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A B S T R A C T

The intracellular parasite Leishmania braziliensis is the causal agent of cutaneous and mucocutaneous leishmani-
asis, a group of endemic diseases in tropical regions, including Latin America. New therapeutic targets are
required to inhibit the pathogen without affecting the host. The enzyme nicotinamide/nicotinate mononucleotide
adenylyltransferase (NMNAT; EC: 2.7.7.1/18) is a potential target, since it catalyzes the final step in the
biosynthesis of nicotinamide adenine dinucleotide (NADþ), which is an essential metabolite in multiple cellular
processes. In this work, we produced and evaluated the catalytic activity of the recombinant protein 6HisΔ241-

249LbNMNAT to study the functional relevance of the exclusive insertion present in the enzyme of L. braziliensis
(LbNMNAT), but absent in the primary structure of human NMNATs. Our results indicate that the 241–249
insertion constitutes a structural element that connects the protein structure Rossmann topology with the
carboxyl-terminal domain of the enzyme. The removal of this region drastically decreases the solubility, and
enzymatic activity of the recombinant, causing its inactivation. Molecular dynamics simulations were carried out
with the wild-type and truncated enzymes to verify additional changes in their stability, which indicated a better
stability in the wild-type protein. These findings constitute an initial step to identify a new inhibition mechanism
for the development of focused pharmacological strategies on exclusive insertions from the LbNMNAT protein.
1. Introduction

Most Latin American countries are affected by infectious tropical
diseases, with many of them associated with parasites and classified by
the World Health Organization as neglected diseases. Among these
diseases we have leishmaniasis, a pathology caused by Leishmania par-
asites, which is considered a public health problem due to its impact and
intrinsic molecular, clinical, and epidemiological complexity [1].
Annually, an incidence of approximately 1.3 million new clinical cases is
reported with a prevalence in 98 countries, including Colombia, and
occurring in the three clinical forms: cutaneous, mucosal and visceral
leishmaniasis [2]. For the control and treatment of leishmaniasis, the
available drugs are expensive, toxic, and often require long periods of
supervised therapy [3]. In addition to this, several publications high-
light parasite resistance [4, 5, 6], and there are currently no effective
vaccines [7].

Given the lack of specific and less aggressive drugs, it is necessary to
discover new molecular targets and new therapeutic agents to aid in the
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prevention and treatment of leishmaniasis [8]. Various investigations
indicate that the enzymes involved in the metabolism of NADþ are
attractive targets for the development of drugs against a variety of human
diseases [9]. Therefore, our work focuses on the NMNAT, an enzyme that
catalyzes the condensation of nicotinamide mononucleotide (NMN) or
nicotinic acid mononucleotide (NaMN)with the adenylyl group of ATP to
form NADþ or NaAD (nicotinic acid adenine dinucleotide) [10].

In the case of L. braziliensis, we have carried out the biochemical and
functional characterization of the only reported NMNAT (LbNMNAT)
[11, 12]. However, and to expand the characterization, this work focuses
on the differences at the structural level between the parasite protein and
human isoenzymes. Therefore, we evaluated in vitro the participation of
the specific insertion 241–249 found exclusively on the LbNMNAT pro-
tein through the design and study of its respective deletional mutant. We
also modeled the enzyme structure with and without the insertion, and
simulations were run to study the protein intrinsic flexibility [13, 14].
Currently, the functional relevance of this insertion on LbNMNAT and its
involvement in the enzymatic activity is unknown. For this reason, the
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functional and structural analysis of the parasite's enzyme and human
NMNATs becomes a necessary step towards the search for potential se-
lective inhibitors against LbNMNAT and/or modulators of NADþ

metabolism.

2. Materials and methods

2.1. Sequence analysis of the LbNMNAT protein

Bioinformatic analysis of LbNMNAT was performed using the sequence
available in UniProtKB with access number A4H990. Physicochemical
parameters were calculated with the ProtParam tool available on the
ExPASy server [15]. The NetPhos 3.0 tool [16] was used to search for
possible phosphorylation sites. To compare the sequence with those
NMNATs from human and species of the genus Leishmania, a multiple
alignment was performed with the ClustalW and Muscle algorithms
incorporated in the CLCGenomicsWorkbench 22.0.1 (https://digitalinsigh
ts.qiagen.com/) [17]. The sequences of the three human isoenzymes 1–3
(NCBI access codes: NP_001284707.1, NP_055854.1 and NP_001307440.1,
respectively), were contrasted with the sequences of the NMNATs of the
L. braziliensis, L. infantum, L. major, L. donovani and L. mexicana species
(NCBI access codes: XP_001563913.1, XP_001464802.1, XP_001682392.1,
XP_003860000.1, XP_003874000.1, respectively).

2.2. Expression and purification of the recombinant proteins 6His-
LbNMNAT and 6His-Δ241-249LbNMNAT

The expression vector pQE30-Δ241-249LbNMNAT was obtained by
directed mutagenesis using PCR with the Phusion site direct mutagenesis
kit (Finnzymes), following the manufacturer's instructions. As template
DNA we used the plasmid pQE30-LbNMNAT [18]. The designed primers
(forward: 50 TCC GTG CCC GAC GAC ACA TCC TCG 30, and reverse: 50

GGG GGC AGC AGT AGA GGA TAA CAT 30) flanked the deletion site,
guaranteeing that nucleotides 721–747 of the LbNMNAT sequence are
not included in the amplicon. The pQE30-Δ241-249LbNMNAT vector was
verified by sequencing and used to transform chemically competent
Escherichia coli SHuffle T7 Express cells (New England Biolabs). 200 mL
of LB culture medium supplemented with ampicillin (100 μg/mL) at an
OD600nm of 0.65 was induced with 1.0 mM of IPTG (isopropyl
β-D-1-thiogalactopyranoside) at 24 �C for 16 h 180 rpm. The culture was
centrifuged at 4,000 g for 10 min at 4 �C. The cell pellet obtained was
resuspended in lysis buffer (50 mM NaH2PO4 pH 7.5, 500 mM NaCl, 15
mM Imidazole) in the presence of a 1:300 protease inhibitor cocktail
(Sigma P8340), and lysozyme at a final concentration of 1.0 mg/mL, and
incubated at 4 �C for 45 min. Subsequently, the sample was lysed by
sonication with pulses of 15 s, pauses of 15 s, and amplitude of 50%, for 5
min using the Ultrasonic Processor VCX130 equipment, with a 6 mm
diameter probe. Finally, the bacterial lysate was centrifuged at 10,000 g
for 20 min at 4 �C.

Purification was performed by nickel affinity chromatography. The
soluble extract obtained from cell lysis was incubated for 1 h on ice
under constant agitation with Ni-NTA resin (Quiagen), previously
equilibrated with lysis buffer. The protein was eluted from the column
using elution buffer (50 mM NaH2PO4 pH 7.5, 500 mM NaCl, 300 mM
Imidazole). The eluate was dialyzed against one liter of buffer (25 mM
NaH2PO4 pH 7.5, 500 mM NaCl, 0.5 mM DTT) O.N at 4 �C, using a
membrane with a nominal molecular weight limit of 10 kDa. The partial
purification of the recombinants was observed by means of 12% SDS-
PAGE and the quantification was carried out with the Bradford
method using BSA as standard [19].

2.3. Western blotting

For western blotting, 6His-LbNMNAT and 6His-Δ241-249LbNMNAT
proteins were separated on a 12% SDS-PAGE, blotted onto PVDF mem-
brane at 200 mA for 2 h in transfer buffer (10 mM Tris-HCl pH 8.0, 0.2 M
2

glycine, 10 % (v/v) methanol). The membrane was blocked at room
temperature for 2 h with 5 % non-fat milk in TBS-T buffer (20 mM Tris-
HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20). Three washes were
performed with TBS-T each for 10 min. The detection of the 6His tag
fusion proteins was performed by incubating the membrane with the
primary antibody anti-6His (1:5000) (Abcam) and anti-mouse IgG sec-
ondary antibody conjugated to biotin (1:10000) (Sigma). Chromogenic
detection of complexes was performed with alkaline phosphatase-
conjugated streptavidin (1:3000) (Promega) and the substrates nitro-
blue tetrazolium (NBT) (50 mg/ml), and 5-bromo-4-chloro-30-indolyl
phosphate (BCIP) (50 mg/ml) (Promega) in substrate buffer (100 mM
Tris-HCl pH 9.0, 150 mM NaCl, 1 mM MgCl2).
2.4. Evaluation of the enzymatic activity of recombinant proteins by
coupled assays

The enzymatic activity of the recombinant protein was determined
through a coupled spectrophotometric assay, based on the reduction of
NADþ by the action of the enzyme alcohol dehydrogenase (ADH). In this
assay, the activity of the enzyme is measured by the increase in absor-
bance at 340 nm, due to the reduction of NADþ to NADH [20]. To
perform the reactions, we made an initial mixture containing 40 mM
ethanol, 25 mM of HEPES-KOH buffer at pH 7.5, 20 mM MgCl2, 2 mM
NMN (Sigma), 0.2 U ADH (Sigma) and between 2.5-10 μg of the samples
to evaluate. The reaction was started by adding 1.0 mM ATP (Sigma)
recording the absorbance values every 10 s at 340 nm, for 10 min. We
performed each reaction in triplicate in the Jenway 7315 spectropho-
tometer. We used the partially purified wild-type protein (6His-LbNM-
NAT) as the activity control.
2.5. Evaluation of the enzymatic activity of NMNAT by direct assays

In the direct assays, the synthesis of NADþ by the enzyme to be
evaluated was analyzed by reverse-phase high-performance liquid
chromatography (RP-HPLC). In this case, each protein (6His-LbNMNAT
and 6His-Δ241-249LbNMNAT) was incubated at 37 �C for 30 min with a
reaction mixture containing 40 mM HEPES pH 7.8, 10 mM MgCl2 and
1.25 mM ATP. The reaction was quenched with 1.2 M HClO4 and
neutralized with 1M K2CO3. The dinucleotide obtained as a product of
the reaction was analyzed in the Agilent 1200 Series chromatograph on
a C18 reverse phase column (100 cm long x 4.6 mm internal diameter
and 5 μm particle size, Phenomenex), at room temperature with a flow
rate of 1.0 ml/min, using buffer A (10 mM NaH2PO4 pH 6.0) and buffer
B (methanol) in the following elution gradient: 2 min buffer A (100%), 4
min buffer A:B (80 %–20 %), 11 min of buffer A:B (75 %: 25 %) and 10
min of buffer B (100 %). The absorbance of the analytes was monitored
at 260 nm.
2.6. Modeling and simulation

The three-dimensional models of LbNMNAT with and without the
241–249 insertion were generated by threading using the I-TASSER
server [21, 22, 23]. The models were assessed in terms of the dihedrals
distribution and energy curves available in the Structure Assessment
module of Swiss Model, and with the ProSA server [24]. To check the
stability, the structures were subjected to molecular dynamics (MD)
simulations of 100 ns (ns). Both structures were previously minimized
and equilibrated with NVT/NPT phases, using GROMACS v5.1 [25]. The
Amber99SB-ILDN protein force-field [26], a modified Berendsen ther-
mostat [27], and the Parrinello-Rahman barostat [28] were used during
the MD phases. The complex was solvated in a cubic box of water with
periodic boundary conditions at a distance of at least 10 Å. Counterions
were included in the solvent to make the box neutral. The Particle Mesh
Ewald (PME) method was used to calculate the electrostatic interactions
with 1.0 nm short-range threshold [29]. We used a timestep of 2 fs (fs)
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and a temperature of 310 K. RMSD curves were calculated to monitor the
protein flexibility during the simulated time.

3. Results

3.1. The sequence of Leishmania NMNATs contains specific insertions

From the multiple alignments between the amino acid sequences of
NMNAT belonging to the five Leishmania species and the human iso-
enzymes, we identified a set of regions present exclusively in the parasite
(Figure 1). These regions are insertions that in particular are structural
components of the Leishmania genus. In addition, potential phosphory-
lation sites were found in the insertions, a post-translational modification
that has been found in NMNATs from organisms such as Trypanosoma
cruzi [30] and NMNAT-1 in humans [31].

The recombinant protein 6HisΔ241-249LbNMNAT was expressed in
the bacterial E. coli BL21 (DE3) system as insoluble aggregates
(Figure 2A). Despite modifications in expression conditions, including
induction time, and co-expression with chaperones and foldases (DnaK,
DnaE, GrpE, GroES, and GroEL), the protein was immunodetected in
inclusion bodies (Figure 2B). As an alternative strategy the E. coli SHuffle
strain was used, which partially favored the correct folding of the re-
combinant, allowing its expression in a soluble manner. The 6His-Δ241-

249LbNMNAT and 6His-LbNMNAT proteins were partially purified by
nickel affinity chromatography (Figure 3A) and immunodetected due to
the presence of the histidine tag (Figure 3B).
Figure 1. Identification of specific regions of the NMNAT of Leishmania species. Mult
enzymes HsNMNAT1-3. (LbNMNAT: L. braziliensis MHOM/BR/75/M2904, Ld: L. dono
boxes indicate the specific regions whose positions correspond to the amino acids: 8–4
[H/T]xxH and SxxxxR [29]. Red P's indicate possible residues subject to phosphory
green bars.

3

3.2. Insertion 241–249 is indispensable for the enzymatic activity of
LbNMNAT

In order to evaluate the catalytic activity of the mutated recombinant,
we performed direct enzymatic assays, where the partially purified
protein was incubated with the substrates (ATP, NMN and its cofactor
Mg2þ) to follow the production of NADþ by RP-HPLC (Figure 4A-C).
These results were contrasted with coupled enzymatic assays measured
spectrophotometrically at 340 nm, where the NADþ product of the
NMNAT synthesis is reduced to NADH by the action of the enzyme
alcohol dehydrogenase (Figure 4D). By both methods, it was observed
that the 6His-Δ241-249LbNMNAT protein does not report adenylyl-
transferase activity, which evidences how the exclusive insertion of the
C-terminal region of the LbNMNAT is necessary for its in vitro enzymatic
function.

Regarding the models and simulations, we generated a version of the
LbNMNAT structure with the insertion (a red motif in Figure 5A) and
without it (Figure 5B). The Δ241-249LbNMNAT protein-NAD binding sites
were predicted by COFACTOR [22] and COACH [32] tools based on the
structure obtained with I-TASSER (Figure 5C). The result suggests a
similar localization of NAD for the predicted binding site compared to
HsNMNAT-1 co-crystallized with NAD (PDB: 1KQN), sharing similar
interactions with residues His59 (electrostatic, Pi-Anion) and Thr130
(hydrogen bond) present in the catalytic site. However, the adenosine
50-phosphate structure in NAD is sterically hindered by residues Asp172,
Leu173, and Arg202 which may cause effects in the stabilization of the
iple alignment of NMNATs from different Leishmania species and the human iso-
vani, Li: L. infantum JPCM5, Lm: L. major Friendlin, Lmx: L. mexicana). The green
3 and 241–249. The yellow boxes indicate the two reported ATP-binding motifs:
lation. The identity between the sequences is proportional to the height of the



Figure 2. Expression of recombinant 6His-Δ241-249LbNMNAT protein under different experimental conditions. (A). 10% SDS-PAGE, the soluble and insoluble fractions
of different expression systems untransformed (-) or transformed (þ) with plasmid pQE30-Δ241-249LbNMNAT and induced with IPTG at 24 �C for different times were
analyzed. Expression systems used: codon plus (CP), and co-expression with chaperones (Ch). Red arrows indicate the accumulation of 6His-Δ241-249LbNMNAT protein
in the insoluble fractions of the different expression systems. Proteins were visualized with Coomassie blue. (B). Additionally, samples were analyzed by Western blot
using the primary anti-6His antibody and peroxidase development system. M, molecular weight marker in kDa (Fig. S1).

Figure 3. Purification and immunodetection of mutated and full-length proteins. (A) 12% SDS-PAGE. Coomassie R-250 staining. Lanes 1–2: partially purified re-
combinant proteins 6His-Δ241-249LbNMNAT (36 kDa) and 6His-LbNMNAT (37 kDa), respectively. (B) Western blot analysis using the primary anti-6His antibody and
alkaline phosphatase development system. M: molecular weight marker in kDa (Fig. S2).
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protein-ligand interaction. Also, wild-type and mutated protein models
were subjected to MD simulations of 100 ns to observe the general atom
fluctuations based on the evolution of the protein RMSD. We found that
removing the connector influences the protein flexibility, making it more
prone to be destabilized through time (Figure 5D).
4

4. Discussion

The experimental and computational characterization of the exclu-
sive insertion in LbNMNAT have allowed us to analyze the important role
of this connector for the enzyme stability and activity, becoming a



Figure 4. Removal of residues 241–249 of LbNMNAT affects its adenylyltransferase activity. NADþ synthesis was verified by RP-HPLC. Corresponding peaks are
indicated for the substrates NMN and ATP, as well as for the product NADþ. (A) Reaction buffer (negative activity control). (B) Wild type 6His-LbNMNAT protein. (C)
6His-Δ241-249LbNMNAT protein. (D) Coupled enzyme assays for recombinants 6His-LbNMNAT and 6His-Δ241-249LbNMNAT.
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relevant factor in the design of potential therapeutic alternatives. From
an in silico perspective, the integral analysis through the predictive
modeling of the LbNMNAT protein and the multiple alignment between
the NMNATs sequences of different species was crucial to find an
exclusive and conserved region at the carboxyl terminus of the parasite
protein (residues 241–249). Moreover, it complements a previous
investigation reporting insertions essential for its in vitro activity [18].
These regions are structural components particular to the parasite genus
and located in potential sites of functional blockade.

The identification of unique insertions in NMNATs from other or-
ganisms has already been studied. Analyzes performed by Lau, C. et al.
[35], have shown that the three genes for human NMNATs contain
exons that encode isoforms with unique insertions of specific sequences,
called ISTIDs (Isoform Specific Targeting and Interaction Domains),
which are part of regions associated with regulatory functions and
post-translational modifications [35]. The identification of ISTIDs as
functional units in human NMNATs provides a molecular basis for
studying important non-catalytic functions. Therefore, the study of
deletional mutants of the NMNAT of L. braziliensis becomes a prospective
tool to determine the role of specific regions for the enzyme's function.

In vitro evaluation of the enzymatic activity of the recombinant 6His-
Δ241-249LbNMNAT showed that the removal of residues 241–249, close
to the ATP-binding motif at the C-terminus, affects its adenylyltransfer-
ase activity. When comparing the structures resolved by X-ray crystal-
lography of different NMNATs, the presence of a structural element
composed of a loop or a loop/β-sheet combination is crucial to connect
the Rossmann topology with the C-terminal domain [31]. Such a struc-
tural element is susceptible to conformational changes required for
catalysis, and also provides a key contribution to the stabilization of the
5

oligomeric assembly [31]. In the 6His-Δ241-249LbNMNAT protein, the
structure and composition of the β sheet that connects the Rossmann
domain and the C-terminal domain is altered (Figure 5A), affecting the
enzymatic activity despite the deletion is not directly involved or located
nearby the catalytic residues. In this way, we demonstrate the structural
and functional relevance of this region in the catalytic activity, which is
necessary to evaluate its role in oligomerization, sub-cellular localiza-
tion, as well as the identification of post-translational modifications sites
in the protein.

Studies carried out by other researchers focused on the analysis of
specific regions in NMNATs for other species show various functional
effects depending on the intrinsic characteristics of each protein. For
example, human NMNATS have a longer C-terminus of additional 24
amino acids than E. coli NaMNAT (EcNaMNAT). The bacterial enzyme
was modified with an extra 17 residues, establishing that the extension of
the insertion can interfere with substrate binding by decreasing the ac-
tivity [36]. Other mutants for EcNaMNAT were created by making spe-
cific modifications in conserved sites close to the ATP binding motif,
showing that the C-terminus is important for the stability of the protein
[36]. On the other hand, studies reported by Brunetti et al. with human
NMNAT-2, where four deletion mutants of different lengths were
generated by eliminating from 32 to 82 residues, showed that the mu-
tants retain the ability to synthesize NADþ from NMN and ATP,
demonstrating that the central domain is not essential for the functional
folding of the catalytic core [37].

The existence of this type of exclusive regions in these parasite's
proteins suggests that they can be involved in the regulation of the
cellular mechanisms and/or control the state of operation of the enzyme,
as well as in the mediation of intracellular localization functions that are



Figure 5. 3D models and molecular dynamic simulation of LbNMNAT and Δ241-249LbNMNAT mutant. (A) Structural model of LbNMNAT. The C-terminal domain
(yellow), the Rossmann fold (gray), and the structural element (loop-β sheet in blue-red) connecting the α/β domain with the C-terminal domain are highlighted. The
deleted region 241–249 is highlighted in red. (B) Structural overlay of the LbNMNAT (green) and Δ241-249LbNMNAT (golden) models. Images generated with UCSF
Chimera [33]. (C) Ligand binding site prediction in the mutated protein model. Δ241-249LbNMNAT-NAD binding sites were determined by COFACTOR and COACH
tools based on the structure obtained with I-TASSER (template PDB: 2H2A). Green dashed lines represent the hydrogen bonds, orange dashed line represent pi–anion
interaction, and red dashed lines represent unfavorable bump interaction. BIOVIA discovery studio visualizer was used [34]. (D). Molecular dynamics simulation of
LbNMNAT and Δ241-249LbNMNAT protein models during 100 ns. Time evolution of backbone RMSD is shown as a function of time for the native (green) and mutant
(red) structures.

L.J. Ortiz-Joya et al. Heliyon 8 (2022) e12203
essential for the correct metabolism of NADþ. In general, the inactivation
of the 6His-Δ241-249NMNAT protein from L. braziliensis highlights the
functional importance of the identified insertion, opening an alternative
to design specific inhibitors to block the parasite without affecting the
human host enzymes.
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