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Abstract

Methionine aminopeptidase 2 (MAP2) is a principal regulator of apoptosis for Leishmania
donovani and a potential candidate for the design and synthesis of novel antileishmanials.
The LAMAP2 gene was cloned in pET28a(+)-SUMO vector, expressed in E. coli and then
purified by chromatographic methods. It was found to be a monomer and required divalent
metal ion for its activity against synthetic substrates with Co(ll), Mg(ll), Mn(Il) and Ni(ll)
being the major activators. Moreover, Ca(ll) showed the tightest binding with K, value of
124.7+£9.2 uM, while Co(Il) proved most efficient for catalysis with ke value of 128.1+4
min*. The naturally occurring aminopeptidase B inhibitor bestatin was found to be a potent
inhibitor of LAMAP2 with a K; value of 0.86 uM. Further, structural studies with circular
dichroism (CD) showed an increase in the a-helical and B-sheet contents and a decrease in
random coils in LAMAP2 upon interactions with both bestatin and fluorogenic substrates.
Finally, structural studies pointed out key differences in the structure of LdMAP2 and
HsMAP?2 and their interactions with inhibitor bestatin, Ala-AMC, Leu-AMC and Met-AMC.
The structural differences of two orthologs and different binding modes with bestatin can be

crucial for the development of novel and specific inhibitor against leishmaniasis.
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Introduction

Protozoan dimorphic parasites of genus Leishmania cause leishmaniasis which is
characterized by a wide spectrum of clinical manifestations that includes ulcerative skin
lesions to life-threatening visceral infections. Leishmania parasites are transmitted through
the bite of sandfly to the mammalian hosts [1]. Approximately 12 million people are affected
by leishmaniasis in 80 countries with about 4,00,000 new cases reported each year [2]. There
are estimates of about 70,000 deaths occurring annually and a further 350 million at risk of
getting infected [3]. Due to the unavailability of any significant vaccination, chemotherapy
along with vector control, continue to remain a significant element in the control of all forms
of leishmaniasis. The prominent antileishmanials used currently include pentavalent
antimony, amphotericin B and miltefosine. Even though effective, the current line of
antileishmanials are toxic, unaffordable and carry a risk of turning ineffective due to the
emergence of drug resistant parasites [4][5]. This highlights the need to design and develop
new drugs against leishmaniasis. Aminopeptidases are exopeptidases catalyzing the cleavage
of amino acids from N-terminal in proteins and peptides [6]. The metal dependent
aminopeptidase-catalyzed degradation of smaller peptides in the terminal stages of protein
degradation pathway provides free amino acids to the organism [7][8]. The genome of L.
donovani encodes at least twelve aminopeptidases most of which belong to the M1, M20,
M18, M17 and M24 aminopeptidases. There are several reports of these proteins to be
druggable targets against many adversaries like cancer and malaria [9][10].

Methionine aminopeptidases (MAPSs) are ubiquitous and highly conserved metal dependent
hydrolases that remove N-terminal initiator methionine from nascent polypeptides either co-
translationally or post-translationally [11] and belong to the M24 class of peptidases as per
the MEROPS peptidase database classification (https://merops.sanger.ac.uk/). The excision of

initiator methionine amino acid residue is a prerequisite for further posttranslational



modifications of nascent polypeptides viz. myristoylation, localization, proper folding, and
protein activity in both prokaryotes and eukaryotes [12][13][14]. To hydrolyze the methionyl
amino acid residue in the ultimate position, MAPs require a small uncharged residue (usually
Gly or Ala) at the penultimate position of the nascent polypeptide chain [15].

MAPs are grouped into two categories: type | (MAP 1) and type Il (MAP 2), with the unique
insertion of nearly 60 amino acids residues in MAP2 at the C terminus of the catalytic
domain [16]. While as, the MAPs of prokaryotic bacteria and archaea contain the minimal
catalytic domain, MAPs of eukaryotes possess additional N-terminal domains [17] viz. the
occurrence of N-terminal zinc-finger motif (like in human or yeast MAPS) or the existence of
a polybasic/polyacidic domain like the one reported for human MAP type llb that is
responsible for the phosphorylation blockade of eukaryotic initiation factor 2a subunit [18].
Notably, eukaryotes harbour both isoforms unlike prokaryotic genomes that encode only one
isoform: type | in bacteria and type 11 in archaea [19]. A previous report on the abundance of
two isoforms in eukaryotes suggests MAP1 to be constitutively expressed and is thence
considered as a house-keeping enzyme. On the contrary, MAP2 expression is regulated by
extra-cellular signals and cell cycle status [20].

MAPs require divalent transition metal ions as cofactors for activity [21]. Previous studies on
MAPs from different organisms indicate cobalt ions to be the most preferred divalent metal
activator [22]. However, MAPs also exhibit activity with other divalent cations like Mn(l1),
Ca(ll), Ni(Il) or Fe(lIl) [23]. In contrast, Zn(Il) is not a very suitable metal cofactor for the
amidolytic activity of most MAPs [24]. The lethal phenotypes developed by MAP knockouts
in both prokaryotes and eukaryotes highlights the importance of this family of enzymes
[25][26]. A recent report on LAMAP2 suggests it to be a key regulator of apoptosis for the
human parasite L. donovani [27]. Moreover, given their essentiality [25], MAPs are emerging

as potential targets for the discovery of novel chemotherapeutics to combat bacterial,



microsporidial and parasitical organisms [28][29][13]. The specific inhibitors of MAP2 like
fumagillin and its derivatives have captivated interest in medicine as pro-drugs for diseases
like obesity and cancer [30][31][32][33]. Even though in clinical trials as a potent inhibitor of
MAP2, the use of pro-drug TNP-470 hasn’t captivated interest in the recent years due to
reports of its toxicity [34][35]. This highlights the need to find newer drugs which are small,
potent, highly specific and affordable.

We herein report our findings on the expression, purification, and characterization of
LdMAP2 as well as its interaction and inhibition with aminopeptidase inhibitor bestatin. We
also show recombinant LdAMAP2 to be active in the MAP2 enzymatic assay against
fluorogenic substrates. The structural analysis using in silico approach suggests key
differences between the human and parasitic orthologs in the MAP2 prosite, catalytic pocket
and a different binding mode to broad-spectrum aminopeptidase inhibitor bestatin pointing
towards its suitability as a new druggable target. Our results also suggest LAMAP2 to have

more affinity towards divalent calcium paving way for its use as a non-toxic biocatalyst.

Materials and methods

Bacterial strains, plasmids, and enzymes

The competent E. coli DH5-alpha and BL21 (DE3) cells utilised for cloning procedures and
protein expression respectively were procured from Invitrogen (USA). The expression
plasmid pET28a-SUMO was generously gifted by Dr Mohd Akif of the Department of
Biochemistry, University of Hyderabad. Taq polymerase, Phusion polymerase, restriction

enzymes and T4 ligase were procured from Thermo Scientific (USA).



Sequence analysis and cloning of LAMAP2

The LAMAP2 sequence comprising of 465 amino acid residues was retrieved from the online
database KEGG (http://www.genome.jp/kegg/). The protein sequence was subjected to Pfam
[36], TOPCONS [37] and Expasy Protparam [38] tool for sequence analysis. The full length
LdMAP2 ORF (1398 nucleotides) was amplified by PCR at an annealing temperature of
58°C from the genomic DNA of Leishmania donovani using gene specific primers as,
forward primer 5° TATGGATCCCCACCAAAGATGTCTGCGAAAAAC 3' and reverse
primer 5° CATCTCGAGCTAGTAGTCGCTTCCCTTGGAAAG 3. The amplicon was
extracted and purified with GeneJet DNA extraction kit (Thermo Scientific, USA) and
digested overnight at 37°C with restriction enzymes BamHI and Xhol (Thermo Scientific,
USA). The LAMAP?2 insert was then purified again and put in frame between the restriction
sites of BamHI and Xhol of the plasmid expression vector pET28a(+)-SUMO. The clone was
confirmed with DNA sequencing (CDFD, Hyderabad) to corroborate the LAMAP2 sequence.
Expression and purification of LAIMAP2

The E. coli BL21 (DE3) competent cells for protein expression were transformed with
LdMAP2 clone using a standard transformation procedure. The expression cells transformed
with LAMAP2 were cultured overnight in Luria-Bertani (LB) media carrying 50 pg/ml
kanamycin at 37°C in a shaking incubator. Afterwards, the LB media with 50 pg/ml
kanamycin were inoculated by 1 percent of the starter culture and the culture grown at 37°C
till an OD of 0.5 was obtained at 600 nm. Subsequently, the expression of LAMAP2 was
induced by 0.5 mM isopropyl-1-thio-f-D-galactopyranoside (IPTG). The culture was then
further grown at 37°C for 4 hours before being harvested by centrifugation at 5000 rpm for
20-25 min at 4°C. For protein purification procedures, the cells were suspended in lysis
buffer (50 mM Tris-HCI pH 8.0, 400 mM NacCl, 5% glycerol, 25 mM imidazole) followed by

cell lysis using sonication at a pulse break ratio of 10:10 with 35% amplitude. A DNase



treatment in the presence of 10 um MgCI, was given to the cell lysate before centrifugation at
14,000 rpm for 45 minutes at 4°C to remove the cell debris. Finally, the soluble recombinant
LdMAP2 protein in the supernatant was allowed to bind to a pre-packed His-trap purification
column (GE Healthcare) with a constant flow rate of 0.5 ml/min on AKTA purification
system (GE Healthcare). After rigorous washing to ward off the non-specificities, the protein
was eluted by elution buffer which was comprised of 50 mM Tris-HCI pH 8.0, 400 mM
NaCl, 5% glycerol and 250 mM imidazole.

To remove metal contaminants, EDTA was incorporated to the pure protein to a final
concentration of 1mM which was later removed by extensive dialysis. To excise the N-
terminal SUMO-tag, SUMO protease (purified separately by affinity chromatography) was
added to the pure protein in 1:100 ratio and subjected to dialysis for 12-16 hours at 4°C in 50
mM Tris-HCI pH 8.0 and 100 mM NaCl. The digested protein was again passed through His-
trap purification column to cause the entrapment of SUMO tag and SUMO protease as both
carry an N-terminal 6X His-tag. While as, the pure protein was collected in the flow through
and then protein quality analysed with 10% (w/v) SDS-PAGE.

Consequently, LAMAP2 was concentrated with a 10 kDa Millipore concentrator and the
volume reduced to 1 ml or less. For buffer exchange, size-exclusion chromatography using
Superdex™75 10/300 GL column (GE Healthcare) was performed with a buffer containing
50 mM Tris-HCI pH 8.0, 150 mM NaCl. The purity of the recombinant LAMAP2 was
verified by SDS-PAGE and the protein concentration was determined on Nano drop (Thermo
Scientific, USA) using molar absorption coefficient of 46870 mol™ cm™ and molecular
weight0f 51300 Da (computed using EXPASy- ProtParam).

Enzyme activity assay

The aminopeptidase activity of LAMAP2 was assessed by recording the rate of liberation of

L-methionine, L-leucine and L-alanine from three fluorogenic substrates i.e. methionine-4-



methyl-coumaryl-7-amide, leucine-4-methyl-coumaryl-7-amide, and alanine-4-methyl-
coumaryl-7-amide (Sigma Aldrich, USA). The released florescent product (AMC) was
measured using Infinite M200 Pro spectrofluorometer (TECAN, Switzerland) with specific
wavelength pairs suggested by the manufacturer for emission and excitation and as reported
previously [39][40] with modifications wherever necessary. To determine the pH optima for
aminopeptidase activity, 50 mM acetate buffer (pH 3.5, 4.5 and 5.5), 50 mM MES (pH 6.5),
50 mM Tris—HCI, pH (7.5-8.5) and 100 mM CAPS (pH 9.5) were used. All buffers used
were supplemented with 100 uM CoCl, and 0.1 uM LdMAP2 for activity. After activation at
37°C for 30 minutes, fluorogenic substrate (0.2 mM) was added and the activity was
measured at 37°C. The divalent metal ion requirement was investigated by assaying the
LdMAP2 activity after pre-incubating the enzyme at 37°C for 30 minutes in 50 mM Tris—HCI
(pH 8.0) containing a different metal chloride independently (HiMedia Laboratories, India).
Enzyme Kinetics

The steady state kinetic parameters Ky and Vipax 0f LAMAP2 were determined by pre-
incubating the enzyme with 100 uM of metal chloride for 30 minutes at 37°C as reported
previously [40] with necessary modifications. The amidolytic activity was measured in the
substrate concentration range of 10-400 uM with each well blanked by the respective
substrate blank while data plotting. The linear portions of the florescence versus time curve
were used to determine the initial velocity and the kg determined by converting the
florescence to AMC using an AMC standard curve. The Ky, and Vmax values were determined
from three independent experiments performed under same conditions.

Influence of metal cofactors

To determine the best divalent activator of LAMAP2, the apo-enzyme was pre-incubated at
37°C for 30 minutes in reaction buffer supplemented with metal chlorides of Co(ll), Mg(ll),

Mn(l1), Ca(ll), Cu(l1), Ni(Il), Fe(Il) and Zn(ll) in final assay concentrations of 0.1, 10, 100,



250, 500, 1000, 5000 and 10000 uM in Tris-HCI buffer (50 mM) at a pH optimum of 7.5. For
every measurement, a control with no metal cofactor was used to reflect the metal
dependence of LAMAP2.

Stability, substrate specificity and inhibition with bestatin

LdMAP2 temperature stability was assessed at seven different pre-incubation temperatures
with the standard condition for activity assays being between 35 and 40°C. The apo-enzyme
was prepared in reaction buffer supplemented with 100 uM CoCl; as a cofactor. The reaction
mixtures were pre-incubated separately at 10. 20, 30, 40, 50, 60 and 70°C and the reaction
started by adding 200 uM of substrate. After incubation at specified temperatures for 30
minutes, the released AMC was recorded using Infinite M200 Pro spectrofluorometer
(TECAN, Switzerland). To study substrate specificity, three different fluorogenic substrates
(Ala-AMC, Leu-AMC, Met-AMC) were used and the activity of LAMAP2 for each substrate
recorded in triplicates. Furthermore, to evaluate the inhibitory efficacy of bestatin, the protein
was pre-incubated with 100 uM CoCl; and varying concentrations of bestatin (1-50 uM) for
30 minutes at 37°C. This was followed by the addition of substrate and the measurement of
residual activity at 37°C for 60 minutes with a break of 3 minutes between measurements.
Circular Dichroism (CD) Spectroscopy

CD spectra of LAMAP2 in the presence of substrates and substrate analog bestatin were
recorded on JASCO-J1500 CD spectropolarimeter in a quartz cell with a path length of 0.2
cm. The spectropolarimeter was set to accumulate three scans for each spectra at a scan speed
of 50 nm min*. The data was collected at every nanometer from 190 to 250 nm with the final
concentration of LAMAP2 used at 0.003 mM. The concentrations of substrates and substrate
analog were in the range of 0.001-0.010 mM. To study thermo-stability of LAMAP2, spectral
changes were recorded in the temperature range of 20 to 100°C. The Gibbs free energy of

unfolding (AG) was determined by denaturing the protein with urea (10 mM- 6 M). Besides,



three scans were accumulated in the far-UV region for protein in the pH range of 3.5 to 9.5.
The secondary structure content of LAMAP2 and the changes underwent by it were analyzed
using the K2D algorithm available on DICHROWERB [41].

Homology modelling and Molecular docking

The program Modeller 9.15 version [42] was used to predict the three-dimensional structure
of LAMAP2 by satisfying its spatial restraints using a template with high identity, coverage
and similarity to the query LdMAP2sequence. The program BLAST-P was used to search
similar crystallographic protein structures with crystal structure of human MAP2 (PDB ID:
1BN5) chosen as template for homology modelling. After fixing the Ramachandran outliers
and loop refinement with ModLoop [43], energy minimization was performed with Gromacs
4.6.3 [44]. The geometry of the model was analysed with RAMPAGE [45] and the LAMAP2
structure visualized using PyMOL [46]. The energy minimized structure of LAMAP2 was
used for molecular docking using AutoDockVinal.l.2 version [47]. The structural
coordinates of substrates i.e. leucine-4-methyl-coumaryl-7-amide, methionine-4-methyl-
coumaryl-7-amide, alanine-4-methyl-coumaryl-7-amide and the inhibitor bestatin were
retrieved from the online database Pubchem [48], and the geometry was optimized with
Discovery studio 3.5 software [49]. To define all possible binding sites and to have structural
inputs, a grid based procedure was followed [50]. The macromolecule and ligands were saved
as PDBQT files as input files for Autodock Vina. The grid dimension used was 80x88x80
points for blind docking on the macromolecule by the program AutoGrid with a spacing of
0.608 A. All other parameters were inserted at their default settings.

Molecular Dynamics Simulations

Molecular dynamics simulations were executed with Gromacs 4.6.3 [44] using GROMACS
96 as a force field and SPC as water model for 30 ns for both native LAMAP2 and LAMAP2-

bestatin complex as reported previously [51] with certain modifications. For LAMAP2-



bestatin complex, the docking conformation with highest binding affinity was selected. The
topology and itp files for bestatin were generated from PRODRG server [52] and added to
LdMAP2 topology file to generate a complex topology file. Then, the simulations of native
protein and LAMAP2 with bestatin were done in water as solvent with SPC model in a cubic
box. To neutralize the system, eight Na* ions were added by replacing the solvent (H,0)
molecules. Energy minimization was executed by the steepest decent method for 5000 steps.
The application of retardants to the ligand and temperature coupling group treatments were
imparted during all simulations. Using GROMACS genester module, the itp file for the
bestatin was generated and this information was included in the topology file. A special index
group of protein and bestatin was created using make _ndx module to treat protein and ligand
separately followed by equilibration Phase | (NVT) and Phase Il (NPT) for 50 ps before
setting up a run for 30 ns production simulations at 300K. All MD simulations and results
analysis were performed with the 16 node OSCAR Linux cluster at the Bioinformatics

Facility of School of Life Sciences, University of Hyderabad, India.

Results and discussion

Protein sequence analysis of LAMAP2

The Expasy Protparam tool revealed the protein to be 465 residues long with an approximate
molecular weight of 51.30 kDa. The theoretical pl value and the instability index of the
sequence were computed to be 6.64 and 44.50 respectively. Besides, the aliphatic index was
found to be 69.68 and the grand total average of hydropathicity being -0.620 making the
protein slightly hydrophobic. The analysis with TOPCONS revealed no trans-membrane
region or signal peptide sequence in the LAMAP2 sequence. While as, the Pfam program
displayed a two domain organisation of LAMAP2 like other members of M24

aminopeptidases [53]. The cloned sequence carries a MAP2 signature motif



DVCKLDFGVHVNGYIID which matches the general prosite motif of this class of
aminopeptidases DA-LIVMY-x-K-LIVM-D-x-G-x-HQ-LIVM-DNS-G-x(3)-D [54]. The
sequence alignment of LAMAP2 sequence with human MAP2 revealed the catalytic residues
to be conserved in two orthologs. Consequent to the multiple amino acid substitutions in
signature motif of LAMAP2 and the presence of different residues near the prosite, the
structure assumed different conformation and a slightly different active site organization
which may prove significant for drug design. The multiple sequence alignment reflects nearly
57% sequence identity of LAMAP2 with human MAP2 (Fig. 1). Previous reports suggest
MAP2 enzymes to be cobalt activated proteins with two cobalt ions bound to two aspartic
acids, a histidine and two glutamic acids (D, D, H, E and E) at the active site [16][53].
Cloning, expression and purification of LAIMAP2

The full length MAP2 of human parasite L. donovani was cloned into the expression vector
pET28a(+)-SUMO. DNA sequencing result and sequence alignment of MAP2 sequence with
human MAP2 sequence confirmed that the LAMAP2 clone belongs to MAP2 category of
M24 methionine aminopeptidases. The protein was expressed in E. coli BL21 (DE3) cells
and purified by metal affinity chromatography. The quality of protein was checked on 8%
(w/v) SDS-PAGE before and after the cleavage of SUMO tag (Fig. 2A). Furthermore,
analysis of partition coefficient (ka,) versus logip molecular weight of standard set of proteins
with the ka, value of recombinant LAMAP2 suggested it to be a monomer (Fig. 2B). Notably,
other members of the M24 methionine aminopeptidases (MAPS) including the human MAP2
exist as monomers as well [55][53].

Co(ll) is the major activator of LAMAP2 for amidolytic activity against synthetic
substrates

The amidolytic activity of LAMAP2was assessed with eight metal chlorides Ca(ll), Co(ll),

Cu(l1), Mg(l1), Mn(11), Ni(I1), Zn(I1), and Fe(ll) at an optimum metal ion concentration of



100 uM (Fig. 3A, 3B & 3C) and the kinetic parameters determined using Graphpad prism 4.0
(Table 1). The optimal pH for the catalytic activity of LAMAP2 against the fluorogenic
substrates used in this study was 7.5 (Fig. 4C and 4D). To ascertain reasons behind less or no
activity of LAMAP?2 at low and high pH, CD spectra were taken at different pH. The spectra
taken at extreme pH recorded a sharp dip in LdAMAP2 secondary structural elements
particularly at pH 3.5 and pH 9.5 where protein had lost significant secondary structure. The
protein had highest secondary structural content at pH 7.5 and thence more catalytic activity
(Fig. 4D) much like other MAPs [24][19]. Although LdAMAP2 exhibited highest enzyme
activity with Co(ll), the Km was least when LAMAP2 was activated by Ca(ll). This suggests
the high affinity of Ca(ll) for LAMAP2 (Table 1), while Zn(Il) activated LAMAP2 like its
human counterpart showed negligible amidolytic activity towards the fluorogenic substrates
[22]. The Co(ll) or Ca(ll) activated LAMAP2 was largely active at all metal concentrations
below1000 uM. However, activity diminished significantly at higher concentrations possibly
due to the interference of high metal concentrations in catalysis [16]. Interestingly, the
spectra of LAMAP2 taken at higher metal concentration showed significant loss of secondary
structure (Fig. 4A and 4B). Additionally, CD results indicated that high concentrations of
metal decreased the thermal stability of LAMAP2 as the protein was denatured at apparently
lesser temperatures compared to the apoenzyme (Fig. 4F and 4H). The higher activity
exhibited by LAMAP2 with Co(ll) can be attributed to the formation of low spin trigonal
bipyramidal complexes which tend to be more stable than the complexes formed by zinc [56].
Furthermore, the binding of additional solvents leads to high coordination number of cobalt
complexes which intensifies the positive charge of divalent cobalt ions and in turn enhances
substrate binding and intermediate stabilization [57][58]. Moreover, Mn(ll) and Mg(ll)
activated LAMAP2 resulted in significant activity like TOMAP1 [24], whereas Ni(ll), Cu(ll)

and Fe(Il) activated LAMAP2 had a less catalytic efficiency. For Fe(lll) or Fe(ll) activated



LdMAP2, a feeble activity was noticed at all metal ion concentrations supplemented in the
assay buffer.

Influence of temperature and SUMO-tag on LAMAP2 activity

In order to check the effect of temperature on the LAMAP?2 activity, a temperature range of
10-90°C with an interval of 10°C was used and the LAMAP2 activity recorded after the
addition of substrate Ala-AMC. The LdAMAP2 enzyme was stable and exhibited significant
aminopeptidase activity up to 50°C (Fig. 4E). Beyond this the aminopeptidase activity
declined since the LAMAP2 denatures profusely after 50°C (Fig. 4F). A similar stability
pattern was seen for the calcium activated enzyme (Fig. 4H). Furthermore, the enzymatic
activities of recombinant LAMAP2 were studied only after the complete cleavage of N-
terminal SUMO-tag. The enzymatic activity of LAMAP2 with SUMO tag was lesser when
compared to the protein without tag possibly due to the structural alterations or interference
caused by this N-terminal tag. Furthermore, in the absence of metal ion or in the presence of
a metal chelator (EDTA) in the reaction buffer, the LAMAP2 activity was undetectable.
However, the activity of LAMAP2 enhanced steeply in presence of Co(ll), Mn(ll) or Mg(ll)
as is the case with other aminopeptidases [22][28].

LdMAP?2 prefers smaller synthetic substrate Ala-AMC to Met-AMC or Leu-AMC

The enzymatic activity of LAMAP2 was determined against three fluorogenic substrates
namely leucine-4-methyl-coumaryl-7-amide, methionine-4-methyl-coumaryl-7-amide and
alanine-4-methyl-coumaryl-7-amide. The fluorogenic substrate Ala-AMC was used for
enzyme activity as aminopeptidase activity of LAMAP2 was found to be poor against the
synthetic fluorogenic substrates Met-AMC like its human counterpart [22]. This could be
because Met-AMC is a synthetic substrate and doesn’t match the physiological substrates of
LdMAP2 where it prefers a smaller residue such as Gly or Ala at the pen-ultimate position for

cleavage of N-terminal methionine [15]. However, LAMAP2 cleaved smaller amino acid



residue Ala efficiently from the substrate Ala-AMC in comparison to Met-AMC and Leu-
AMC which it cleaved poorly and slowly (Fig. 4G). Amongst three substrates, the activity of
LdMAP2 was maximum against Ala-AMC suggesting it to be more active in hydrolyzing
smaller amino acid residues from synthetic substrates. The activity against Ala-AMC was
defined as 100% while comparison of LAMAP2 activity against other fluorogenic substrates.
Bestatin inhibits LAMAPZ2 in a dose dependent manner

Bestatin is a naturally occurring dipeptide and a prominent metalloaminopeptidase inhibitor
produced by Streptomyces olivoretuculii (Actinomycetes) [59]. It is reported to inhibit many
aminopeptidases including the members of M17 aminopeptidases [60], aminopeptidase B and
induces programmed cell death [61]. Besides, bestatin has found use in the treatment of acute
myelocytic leukemia [62] and melanoma [63]. Bestatin inhibits other families of
aminopeptidases like the M1 and M17 aminopeptidases and has shown potential as a prodrug
due to its low toxicity in experimental animals [64][65]. Notably, bestatin has been
formulated to use as a drug against squamous cell carcinoma in humans [61]. The major
molecular targets of bestatin are the metal dependent aminopeptidases in cells [66]. Bestatin
inhibited the enzyme activity of LAMAPZ2 in in vitro inhibition assays in a dose dependent
manner (Fig. 5A). Moreover, bestatin proved to be a potent inhibitor of LAMAP2 with a K;
value of 0.86 uM. Analysis of bestatin binding mode with LAMAP2 revealed it to be a
competitive inhibitor of LAMAP2 as the binding occurred at the active site like other
aminopeptidases inhibited by it [67][68]. The binding mechanism was elucidated by plotting
the Line-weaver Burk plot (Fig. 5B) of the uninhibited and inhibited LAMAP2 and docking of
bestatin with the modelled structure of LAMAP2 (Fig. 8B). The inhibitory efficacy of bestatin
suggests it to be a useful scaffold which can guide the design of novel and small molecule

inhibitors for the selective inhibition of LAMAP2.



Addition of bestatin and fluorogenic substrates increased secondary structural elements
of LAMAP2

CD spectroscopy was employed to study the changes occurred in LdAMAP2 secondary
structure upon binding to fluorogenic substrates and bestatin and to study the thermodynamic
stability. To calculate Gibbs free energy (AG), the spectral data taken at different
concentrations of urea was normalized and fitted into two-state unfolding transition [69]. The
free energy (AG) was computed to be approximately 2.2 kcal mol™ (Fig. 6A and 6B). A
concentration dependent increase in the ellipticity at 208 and 222 nm were observed in the
CD spectra of LAMAP2 upon addition of its substrates and bestatin. We reasoned that the
secondary structural change may have come into existence due to the helix stabilization upon
the addition of Ala-AMC, Met-AMC, Leu-AMC and bestatin. This behaviour is already
known for a metal dependent aminopeptidase [70] and human serum albumin [71]. The
secondary structural elements of LAMAP2 and the changes in the structure thereof were
analyzed by using the K2D algorithm of the software program DICHROWEB. In the
apoLdMAP2, the secondary structure consists of 28% a-helix, 42% B-sheets and 30% random
coils which are in close agreement with the secondary structural elements seen in the 3D
structure of LAMAP2. Furthermore, the signal at 208 nm increased predominantly at all
concentration of Ala-AMC, Met-AMC, Leu-AMC and bestatin. At 0.010 mM concentration
of bestatin, the a-helical content soared to 32%, while the proportion of B-sheets increased to
50% and random coils plunged to 18%, respectively (Fig. 6C and 6D). A similar pattern was
observed with synthetic substrates of LAMAP2 used in this study. These results indicate that
the secondary structure of LAMAP2 gained more order and random coil declined due to the
addition of substrates and bestatin which presumably leads to respective complex formations.
The differential changes in LAMAP2 conformation upon binding of bestatin, Ala-AMC, Met-

AMC and Leu-AMC may be attributed to differences in the sizes of the amino acid chains of



these substrates. Moreover, it is clearly observed that bestatin has less influence than Ala-
AMC, Leu-AMC and Met-AMC which might be due to the larger size of these substrates.
The change in the average secondary structure of LAMAP2 may not be due to the flexibility
of two domains in the proteins as MDS studies didn’t suggest any considerable flexibility in
the overall protein structure.

Homology modelling of LAMAP2and molecular docking studies

The full length protein sequence comprised of nearly 100 residues in disordered region at the
N-terminus for which multiple searches with BLAST-P didn’t find a template. Therefore,
LdMAP2 sequence was modelled without the initial 99 amino acid residues. Analysis of the
modelled structure with RAMPAGE suggested two residues (S39 and K42) to be in the
disallowed regions of the Ramachandran plot. However, when the outliers in the modelled
structure were fixed with program ModLoop and the structure subjected to energy
minimization with Gromacs 4.6.3, one amino acid residue (proline at seventh position) from
the N-terminus was found to be in the disallowed region. We further proceeded for the
docking with bestatin and fluorogenic substrates as the residue was far off from the C-
terminus catalytic domain and hadn’t any effect on the ligand binding of LAMAP2 and the
interactions thereof. The superimposition of the modelled and energy minimized structure
revealed an RMSD of 0.16}3 which suggests trivial differences and great structural
conservation between the two structures. The superimposition of the LAMAP2 structure with
HsMAP?2 structure showed an RMSD of 0.22A suggesting significant structural similarity
between the two orthologs. The modelled LAMAP2 structure is composed of thirteen p-sheets
and eight a-helices with four active site residues (D139, H119, E252 and E347) embedded in
the B-sheets 3, 7, 9 and 12 respectively. Another catalytic residue D150 is located in the

central loop connecting two small -sheets. Like HSMAP2 [53], LAMAP2 has its active site



located approximately at the centre of central  sheet on the concave face with two adjacent
pairs of o helices and a short COOH-terminal tail covering the sheet’s convex face (Fig. 7A).

Consequently, Autodock Vina 1.1.2 program was employed to understand the interactions of
bestatin and other substrates with LAMAP2. Amongst all generated binding conformations
between LAMAP2 and ligands, the conformer with the lowest binding free energy in every
case was used for further analysis. The docking results showed that all the docked ligands
bind at the active site of LAMAP2. However, bestatin and substrate Ala-AMC because of
lesser size embedded deep and had strong contacts with LAMAP2 active site when compared
with the Met-AMC and Leu-AMC. Interestingly, the latter were not the most favourable
substrates for LAMAP2 in the enzymatic assays too. The key substitutions in the MAP2
prosite (Fig. 7B) like the presence of residues V, M and N in LdMAP2 structure confer
different interactions to the structure with inhibitor bestatin and substrates Ala-AMC, Met-
AMC and Leu-AMC. Bestatin, which proved to be a potent inhibitor of LdAMAP2, binds
strongly to residues S217, H227, S231 and the active site residue E252 in the catalytic pocket
(Fig. 8B). While as, bestatin interacted with only E255 feebly (bond distance 3.49A) at the
catalytic pocket of the crystal structure of HSMAP2 (Fig. 8A). Therefore, the docking studies
suggest Met-AMC and Leu-AMC to be less preferred substrates of LdAMAP2. This is
presumably because of the failure of Met-AMC and Leu-AMC to make a good contact with
the active site of LAMAP2 like Ala-AMC and bestatin. After a thorough analysis of the
molecular docking studies, it was concluded that the interactions between LdMAP2 and
substrates are majorly due to the hydrophobic forces and hydrogen bonding (Fig. 8C-E)
which is similar to the atomic interactions reflected in the crystal structures of TbLAP with

bestatin [72] and PIM1AAP with bestatin [73].



Bestatin formed a stable complex with LAMAP2 during molecular dynamics studies

The molecular dynamics simulations were used to calculate the stability of the LAMAP2 and
its complexes with bestatin. The parameters RMSD and RMSF along with the radius of
gyration (Rg) of the protein (LdAMAP2) and its complexes were used for the analysis of the
rigidity, protein micro-environment and complex stability during 30 ns MD simulations. The
system proved to be stable which reflects the authenticity of molecular docking results where
bestatin is bound to LAMAP2 at the active site. The root mean square deviation (RMSD)
values of atoms in native LAMAP2 and LdMAP2-bestatin complex were plotted from 0 to 30
ns. It was observed that the RMSDs of both systems reached to equilibrium and there was a
progressive increase in RMSD until 3 ns with LAMAP2 RMSD increasing to approximately
0.33 A at approximately 3.5 ns. The LAMAP2-bestatin complex marked a dip in RMSD at 8
ns and a sharp rise at 20 ns followed by a dip towards the end of MDS. As shown in the Fig.
9A, both LAMAP2 and LAMAP2-bestatin complex were stable throughout the 30 ns MDS run
with the LAMAP2-bestatin complex having contrastingly lesser fluctuation towards the end.
The flexibility of the protein during MDS was investigated by calculating RMSF values of
free LAMAP2 and LAMAP2-bestatin complex. The RMSF (in nm) was plotted against residue
numbers on a 30 ns trajectory and clearly indicated that LAMAP2-bestatin complex had lower
fluctuations than native LAMAP2. The non-catalytic residues (Y351, P354, T355 and E358)
at C-terminus of the protein in LAMAP2-bestatin complex showed greater fluctuations. Since
the fluctuating residues do not make up the catalytic site and the catalytic residues in the
complex have less fluctuation, it can be asserted that the structure of LAMAP2 active site in
the complex stood rigid during MDS (Fig. 9B).

The compactness of LAMAP2 and LdAMAP2-bestatin complex was analyzed by plotting Rg
values against time. The radius of gyration (Rg) which describes the overall mobility of the

molecules and can be referred to as the root-mean-square distance of atomic assemblies from



their common centre of gravity was determined and plotted. A thorough analysis revealed
that the Rg values to be stable for both native LAMAP2 and LdMAP2-bestatin complex
throughout the 30 ns MDS run and pointed towards negligible fluctuations. This steadiness
highlights that the stability, folding and compactness of the protein to be almost similar with
and without bestatin (Fig. 9C). Therefore, the results depict that the MD simulations achieved
equilibrium after 25 ns and emphasize that bestatin binds to LAMAP2 in MD simulations due
to a probable change in the microenvironment of LAMAP2 which leads to conformational
changes in the LAMAP2 structure. This was reaffirmed by the changes in the secondary
structure seen during MDS after analysis with the program DSSP [74] (Fig. 9D). All results
obtained are substantiated by the results of circular dichroism where we noted changes in the
secondary structural elements of LAMAP2 upon binding of substrates and bestatin.

Therefore, from the MD simulation data we conclude that LAMAP2-bestatin complex was
stabilized by conformational rearrangements in the structure of LAMAP2. It was also found
that the binding of bestatin to LAMAP2 slightly recasts the loop regions connecting the f-
sheets and helices at the active site pocket. Bestatin interacts with LAMAP2 majorly through
hydrogen bonding and conformational adjustments in the protein structure. Thus, the results
of CD are in close agreement with the MD simulations results as both suggest the occurrence
of conformational changes in the LdAMAP2 upon bestatin binding. Such conformational
changes have previously been reported for the E. coli aminopeptidase N upon bestatin

binding [75].

Conclusions
In conclusion, we purified LAMAP2 to homogeneity, analysed its metal dependence,
enzymatic characteristics and substrate preferences. Our findings from biochemical assays

asserted that LAMAP2 functions optimally at physiological pH and its activity was enhanced



by divalent cations with cobalt emerging as the major enhancer for amidolytic activity. We
then underscored the need to repurpose bestatin as a prodrug as it potently inhibited
LdMAP2. Additionally, CD studies revealed that bestatin and fluorogenic substrates increase
the o-helical and B-sheet contents of LdMAP2. Molecular docking suggested that the
LdMAP2-bestatin complex was stabilized by the hydrophobic interactions and hydrogen
bonding. Furthermore, structural studies indicated that the catalytic pocket of LAMAP2 is
different from its human counterpart and suggested different binding modes of two orthologs
with bestatin. This substantiates the idea that LAMAP2 can be a potential druggable target to
design and develop novel antileishmanials. Our studies provide important insights into the
structure of LAMAP2 and critical quantitative and mechanistic data on the binding affinity of

bestatin with LAMAP2 which may guide bestatin based drugs against leishmaniasis.
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Table 1) Steady state kinetic parameters of LAMAP2 with six divalent cations at 37°C:
The parameters were obtained from a 60 minutes kinetic cycle performed in triplicates for
each divalent metal cation. The data suggested LAMAP2 to be a Co(ll) activated protein.
However, the LAMAP2 activity was also driven by physiologically abundant metals like

Mg, Mn?* and Ca*".

Metal Concentration | K, Kecat Keat/ Km

ion (LM) (LM) (min™) (UM min™)
Co** 100 154.1+12.35 | 128.1+4 0.83

Mg 100 179.2+14.47 | 109.2+6.9 0.60

Mn?* 100 166.9+14.35 | 99.9+4.8 0.59

ca?t 100 124.749.21 | 89.89+3.8 0.72

Ni®* 100 284.4+33.13 | 88.448.9 0.31

cu® 100 171.9#17.56 | 26+3.5 0.15




Legends:

Figure 1) Sequence alignment of LAMAP2 with HsSMAP2: The sequence alignment of
LdMAP2 with HSMAP2 reveals a conserved active site between two orthologs (highlighted
by blue stars). Notice the key differences in the two sequences particularly in the prosite
motif (highlighted by a black line) as result of which two proteins attain different

conformations and bind differently to inhibitor bestatin and aminopeptidase substrates.

Figure 2) Purification of LAMAP2: Figure 2A shows the purification of LAMAP2 followed
by the cleavage of N-terminal SUMO tag by its overnight digestion with SUMO protease at
4°C. The undigested LAMAP2-SUMO tag can be seen in lane 2 while lane 1 represents
unstained protein standard. Lanes 3 and 4 displays LdMAP2 before and after affinity
chromatography on Ni-NTA agarose. Figure 2B depicts the gel permeation chromatogram of

LdMAP2 which suggested it to be a monomer.

Figure 3) Enzyme activity of purified LdMAP2: Figure 3A shows the increase in
florescence with time in a kinetic cycle that lasted 60 minutes at 37°C with Co(ll) as cofactor
in the assay buffer. Figure 3B shows enzyme assay of LAMAP2in which the fluorogenic
substrate Ala-AMC was used to a final concentration of 400 uM. Figure 3C depicts the
enzyme Kkinetic assays carried out with 6 metal chlorides. One activity unit was defined as

AMC (pM) released per mg of recombinant LAMAP2 protein.

Figure 4) Metal dependence, pH profile, temperature stability and substrate preference
of LAMAP2: Figure 4A and 4B represents the metal ion dependence of LAMAP2 in the
concentration range of 0 to 10 mM. The figure indicates that the recombinant LAMAP2 had

highest activity at lesser concentrations of divalent metal and that high concentrations were



inhibitory. Figures 4C and 4D show the pH optima of LAMAP2 to be 7.5 while, figure 4E
indicates that the optimum temperature for LAMAP2 activity is between 30-40°C beyond
which there is a sharp fall in activity. Figures 4F and 4H are the spectra taken at different
temperatures in the range of 20 to 100°C for native and Ca(ll) activated LAMAP2. The
ellipticity monitored at 208 nm suggested the native LAMAP2 to be more heat stable than the
metal activated one. Figure 4G indicates that the LAMAP2 had better catalytic efficiency
against the cleavage of smaller amino acid residue alanine from the synthetic substrates. The
data is presented as mean + SD of three experiments.

Figure 5) LAMAP2 inhibition with the aminopeptidase inhibitor bestatin: Figure 5A
shows the inhibition of LAMAP2 with bestatin in the concentration range of 0 to 50 uM.
Bestatin inhibited LAMAP2 competitively which is evident from the Lineweaver-Burk plot.
The competitive binding mode of bestatin was also confirmed by molecular docking studies.
The parameters determined in figure 5A were used to calculate inhibitory constant (Kj) as

shown in figure 5B. The data is presented as mean + SD of three experiments.

Figure 6) CD spectroscopy: Figure 6A depicts the loss of ellipticity in the spectra taken
upon the addition of urea. Notice complete denaturation of LAMAP2 after 6M urea was
added. Figure 6B shows a plot between fraction unfolded and Urea concentration which
signified LAMAPZ2 to be following two state model of folding with a Gibbs free energy (AG)
of~2.2 kcal mol™. Figure 6C and 6D highlights the changes in the secondary structure of
LdMAP2 with the addition of bestatin and most preferred LAMAP2 substrate (Ala-AMC),
respectively. Both bestatin and Ala-AMC seemed to bind well to the LAMAP2 structure and
thence contributed to the secondary structure. The changes were monitored at 208 and 222
nm and with the web-based software DICHROWEB. A similar result was obtained for other

substrates.



Figure 7) Structure of LAMAP2 and overlay of LAMAP2 and HsSMAP2: Figure 7A shows
the three dimensional structure of LAMAP2. Figure 7B reflects the changes in conformation
of LAMAP2 caused by amino acid substitutions in the MAP2 prosite. These substitutions
appear to make LAMAP2 structurally different from HsSMAP2. However, the two structures

have a conserved active site composed of residues DDHEE.

Figure 8) Interactions of bestatin with HsSMAP2 and LdMAP2 and the binding
interactions of substrates Ala-AMC, Leu-AMC and Met-AMC at the active site of
LdMAP2: Figures 8A and 8B depict the interactions of aminopeptidase inhibitor bestatin at
the catalytic pocket of HSMAP2 and LAMAP2, respectively. The inhibitor bestatin seemed to
have stronger interactions with LdMAP2 as against HsSMAP2. Figure 8C shows the
interaction of Ala-AMC with LdAMAP2. Figure 8D shows the interaction between Leu-AMC
and LAMAP2, while figure 8E depicts the binding of Met-AMC to LAMAP?2 at the catalytic
site. Notice the difference in the binding pattern and the involvement of different residues in
binding in each case. Notably, S217 and E252 was the common interacting residue for Leu-
AMC and Met-AMC. Amongst three substrates, Ala-AMC had strongest interactions with

LdMAP2. The latter also showed highest catalytic efficiency against Ala-AMC.

Figure 9) Molecular dynamic studies of native LAMAP2 and LdMAP2-bestatin complex:
Figures 9A and 9B show the RMSD and RMS fluctuations of native LAMAP2 and LdMAP-
bestatin complex during 30 ns MDS. Figure 9C shows the residues mobility (Rg) of the two
systems which recorded a similar stability and compactness pattern throughout the 30 ns
MDS run. Figure 9D highlights the changes in the secondary structural elements of native

LdMAP2 and LAMAP2-bestatin complex during molecular dynamics studies.
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