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25°C in BOD incubator. After 1 hour, cells were treated with equal volume of L1 (10ul) at
different concentrations and a known concentration (135 nM) of Amphotericin B as control.
Plates were incubated at 25°C in BOD incubator. After 48 and 72 hours, plates were treated with
MTT solution (5 mg/ml in PBS) with 10 ul added in each well. After incubating at 25°C for 3
hours, 100 pl of stop solution (50% isopropanol and 10% SDS) were added to each well and left
for incubation for another 15 minutes. Following incubation, the optical density at 570 nm was
recorded in a microplate reader and the percentage cytotoxicity was calculated with respect to

untreated control cells.

3. Results and discussion

3.1 Sequence alignment and model building
Comparative genome analysis highlighted the presence of putative L-asparaginase gene only in
few enteric protozoa (Supplementary Table 1). In case of Leishmania donovani, interestingly
two gene fragments coding for L-asparaginase were found. One of these present at chromosome
number 15, has been annotated as the cytoplasmic L-asparaginase in the UniProt (E9BCS5)
database, possibly corresponding to bacterial Type I enzyme. The other (putative) may therefore
correspond to the Type II bacterial L-asparaginase (Supplementary figure 1a). Thus, the
presence of L-asparaginase gene may signify its important role in the metabolism and survival of
organisms possessing it. On comparing the protein sequences of L-asparaginases from various
Leishmania genomes with that of bacterial L-asparaginases, a high degree of conservation was
noted (Figure 1). However, few crucial differences were also identified including Tyr to Ala
replacement in catalytic triad I. The other variations and their interpretations are discussed in
detail in the following sections.

The human L-asparaginase (HLA) belongs to Type III family, representing a substantially
different class and catalytic mechanism as compared to bacterial and protozoan L-asparaginases

[45]. Moreover, there is negligible sequence similarity between HLA and LdAI (BLASTp, E
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value 1.8). Assuming that LdAI is an essential enzyme for Leishmania, inhibiting its function
will selectively prevent the survival of the pathogen without adversely affecting the human host.
This projects LdAI a promising candidate for rational design of selective inhibitors. To study
similarity/dissimilarity among various L-asparaginases, structural model of LdAI was generated,
using EcAl as template (sequence identity 37%). The Ramachandran plot of the modeled LdAI
structure showed 92.5% residues in the most favourable region, 6.2% in the allowed region, and
0.4% in the disallowed region (Supplementary figure 1b). This was very similar to the EcAl
template (Pdb id: 2p2d) that showed the presence of 92.2% residues in most favourable region,
7.4% in the allowed region, none in the disallowed region. For LdAlI, it was suspected that the
residues present in the disallowed region (0.4%) could represent the active site amino acids. A
PROCHECK analysis however, suggested that they are not. Further, PROCHECK analysis
showed that the main-chain and side-chain parameters were also satisfactory, thus confirming the
reliability of the LdAI structure. Finally, the ProSA analysis of energy criteria showed negative
interaction energies for most of the residues in LdAI, confirming a stable structure
(Supplementary figure 1c).

3.2 MD simulations of apo- and holo-enzyme

In the absence of a crystal structure of LdAI, MD simulations of its apo- and holo- form provided
preliminary insights on its 3D conformation. The simulations of the apo- and holo-forms were
carried out for 10 ns each till the backbone RMSD stabilized (Supplementary figure 2a).
Furthermore, comparative stability of the enzyme in the absence and presence of its substrate was
confirmed by consistency in total energy (potential, kinetic and columbic energies) of both the
apo- and holo- forms during the entire simulation time (Supplementary figure 2b). On analyzing
the overall structural scaffold, it was evident that the LdAI monomer was very similar to those of
the related asparaginases. Each LdAI monomer is composed of two distinct o/f domains

connected by an un-structured linker (Figure 2). The larger N-terminal domain (Green) comprises
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of 10 B-pleated sheet and 3 a-helices along with a rigid hairpin composition at the active site loop
(residues 11-27 in modelled structure). This is followed by a 21 residue (residues 187-207 in
modelled structure) linker region (Grey) containing a B-sheet that extends to the C-terminal
domain consisting 2 B-pleated sheets and 4 a-helices (Magenta). As a whole, the secondary
structure content is similar to the other reported type I enzymes ie. E. coli and Pyrococcus
horikosshi (PhA) [46, 47]. The similarity in secondary structural folds is evident from the high
degree of superimposition of EcAl and LdAI models (Supplementary Figure 3a). Similar to
bacterial and archeal L-asparaginases, LdAI also exhibited two oppositely oriented active sites
along the vertical axis [48].

Moreover, the C-terminal domain has six extra amino acids protruded out of the globular
structure when compared to EcAI (Supplementary Figure 3b). It can be hypothesized that the C-
terminal tail is essential for inter-domain stabilization and consequently formation of higher order
oligomeric assemblies. Furthermore, the linker region was found structured and comparatively
longer in LdAI. Since, Leishmania is an early eukaryote; the linker domain might confer flexibility
to C-terminal and N-terminal domains, thus modulating macromolecular associations and
subsequently biological functions. This is in accord with hypothesis by Wang et al., which sheds
light on role of terminal tails and varied length of internal linkers on eukaryotic, bacterial and
archaeal proteome [49]. These non domain regions play a crucial role in stabilization of
macromolecular complexes and higher order tertiary structures through various non bonding
interactions. Also, a rigid B-hairpin loop at the active site was suggestive of limited flexibility and
restricted solvent accessibility to the catalytic site (Figure 2). This might confer LdAI with
activity similar to the one seen in case of EcAl and PhA [48]. We confirmed this from solvent
accessible surfaces of the loop region in LdAI. The comparably similar solvent accessibility hints
toward similar activity (EcAI 208 A% EcA II 264 A, LdAI 240 A%). Moreover, the comparative
analysis of solvent accessibility of the entire active site pocket also showed similar results

(Supplementary Figure 3c).
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3.3 Active site

Previously reported L-asparaginase crystal structures have shown the presence of two catalytic
triads (I and II) at each active site. The triad I is composed of a nucleophile (Thr), a base (Tyr) and
a acidic moiety (Glu) which functions on the flexibility of active site loop. Similarly, triad II is
also composed of a second nucleophile (Thr) that activates a water molecule along with a basic
(Lys) and an acidic residue (Asp). These two triads function in a concerted manner and convert the
substrate asparagine into aspartate in the presence of a water molecule (acting as second
nucleophile) [50].

The multiple sequence alignment of all available Leishmania L-asparaginase sequences
along with the bacterial L-asparaginase (EcAl and EcAll) yielded interesting insights on active
site conformation of LdAI (Figure 1). There were significant overlaps in the conserved residues
of Leishmania asparaginases and the bacterial asparaginases (Red). The first nucleophile in triad
I (Thr 38) along with the entire triad II (Asp 116, Thr 117 and Lys 187) were found conserved
(Red). However, few evolutionary replacements in the LdAI active site make its active site
conformationally different from the known asparaginases. The crucial tyrosine moiety (residue
24 on active site loop) of EcAl is found replaced with an alanine (residue 48 on active site loop)
of LdAI (Green star, figure 1). Previous studies on bacterial asparaginases have shown that
flipping of this tyrosine residue inside and outside the plain is responsible for activating the
nucleophilic threonine residue that attacks the substrate [51, 52]. Hence, an alanine replacement
in LdAI (Tyr 48--->Ala) creates a certain degree of muddiness on the mechanism of action of
this enzyme.

For deciphering this, we did a rigorous sequence and structure analysis of the simulated
structure. We found that there were two lysine residues on the active site loop that were
conserved in the Leishmania asparaginases (highlighted in magenta, Figure 1). However, on
closer look at their structural orientations, only the Lys 43 was found in plane of the triad I.

Further, we delved into identifying a possible acidic residue that must interact with the base

11
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lysine so as to activate it. From the sequence alignment, it was found that glutamic acid (301’
chain B, highlighted in orange, Figure 1) was conserved in all type I Leishmania asparaginases.
Interestingly, this residue is also found conserved for most other type II asparaginases [50]
(Green star). This led us to hypothesise that Leishmania being an early eukarya shares the
structural and sequence motifs of both type I and type II asparaginases. Hence, we propose the
presence of a different version of active site residues working in consort to bring upon substrate
conversion in LAAI (Figure 3a). The major difference being at the triad I where the base Lys 43
after getting deprotonated by acid Glu 301" activates the first nucleophile Thr 38 that attacks
the substrate [.-asparagine.

We confirmed our results by performing simulations of LdAI in presence of its substrate
asparagine (-holo enzyme). Interestingly, it was found that the B-hairpin loop at the active site
underwent reorganization and became flexible in presence of asparagine (Figure 3b). The
flexibility of the active site loop gave support to our hypothesis that glutamic acid (residue 301")
de-protonates the base lysine (residue 43) which in turn activates the nucleophile (Thr 38). The
comparison of RMSF of the apo- and holo- enzymes further confirmed the stabilization of entire
protein on substrate binding (Supplementary figure 2a, 2b) and reorganization of active site
loop leading to increase of flexibility at the loop region (Figure 3c¢). This finding is in contrast to
the previous reports that suggested mobile gate mechanism of active site loop where opening and
closing of the loop was found ligand-dependent [53]. Interestingly, we have recently reported
similar reorganization of structured active site loop in another type I asparaginases (P. furiosus)
that assists substrate entry and its conversion to product [56]. Therefore, LdAI appears to employ
a distinct mechanism of action and warrants further investigation. Interestingly, a recently
reported L-asparaginase from Mycobacterium tuberculosis (MyAnsA) shows a similar Val
substitution for Tyr [26]. Such a finding is pertinent in the context of Leishmania survival inside
the phagolysosome. Leishmania probably involves an analogous mechanism of action to

neutralize the acidic environment as is done by MyAnsA of Mycobacterium.

12
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3.4 Virtual screening of compounds against LdAI

The initial library of compounds was created by screening substances from ZINC database that
had 90% similarities in structural and physicochemical parameters with L-asparagine. The
resulting 11,438 drug-like ligands were identified and retained for the receptor based screening.
The compounds showing higher binding scores compared to L-asparagine were then filtered
based on the Lipinski’s rule of five and relative iDock scores. Only the top 100 screened
compounds possessing higher binding affinities as compared to the original substrate L-
asparagine (>-5.3 kcal/mole, score for L-asparagine) were selected. Following this, second
screening was done to identify 20 potential candidate molecules on the basis of their lower
toxicity profiles (LD50<2.5 mol/kg). Final screening step involved free energy calculations and
comparative binding studies with HLA using MOE. This resulted in five compounds showing
higher binding energies with LdAI as compared to HLA (Table 1, Supplementary figure 4).
The compounds are as follows: compound L1 (ZINC 565127), compound L2 (ZINC 9013886),
compound L5 (ZINC 86862222), compound L7 (ZINC 83260818) and compound L12 (ZINC
58950950) (Figure 4). All these potential inhibitors were successfully filtered by Lipinski's rule
of five (Table 1) and various ADMET parameters (Table 2) using admetSAR (Supplementary
methods). These ligands screened on the basis of similarity with substrate showed favorable
interactions at the enzyme's active site (Figure 5, Supplementary figure 5). This is because of
the extra number of non-covalent bonding interactions at the active site pocket, resulting in more
stable enzyme-inhibitor complexes.

All five compounds showed excellent probabilities for intestinal absorption and minimal
permeability for blood brain barrier (>0.7). The caco-2 permeability scores indicating moderate
paracellular movement of compounds across the intestinal monolayers also aid in drug-likeliness
of the five compounds. Moreover, owing to their moderate P-glycoprotein substrate propensities

(~0.6) and high CYP2D6 inducing probabilities (>0.9) , all five compounds are predicted to have
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moderate chances of drug efflux with higher probability of forming active metabolite. Thus, the
ADMET profiles of the screened compounds suffice appropriate pharmacokinetic parameters
and have reasonable druggability for using as potential drug candidates. In the absence of any
previous reports on inhibition of leishmanial L-asparaginase, these identified compounds await
in-vitro and in-vivo testing for their effectiveness against leishmaniasis.

3.5 Ligand L1

The ligand L1 corresponding to ZINC ID 565127 is recognized by [UPAC name 2-{3-[2-(3-
aminophenyl)-2-oxoethyl]-3-hydroxy-2-0x0-2,3-dihydro-1H-indol-1-yl}acetamide. =With net
zero charge under physiological conditions, it binds to the primary nucleophile Thr 38 of
catalytic triad I through a hydrogen bond between its HG1 and O1. The bulky indole ring gets
accommodated inside the active site groove and is further stabilized by five hydrogen bonds with
four active site residues at the periphery i.e. Leu 49, Ser86, Met41 and Asp85 (Figure 5a).

3.6 Ligand L2

The ligand L2 corresponding to ZINC ID 9013886 is recognized by IUPAC name 2-amino-4-
hydroxy-5-(4-hydroxy-3-methoxyphenyl)-5, 8-dihydropyrido [2, 3-d] pyrimidin-7 (6 H)-one.
With net zero charge under physiological conditions, it binds to the primary nucleophile Thr 38
of catalytic triad I through hydrogen bonding between its HG1 and O1. Additional hydrogen
bonding with six other residues of the active pocket that include Leu 49, His 192, Asp 85 and Ser
87 along with Asp 118 and Met 144, belonging to triad II groove (Figure 5b).

3.7 Ligand L5

The ligand L5 corresponding to ZINC ID 86862222 is recognized by [UPAC name 3, 3’-
diamino-4, 4’-dihydroxydiphenyl sulfone. With net zero charge under physiological conditions,
it binds to the primary nucleophile Thr 38 of catalytic triad I through dual-hydrogen bonding
between OG1 and H13 and H14 moieties of L5. The bulky phenyl ring helps in stabilization of
L5 inside the active site groove. The protein-ligand complex is further stabilized by nine

additional hydrogen bonds between L5 and Asp 85, Ser 86 and Asp 118 residues belonging to

14
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the active site pocket of the protein (Figure 5c).

3.8 Ligand L7

The ligand L7 corresponding to ZINC ID 83260818 is recognized by IUPAC name N-
[(2R,3S,4R,5S,6R)-2,4,5-trihydroxy-6-(hydroxymethyl)-4-(1H-indol-3-yl)tetrahydropyran-3yl]
acetamide. With net zero charge under physiological conditions, L7 also binds to the primary
nucleophile Thr 38 of catalytic triad I through dual-hydrogen bonding between HG1 and O2 and
05 of L7. Additionally, another hydrogen bond between OG1 of Thr 38 and H2 of the ligand L7
exists. Besides these essential hydrogen bonds, the protein-ligand complex is further stabilized by
five additional hydrogen bonds with Leu 49, Glu 50, Asp 85 and Asp 118 residues of LdAI active
site (Figure 5d).

3.9 Ligand L12

The ligand L12 corresponding to ZINC ID 58950950 is recognized by [UPAC name 6-amino-3-
methyl-4-(5-methyl-2-furyl)-1, 4-dihydropyrano [2, 3-c] pyrazole-5-carboxamide. With net zero
charge under physiological conditions, it strongly binds to the primary nucleophile Thr 38 of
catalytic triad I via hydrogen bonding between its OG1 and H8, H9 and H10. The stability of
this complex is further stabilized by seven additional hydrogen bonds with five residues at active
site pocket that include Leu49, Glu50, Asp85 along with Asp118 and Metl 14 belonging to triad
2 pocket (Figure Se).

3.10 MD simulations and the overall stability of structure

To validate the stability of enzyme-inhibitor complexes obtained from docking studies, MD
simulations were carried up to 10 ns as described previously in the methods section. In the
presence of ligands, the backbone RMSD stabilized after 6 ns, indicating stabilization of docked
complex in all cases (Figure 6). Changes in radius of gyration over the simulation indicate
folding behavior of the protein. In case of both docked and native LdAI, radius of gyration

varied between 2.6 nm and 2.7 nm (Figure 7). This suggests that the binding of the ligands to
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LdAI enzyme does not affect the original protein architecture. However, in physiological
conditions, enzymes are dynamic in nature. While some regions are static in nature, others
confer flexibility to the enzymes to carry specific functions. RMSF analysis of Ca atoms of the
protein during last 4 ns of simulation of docked complexes revealed residues contributing to
regions of higher flexibility in the enzyme (Figure 8). The analysis of active site loop region in
the complexes showed that in case of L1, L7 and L12 ligands, comparatively lower residue-
fluctuation was present (dotted rectangle, Figure 3). Finally, total energy profile of the enzyme-
ligand complexes during the entire simulation was also analyzed to ascertain the overall stability
of the systems in terms of potential, kinetic and columbic energies. It was observed that all five
complexes showed constant energy profile during the trajectory of simulation (Supplementary
Figure 6). So, based on strong hydrogen bonding interactions at the active site groove that
remained throughout the MD simulation trajectory, these five identified compounds show
excellent stability and reliability.

3.11 Assessment of anti-leishmanial activity

Following the stringent screening criteria, we examined the anti-leishmanial activity of one of
the five identified compounds. On testing, L1 showed appreciable reduction in cell viability of L.
donovani AG83 promastigote cells in a dose dependent manner. At 72 hours, the inhibitory
effect was comparable to that of the standard drug (Amphotericin B) (Figure 9). Although the
dose requirement was on the higher side but given the ADMET criteria of selecting relatively
low toxicity compounds, L1 appears promising. Overall, these results represent a starting point
of rigorous in vivo experimentation for developing newer and potent drugs from the identified

anti-leishmanial target.

Conclusions
In the present study, we have explored the possibility of targeting L-asparaginases in pathogenic
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Leishmania donovani (LdAI) as a new therapeutic strategy against lesihmaniasis. Based on our
sequence and structural analysis, we report a novel mechanism of active site remodelling
involving different residues at the active site as compared to previously reported asparaginase.
Following this, we screened a large library of compounds for identifying inhibitors which could
favourably interact with the active site of LdAIL Based on an integrated approach involving
molecular modelling, docking and MD simulations, we selected five compounds which could
strongly bind at the LdAI active site. The binding mode analysis of all five compounds showed
the presence of a strong hydrogen bonding network involving the active site residues. To the best
of our knowledge this is a firsthand report on targeting L-asparaginase in a pathogenic
protozoan.

The major conclusions of this study are as follows: (1) A comparison with previously
reported asparaginases revealed flexible domain architecture of LdAI, owing to longer inter-
domain linker length. (2) The catalytic triad I of LdAI constitutes different residues (Lys 43 as
base, Glu 301" as acid and Thr 38 as nucleophile), not reported in other L-asparaginases. (3) The
rigid active site loop of LdAI gets un-structured in the presence of substrate, possibly enhancing
substrate accessibility. (4) The selected inhibitors showed high affinity to LdAI and are devoid
of any significant affinity to the human asaparaginase. (5) The heterocyclic rings in the five
identified inhibitors help in stabilization at the active site groove along with the hydrogen
bonding with the surrounding residues. (6) Compound L1 works at a higher dose but produces
comparable anti-leishmanial activity as that of standard compounds. In summary, these
mechanistic insights on functioning of pathogenic protozoan L-asparaginase can help
deciphering the survival strategies of these organisms and hence can also aid in developing novel
therapeutic strategies. The preliminary results suggest that the identified lead molecules, may
serve as models for developing new and efficient inhibitors against leishmaniasis.
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Figure and Table Legends

Figure 1. Multiple sequence alignment of L-asparaginase Type I sequences from available
Leishmania genomes with bacterial Type I and Type II (EcAl and EcAll respectively). The fully
conserved residues across the species are shown in red, residues conserved only in Leishmania
are shown in pink, Glu 301' and Val 302' found conserved in all Leishmania sequences and
EcAII only are highlighted in yellow. The green star represents crucial Tyr to Ala replacement in
Leishmania L-asparaginases.

Figure 2. Homology modelled LdAI dimer after 15ns of MD simulation. The two monomers are
shown in violet and green respectively. The dotted red box highlights dimer interface, with
arrows indicating the two active sites formed at the dimer interface. Enlarged LdAI monomer
(blue dotted line) showing domain architecture comprising of separate C-terminal domain

(green), N-terminal domain (violet) and an unstructured linker (orange).

Figure 3. Proposed active site conformation of LdAl. a) Residue composition of triad I and triad
IT are shown by dotted red and blue lines, respectively. b) Secondary structure reorganization of
the LdAI active site loop shown in dotted circle in its apo-(beta hairpin, cyan) and holo-
(unstructured, green) forms. ¢) RMSF of last 4ns simulations of apo- and holo- LdAI is shown.
The higher fluctuation in active site loop region of holo-enzyme (dotted rectangle) corresponds
to highly flexible unstructured loop region.

Figure 4. Molecular structures of five identified small molecule inhibitors (L1, L2, L5, L7, and
L12) against LdAL

Figure 5. Molecular representation of active site-inhibitor complexes. Active site molecular
interactions for each of the protein-inhibitor complexes is shown. a) L1; b) L2; ¢) L5; d) L7; and
e) L12.

Figure 6. All atom RMSD of LdAlI-inhibitor complexes. Different ligands are shown in different

color codes.
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Figure 7. Radius of gyration of backbone atoms of LdAl-inhibitor complexes. Different ligands

are shown in different color codes.

Figure 8. RMSF of LdAl-inhibitor complexes. Different ligands are shown in different color

codes. Black stars represent active site residues.

Figure 9. Cytotoxicity profile of compound L1 against L. donovani AG83 promastigote cells.

Cell toxicity of different concentrations of L1 is represented as percentage of untreated control
after 72 h treatment. Amphotericin B (135 nM) was used as positive control.

Table 1. Docking, binding free energy and Lipinski's parameters for the substrate and identified

compounds.
Compound Molecular xlogP  iDock HBA HBD PSA(A?) MOE
weight score AGying (kJ mol'l)
(g/mol)
L-asparagine 132.11 -2.81 -5.37 5 5 110 -11.34
L1 339.35 -0.23 -6.13 7 5 126 -22.14
L2 302.29 -0.25 -6.17 8 5 130 -20.13
L5 266.32 -0.95 -5.92 5 6 110 -18.61
L7 336.34 -1.49 -6.27 8 6 135 -14.88
L12 274.28 -0.13 -5.98 7 5 120 -13.99
Table 2. ADMET parameters of identified inhibitors.
Compound Blood-Brain Intestinal Caco-2 P-glycoprotein CYP2D6
Barrier(-) Absorption(+) Permeability(-) Substrate Inhibitor
L1 0.97 0.99 0.70 0.71 0.91
L2 0.98 0.99 0.50 0.68 0.91
L5 0.87 0.98 0.66 0.64 0.84
L7 0.98 0.89 0.63 0.66 0.93
12 0.92 0.91 0.67 0.53 0.96
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conserved in all Leishmania sequences and EcAII only are highlighted in yellow. The green star represents
crucial Tyr to Ala replacement in Leishmania L-asparaginases.
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Homology modelled LdAI dimer after 15ns of MD simulation. The two monomers are shown in violet and
green respectively. The dotted red box highlights dimer interface, with arrows indicating the two active sites
formed at the dimer interface. Enlarged LdAI monomer (blue dotted line) showing domain architecture
comprising of separate C-terminal domain (green), N-terminal domain (violet) and an unstructured linker
(orange).
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