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ABSTRACT 

The Leishmania major leucyl-aminopeptidase (LAPLm), a member of the M17 family 

of proteases, is a potential drug target for treatment of leishmaniasis. To better 

characterize enzyme properties, recombinant LAPLm (rLAPLm) was expressed in 

Escherichia coli. A LAPLm gene was designed, codon-optimized for expression in E. 

coli, synthesized and cloned into the pET-15b vector. Production of rLAPLm in E. coli 

Lemo21(DE3), induced for 4 h at 37ºC with 400 M IPTG and 250 M L-rhamnose, 

yielded insoluble enzyme with a low proportion of soluble and active protein, only 

detected by an anti-His antibody-based western-blot. rLAPLm was purified in a single 

step by immobilized metal ion affinity chromatography. rLAPLm was obtained with a 
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purity of 10 % and a volumetric yield of 2.5 g per liter, sufficient for further 

characterization. The aminopeptidase exhibits optimal activity at pH 7.0 and a substrate 

preference for Leu-p-nitroanilide (appKM = 30 µM, appkcat = 14.7 s-1). Optimal 

temperature is 50ºC, and the enzyme is insensitive to 4 mM Co2+, Mg2+, Ca2+ and Ba2+. 

However, rLAPLm was activated by Zn2+, Mn2+ and Cd2+ but is insensitive towards the 

protease inhibitors PMSF, TLCK, E-64 and pepstatin A, being inhibited by EDTA and 

bestatin. Bestatin is a potent, non-competitive inhibitor of the enzyme with a Ki value of 

994 nM. We suggest that rLAPLm is a suitable target for inhibitor identification. 

Keywords: expression in E. coli; IMAC; kinetic characterization; leucyl 

aminopeptidases; pET-15b vector 

1. Introduction

Leishmaniasis is a disease caused by protozoan parasites of the genus Leishmania, 

transmitted by dipteran insects of the genera Phlebotomus and Lutzomyia [1]. 

Leishmania spp. cause a spectrum of diseases ranging from self-healing skin infection 

to progressive visceral illness, with the latter generally lethal [2]. The lifecycle is 

complex and involves two main hosts, the intermediate insect host and the vertebrate 

host. The infective metacyclic promastigote parasites, present in insect saliva, are 

transmitted by inoculation in the human blood. Promastigotes then invade different cell 

types, principally monocytes and macrophages, where they differentiate into 

amastigotes and replicate. Finally, the vector takes a promastigote-contaminated blood 

meal from an infected human and parasites replicate and differentiate onto metacyclic 

promastigotes. Leishmaniasis can be broadly classified into visceral, mucocutaneous 

and cutaneous leishmaniasis, depending upon the type of tissue colonized by the 

parasite [1]. Visceral leishmaniasis, mainly caused by L. donovani and L. infantum, 

affects the liver, spleen and bone marrow, causing progressive wasting, anemia and 

hepatosplenomegaly, with high mortality if untreated. Mucocutaneous and cutaneous 

leishmaniasis consist of skin and mucosal lesions of varying severity [1]. 

Leishmaniasis is prevalent in 88 countries, especially in Latin America but also Asia 

and Middle East, with 12 million people currently infected, 350 million at risk, 1 

million new cases reported and 30,000 annual deaths [3]. No vaccine exists, and 

therapies are inadequate [4], highly toxic, difficult to implement and of limited 



availability [5]. The most currently used chemotherapeutic agents against leishmaniasis 

include pentavalent antimony, amphotericin B and miltefosine [6]. Emerging resistance 

and reduced efficacy of available treatments accentuate the need for development of 

new drugs against novel targets [7]. 

Protozoan parasite proteases are increasingly relevant as virulence factors, drug targets 

and potential vaccine candidates, but few trypanosomatid peptidases have received 

attention, including a lysosomal cysteine peptidase [8], a cell surface metalopeptidase 

[9], a cytosolic serine oligopeptidase [10] and others. Metalo-aminopeptidases cleave 

the N-terminal residue from peptides and proteins [11] and are emerging as potential 

drug targets in parasites [12-17], but have been little studied in kinetoplastids, including 

Leishmania spp. The wide distribution of the metalo-aminopeptidases belonging to the 

M17 family (leucyl-aminopeptidases -LAP-; EC 3.4.11.1; [18]), and especially their 

essential roles in life cycles of various microorganisms [14,19-22], highlight the 

potential relevance of M17 LAP inhibitors for the treatment of these diseases and/or use 

in combined therapies. 

Of Leishmania M17 LAP members, the basic LAP of L. major (LAPLm) has been 

studied and is a homohexameric protein of approximately 376 kDa, expressed by all 

parasite forms and responsible for the main LAP activity in L. major [13]. LAPLm 

appears to be involved in nutritional supply, since the parasite lacks the biosynthetic 

pathways for branched side chain amino acids, including leucine [23]. Consistent with 

this crucial role, arphamenine A, a Trypanosoma cruzi acidic M17 LAP inhibitor [24], 

inhibits in vitro growth of related T. brucei brucei [12], suggesting functional 

conservation across kinetoplastids. Down-regulation of TbLAP1, a T. brucei M17 LAP 

involved in mitochondrial kinetoplast DNA segregation during cell division, generates a 

cytokinesis delay [16]. Furthermore, the metalo-aminopeptidase inhibitor bestatin [25], 

causes in situ inhibition of the M17 LAP activity in T. cruzi epimastigotes [26], 

suggesting that endogenous LAPLm could be inhibited by bestatin-like low-molecular-

weight inhibitors. Potent and selective LAPLm inhibitors could thus be starting points 

to develop antileishmanial drugs. 

To search for LAPLm inhibitors, it is essential to have access to active enzyme, and 

other authors have successfully produced a version of recombinant LAPLm (rLAPLm) 

in Escherichia coli [13]. Considering the significance of LAPLm as a possible target for 

antileishmanial agents, rLAPLm was expressed in E. coli, after produce a synthetic gene 



optimized for the bacterium, purified and kinetically characterized. This 

characterization indicated that rLAPLm has kinetic properties similar to other M17 

LAPs. Therefore, this enzyme could be used as a target in a high-throughput screening 

assay. 

2. Materials and Methods

2.1. Materials included in contracted services 

The LAPLm (GeneBank code: AF424693.1) coding sequence, codon-optimized for 

expression in E. coli (Eurofins Genomics, Germany) was cloned into the NdeI/XhoI site 

of a pET-15b vector (Merck Millipore, Sweden). 

2.2. Preliminary expression of the rlaplm gene in small-scale 

The expression of the rlaplm gene was performed in the heterologous system E. coli 

Lemo21(DE3). First, to test the functionality of the genetic construction pET-15b-

rLAPLm to sustain the rlaplm expression, a proof of concept was carried out at small-

scale. A 5-mL-aliquot LB medium, supplemented with 100 μg/mL ampicillin and 30 

μg/mL chloramphenicol, was inoculated with a colony of transforming cells and was 

incubated all night at 37ºC with shaking. Afterwards, 50 μl aliquots of this culture were 

removed and used as inoculums of 5-mL-aliquots of LB medium supplemented with 

ampicillin, chloramphenicol and different L-rhamnose concentrations (1, 20, 50, 100, 

250, 500, 750, 1000 and 2000 µM). The rest of the former culture was kept at 4ºC for 3-

4 days. The second cultures were incubated at 37ºC with shaking to reach an OD600nm 

between 0.5 and 0.8, then induced with 400 M IPTG and incubated overnight at 30ºC 

(for 1, 20 and 50 M L-rhamnose) or for 4 h at 37ºC (for 100, 250, 500, 750, 1000 and 

2000 M L-rhamnose) under shaking. 

As negative controls of expression were used a non-induced and an induced culture of 

the strain transformed with the pET-15b-rLAPLm construction, both in ampicillin and 

chloramphenicol-supplemented LB medium without L-rhamnose. The expression of 

rlaplm was assessed by polyacrylamide gel electrophoresis in denaturing conditions 

(SDS-PAGE with NuPAGE 4-12 % Bis-Tris Gels and Coomasie Blue R-250 staining; 

[27]), western-blot with an anti-His antibody, and enzymatic activity (EA) 

determination using the chromogenic substrate Leu-p-nitroanilide (Leu-pNA) (Bachem, 



Sweden). Densitometric analysis of the gel images were performed with the software 

ImageJ (version 1.38d; National Institutes of Health, USA [http://rsb.info.nih.gov/ij/]). 

An 850-μL-aliquot, from the culture conserved at 4ºC, was mixed with 150 μL of sterile 

glycerol. The cells were divided in 100-L-aliquots and flash frozen for the 

conservation of the positive clone at -70ºC. 

2.3. Expression of the rlaplm gene in 300-mL-scale 

Five-mL-aliquots of ampicillin and chloramphenicol-supplemented LB medium were 

inoculated from cryo stocks of the rLAPLm producing bacterial clone and incubated 

overnight at 37ºC with shaking. Three-mL-aliquots of these cultures were used to 

inoculate four 300-mL-aliquots of LB medium supplemented with ampicillin, 

chloramphenicol and 250 M L-rhamnose. The 300 mL cultures were incubated at 37ºC 

with orbital shaking at 125 rpm until they reached an OD600nm between 0.5 and 0.8, then 

induced with 400 M IPTG and incubated overnight at 30ºC with shaking. 

OD600nm was measured and bacterial biomass was collected by centrifugation at 8,000×g 

for 15 min at 4ºC (Centrifuge 5810R, 15 amp version, Eppendorf AG, Germany). The 

bacteria were resuspended in cold 50 mM Tris-HCl buffer pH 8.0, 300 mM NaCl, until 

a cell suspension with a concentration of 10 units of OD600nm was achieved. The cells 

were broken by sonication for 6 min (2 min pulse, 40 % output, 2 min pause over ice) 

(Soniprep 150 MSF, England) and cell debris separated by centrifugation at 12,000×g 

for 30 min at 4ºC. The supernatants were stored at -20ºC. Protein concentration was 

assessed in the supernatants by the bicinchoninic acid method [28]. 

2.4. Western-blot 

rLAPLm is expressed with a N-terminal His-tag, to help in the purification by 

immobilized metal ion affinity chromatography (IMAC). This allowed performing a 

western-blot with an anti-His antibody to detect the protein in the bacterial soluble 

extract. For this, proteins were transferred from SDS-PAGE gel to PVDF iBlot2 Mini 

Stacks membranes (Invitrogen) in an iBlot2 (Invitrogen) 2 Gel Transfer Device 

equipment (Israel) for 6 min. Afterward, it was blocked for 1 h with 5 % milk in TBS (1 

L: 100 mL 5 M NaCl, 20 mL 1 M Tris pH 7.5, 1 mL 0.1 % Tween 20). A mouse anti-

His antibody (1:3000; Thermo Scientific/Pierce Biotechnology, USA) was applied for 1 

h, it was washed for 1 h with TBS (five changes), and a peroxidase-conjugated anti-

mouse secondary antibody (1:10000; Thermo Scientific/Pierce Biotechnology, USA) 



was applied overnight at 4ºC. Finally, it was washed for 1 h with TBS (five changes) 

and developed with ECL (luminol, H2O2, cumaric acid). 

2.5. Purification of the rLAPLm enzyme by IMAC 

Purification of the rLAPLm enzyme was performed by IMAC from E. coli 

Lemo21(DE3) soluble extracts enriched in the recombinant enzyme, using a 5-mL-

column packed with a HisPurTMCobalt matrix (Thermo Scientific/Pierce Biotechnology, 

USA) in Akta Prime. The matrix was equilibrated with five column volumes (CV) of 

cold binding buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl). After loading 100 mL of 

the protein extract, the column was washed with the same buffer until the absorbance at 

280 nm descended until the base-line. Afterward, it was washed with five CV of cold 

washing buffer [50 mM Tris-HCl pH 8.0, 300 mM NaCl, 20 mM imidazole (Sigma, 

USA)]. Finally, the protein was eluted with a linear gradient of cold elution buffer (50 

mM Tris-HCl pH 8.0, 300 mM NaCl, 20-400 mM imidazole). Two mL fractions were 

collected. Runs were monitored by checking the absorbance at 280 nm, using as blank 

the corresponding buffer of each step to eliminate the contribution of the imidazole to 

the absorbance. 

The obtained fractions were evaluated by SDS-PAGE. The eluates were desalted by gel 

filtration chromatography, using a NAP-10 column (Sephadex G-25 Medium; Sigma, 

USA) to eliminate the imidazole. Afterward, the aminopeptidase EA was assessed 

toward the Leu-pNA substrate. 

2.6. Determination of rLAPLm aminopeptidase enzymatic activity 

The aminopeptidase EA was determined by a continuous kinetic method [29]. The 

chromogenic Leu-pNA substrate was used at 300 μM (2 L added from a 30 mM stock 

dissolved in DMSO) and the increasing of OD405nm, due to p-nitroaniline chromogen 

liberation, was recorded over 5 min using a spectrophotometer (FLUOstar OPTIMA, 

Germany). The determinations were carried out at 50ºC in 96-well plates in a reaction 

volume of 200 μL. EA buffer (50 mM sodium phosphate pH 7.0, 4 mM MnCl2) was 

used, and volumes of protein extract or concentrations of the purified enzyme (1.39 × 

10-8 M) were chosen in the range of a linear relationship among these magnitudes and 

the enzymatic reaction initial velocity (v0). DMSO was ≤ 2 % of the final volume of the 

reaction mixture. Only the linear ranges of the typical curves, corresponding to substrate 

consumptions lower than 5 % (v0 conditions) were used to measure the reaction 



velocity. Slopes with determination coefficients (R2) < 0.98 were not considered for 

linear fits. 

The EA unit (U) is defined as the amount of enzyme necessary to hydrolyze 1 μmol 

substrate per minute under assay conditions. The used molar extinction coefficient at 

405 nm for pNA was 9.87 mL/μmol/cm [30]. The EA in U/mL is defined as the ability 

of 1 mL enzymatic solution to hydrolyze 1 μmol substrate per minute in the assay 

conditions. The specific EA (specEA), expressed in U/mg, is calculated as the ratio 

between EA in U/mL and protein concentration in mg/mL. The assays were carried out 

in v0 conditions in quadruplicate and the results presented as the mean ± the standard 

deviation. 

2.7. Inhibition assay of rLAPLm aminopeptidase activity by bestatin 

Twenty L of the protein extract were mixed with EA buffer supplemented with 80 μM 

bestatin (Bachem, Sweden; 2 L added from a 8 mM stock dissolved in DMSO) and 

this mixture was preincubated for 30 min at 25ºC and pH 7.0 before adding the Leu-

pNA substrate at 30 μM (~1 apparent KM -appKM-). All other experimental conditions 

were maintained as described above. The control was prepared by extract and buffer 

preincubation omitting bestatin (with 2 L DMSO). Residual activity (vi/v0) was 

defined as the quotient between the reaction velocity in the presence of bestatin and the 

control. 

For the dose-response study, different bestatin concentrations were used (prepared in 

DMSO by double serial dilutions) spanning the range 0.781-100 μM (assay 

concentrations). The medium inhibitory concentration (IC50) value was calculated by 

the non-linear fit of the logistic function to the experimental data, using OriginPro 8 

SR0 software (version 8.0724 (B724); OriginLab Corporation 

[http://www.OriginLab.com]) with default parameters. The logistic function is: y = 1/(1 

+ [I]/ IC50), where y: residual aminopeptidase activity, and [I]: inhibitor concentration in 

the assay [31]. All assays were performed by quadruplicate. 

For the determination of the inhibition mode, bestatin was used at 0, 5 and 10 μM. For 

each inhibitor concentration, the substrate Leu-pNA was added at different 

concentrations, spanning the range 18.75-300 μM in the assay. The experimental data 

were transformed and the Lineweaver-Burk double reciprocal plots were constructed. 

The equation is: 1/v0 = (appKM/appvmax) (1/[S]0) + 1/appvmax, where appvmax: apparent 



maximal rate of the enzymatic reaction, and [S]0: initial substrate concentration in the 

assay [31]. The inhibition type was determined graphically from the lines of the double 

reciprocal plots [31]. Ki was determined by Dixon plot (1/appvmax vs. [I]), to determine 

the -αKi value, and the other secondary plot (slope Lineweaver-Burk plots vs. [I]), to 

determine the -Ki value [31]. The transformed experimental data were analyzed by a 

simple linear fitting using the software Microsoft Office Excel 2007™ (Microsoft 

Corporation; USA; [https://www.microsoft.com/]). 

2.8. pH dependence of rLAPLm aminopeptidase activity  

The pH effect over the aminopeptidase activity of the rLAPLm enzyme was assessed in 

the pH range 4.0-12.0 using different buffers (100 mM sodium acetate + acetic acid for 

pH 4.0 and 5.0, 100 mM PBS for pH 6.0 and 7.0, 50 mM Tris-HCl for pH 8.0-10.0, 1 M 

glycine + NaOH for pH 11.0 and 12.0) and 300 μM Leu-pNA substrate (assay 

concentration; ~10 appKM). All other experimental conditions were maintained as 

described above. Relative activity was defined as the quotient between the reaction 

velocity at a value of pH and the maximal velocity measured among all pH values 

analyzed (expressed as percentage). Means were compared by the Tukey HSD test [32] 

using a signification level of 0.05 and the software STATISTICA v8.0.550. 

2.9. rLAPLm aminopeptidase substrate specificity 

The aminopeptidase EA of purified rLAPLm was tested in the presence of 300 μM of 

different pNA chromogenic substrates: Leu-, Arg-, Ala-, Gly-, Val-, Pro-, Lys-, Ile- and 

Glu-pNA (Bachem, Sweden). Relative activity was defined as the quotient between the 

reaction velocity toward a substrate and the maximal speed measured among all 

substrates tested (expressed as percentage). Means were compared by the Tukey HSD 

test [32] using a signification level of 0.05 and the software STATISTICA v8.0.550. 

2.10. Determination of the kinetic parameters of the rLAPLm enzyme 

For the determination of the kinetic parameters of the rLAPLm enzyme, aminopeptidase 

activity assays were performed at six concentrations of the Leu-pNA substrate, prepared 

by double serial dilutions covering the range: 9.375-1200 μM (assay concentrations). 

All other experimental conditions were maintained as described above. The kinetic 

parameters: appKM and apparent catalytic constant (appkcat = vmax/[E]0, where [E]0: 

initial free enzyme concentration in the assay) were calculated by fitting the function of 

the Michaelis-Menten’s rectangular hyperbola to the experimental data [31]. Data 



analysis and curve fitting were performed with the software OriginPro 8 SR0 (version 

8.0724 (B724); OriginLab Corporation [http://www.OriginLab.com]). 

2.11. Study of the effect of temperature on rLAPLm aminopeptidase activity  

For the determination of the optimum temperature of purified rLAPLm aminopeptidase 

EA, the reaction was performed at different temperatures (20, 25, 30, 37, 40, 50, 60, 70, 

80 or 90ºC) in the presence of 300 μM Leu-pNA substrate (assay concentration; ~10 

appKM). All other experimental conditions were maintained as described above. 

Relative activity was defined as the quotient between the reaction velocity at one given 

temperature and the maximal velocity measured among all assessed temperatures 

(expressed as percentage). Means were compared by the Tukey HSD test [32] using a 

signification level of 0.05 and the software STATISTICA v8.0.550. 

2.12. Study of the effect of different divalent cations on rLAPLm aminopeptidase activity 

For the determination of the effect of different divalent cations on purified rLAPLm 

aminopeptidase EA, the reaction was performed in the presence of different divalent 

cations (CoCl2, MnCl2, MgCl2, CdCl2, BaCl2, CaCl2 or ZnCl2; Sigma, USA) at a 

concentration of 4 mM and 30 μM Leu-pNA substrate (assay concentration; ~1 appKM). 

All other experimental conditions were maintained as described above. Residual activity 

was defined as the quotient between the reaction velocity in the presence of a given 

metallic cation and the reaction velocity of the control without divalent cation addition 

(expressed in times). Means were compared by the Dunnett test [33] using a 

signification level of 0.05 and the software STATISTICA v8.0.550. There were 

negative controls omitting the enzyme to rule out catalytic activity of divalent cations. 

2.13. Determination of the inhibition profile for rLAPLm aminopeptidase activity 

toward inhibitors of different mechanistic classes 

The inhibition profile for the rLAPLm enzyme was determined with the following 

protease inhibitors: 100 μM bestatin (inhibitor of different metalo-aminopeptidases; 

[34]), 10 mM EDTA (metalo-protease inhibitor), 2 mM PMSF (serine-protease 

inhibitor), 10 μM TLCK (serine-protease inhibitor), 10 μM E-64 (cysteine-protease 

inhibitor), and 200 μM pepstatin A (aspartyl-proteases inhibitor) (Sigma, USA) [35]. 

All indicated inhibitor concentrations are the final assay concentrations and 2 L were 

added from a 100× stock. The enzyme-inhibitor mixtures were preincubated for 30 min 

at 25ºC and pH 7.0 before adding the Leu-pNA substrate at 30 μM (~1 appKM). All 



other experimental conditions were maintained as described above. Controls were 

prepared by preincubation of the enzyme with the same volume of the solvent used to 

dissolve the respective inhibitor, under the conditions mentioned above. Residual 

activity was defined as the quotient between the reaction velocity in the presence of the 

inhibitor and the reaction velocity of the control (expressed as percentage). Means were 

compared by the Dunnett test [33] using a signification level of 0.05 and the software 

STATISTICA v8.0.550. 

 

3. Results 

3.1. pET-15b-rLAPLm genetic construction optimized for the rlaplm gene expression in 

Escherichia coli 

To facilitate production of rLAPLm (GeneBank code: AF424693.1) in E. coli, we 

designed a 1710 bp synthetic fragment for expression of soluble protein with an 

approximate molecular mass of 62 kDa (Fig. 1). The 1695 bp coding sequence was 

codon optimized and fused to an NdeI restriction site at the 5’ end and two stop codons 

followed by an XhoI restriction site at the 3’ end. 

 

 

Fig. 1. Cloning of the rlaplm gene in the vector pET-15b. The synthetic gene, the 

pET-15b Escherichia coli expression vector and the resulting pET-15b-rLAPLm 

plasmid are shown. In the schematic plasmid map, the rLAPLm gene and the location of 

the NdeI and XhoI restriction sites are represented. Other genetic elements, as the T7lac 



promoter, the lacO operator, the lacI gene, the pBR322 replication origin and the 

ampicillin resistance gene, were omitted for clarity. 

 

The rlaplm gene sequence was optimized and synthesized (Eurofins Genomics, 

Germany) showing a codon adaptation index in E. coli of 0.79. The synthetic rlaplm 

gene was cloned into the E. coli expression plasmid vector pET-15b using the NdeI and 

XhoI restriction sites, placing transcription under the control of the strong and inducible 

T7lac promoter. The resulting plasmid of 7406 bp was termed pET-15b-rLAPLm (Fig. 

1). The plasmid encodes rLAPLm fused to an N-terminal tag of six histidines and a 10 

amino acid linker (sequence: SSGLVPRGSH). 

3.2. Expression of the rlaplm gene in the heterologous system Escherichia coli 

Lemo21(DE3) 

E. coli Lemo21(DE3) competent cells were transformed with the pET-15b-rLAPLm 

plasmid and one clone was selected to confirm expression of the recombinant protein. 

This strain contains an additional plasmid codifying lysozyme (inducible by L-

rhamnose), a T7 RNA polymerase inhibitor. In this manner, in the presence of L-

rhamnose lysozyme is induced, which inhibits the T7 RNA polymerase and decreases 

the expression rate of LAPLm in the presence of IPTG, potentially allowing for a better 

and more controlled folding conditions, leading to higher yields of soluble protein. This 

preliminary expression experiment was performed in 5 mL of LB medium. 

First, different L-rhamnose concentrations (100-2000 µM) were assessed. Bacterial 

cultures were set up in the presence of L-rhamnose, and expression was induced with 

400 µM IPTG, added in the late exponential phase of bacterial growth at 37ºC for 4 h. 

Expression was analyzed by SDS-PAGE, both the soluble and insoluble fraction (Fig. 

2). No specific protein band was observed at the expected size in the soluble fraction 

(Fig. 2A), but in the insoluble fraction an intense protein band migrating at the expected 

size for LAPLm (~62 kDa) at 400 M IPTG and 0 µM L-rhamnose was observed (Fig. 

2B). This band is absent in the lanes corresponding to increasing L-rhamnose 

concentrations, as well as in uninduced strain transformed with the genetic construct 

and not supplemented with L-rhamnose (this last condition, in both soluble and 

insoluble fractions) (Fig. 2A and B). 

 



 

Fig. 2. Small-scale expression of the laplm gene in E. coli Lemo21(DE3). A) Soluble 

fraction. B) Insoluble fraction. Expression was induced with 400 M IPTG in late 

exponential phase at 37ºC for 4 h. LAPLm is signaled by an arrow. 

 

Lower L-rhamnose concentrations were assessed (1, 20 and 50 µM), inducing the 

expression with 400 µM IPTG in the late exponential phase of the bacterial growth, 

overnight at 30ºC. Again, the recombinant protein was not observed in the soluble 

fraction at none of the L-rhamnose concentrations assayed, and in uninduced strain 

transformed with the genetic construct and not supplemented with L-rhamnose (Fig. 3). 

However, a protein with the size expected for LAPLm was observed in the insoluble 

fraction, at higher concentration when the L-rhamnose concentration diminished. 

 

 

Fig. 3. Small-scale expression of the laplm gene in E. coli Lemo21(DE3) at lower L-

rhamnose concentrations. Expression was induced with 400 M IPTG in late 

exponential phase overnight at 30ºC. 1, 20 and 50: 1, 20 and 50 M L-rhamnose. s: 

soluble fraction, p: insoluble fraction (pellet). LAPLm is signaled by an arrow. 

 



To further corroborate the presence of the recombinant protein in the soluble fraction, 

we performed a western-blotting analysis using this fraction and probing against the 

histidine tag. Using this approach, the protein of interest was detected at all L-rhamnose 

concentrations tested, but was absent in the negative controls (Fig. 4). This indicates 

that, in the presence of L-rhamnose, LAPLm is expressed in soluble form, although at 

yields that are lower than the detection limit of the chromogenic techniques used here. 

Nevertheless, we assumed that the soluble enzyme is properly folded and therefore 

should be active when compared to the insoluble protein. Therefore, we decided to 

focus on the soluble fraction for further purification and kinetic studies. 

 

 

Fig. 4. Western-blot with an anti-His antibody performed with the soluble 

fractions from the small-scale expression experiments. The expression was 

performed in E. coli Lemo21(DE3) by induction with 400 M IPTG in late exponential 

phase at 37ºC for 4 h (uninduced, 0, 100-2000 M L-rhamnose) or overnight at 30ºC (1, 

20 and 50 M L-rhamnose). LAPLm is signaled by an arrow. 

 

The rLAPLm gene expression was also evaluated by determination of aminopeptidase 

EA toward the Leu-pNA substrate in the cell-free soluble protein extract. 

Aminopeptidase activity was detected in the extracts of the induced cultures of E. coli 

Lemo21(DE3)/pET-15b-LAPLm, treated with L-rhamnose, and was absent in the 

extracts of the negative controls. This EA was sensitive to bestatin, the generic inhibitor 

of the M17 family aminopeptidases, confirming the production of active and soluble 

rLAPLm in E. coli Lemo21(DE3) (data not shown). 

3.3. Purification of the rLAPLm enzyme by immobilized metal ion affinity 

chromatography 



To perform the purification of the recombinant protein, rLAPLm was expressed at 300-

mL-scale (four cultures), inducing with 400 µM IPTG in late exponential phase of the 

bacterial growth overnight at 30ºC, and adding 250 µM L-rhamnose (the selected 

concentration) at the beginning of the culture. The biomass was broken by sonication 

and insoluble material removed by centrifugation. 

The purification of the rLAPLm enzyme in a single step was performed by IMAC using 

a commercial resin that contains Co2+ as immobilized divalent metal cation that 

specifically interacts with the His-tag of the recombinant enzyme. A representative 

chromatographic profile is shown in Fig. 5A. rLAPLm was eluted by applying a linear 

gradient of 20-400 mM imidazole. 

 

 

Fig. 5. Purification of the rLAPLm enzyme by IMAC from the Escherichia coli 

Lemo21(DE3)/pET-15b-rLAPLm soluble extract enriched in the recombinant 

protein. A) Representative chromatographic profile IMAC. mAU: milliunits of 

absorbance. Continuous line: Optical density at 280 nm. Discontinuous line: imidazole 

concentration. Numbers above abscise axis: fractions. Eluate is indicated by an arrow. 

B) Evaluation by SDS-PAGE (NuPAGE 4-12 % Bis-Tris Gel, Coomasie staining). Ext: 

extract. FT: flow-through. Selected eluates are signaled by a bar. LAPLm is signaled by 

an arrow. 

 



The results of the purification approach revealed an increase in the intensity of the ~62 

kDa protein band in the eluted fractions. Importantly, the IMAC approach effectively 

concentrates the recombinant protein and this is therefore detectable using Coomassie 

blue (Fig. 5B). In addition, other proteins co-eluted with the soluble recombinant 

protein and therefore indicate that these fractions are not homogeneous for rLAPLm. It 

is unclear whether these additional bands are degradation products or contaminants that 

bind to the recombinant protein with high affinity. Densitometric analysis of the 

Coomassie stained SDS-PAGE gel indicated a volumetric yield of 2.5 mg of the 

purified recombinant enzyme per L of culture. 

The three final eluates of each run were pooled and subjected to a gel filtration 

chromatography in desalting mode, with the aim to eliminate imidazole, which 

interferes with the metalo-aminopeptidases EA assays. It was confirmed that the 

purified enzyme has aminopeptidase activity. A summary of the purification process is 

presented in Table 1. rLAPLm was obtained in a single step from the extract, with a 

yield of 11 % and a purification factor of 26 times. 

 

Table 1. Summary of the purification process of the rLAPLm enzyme 

Purification step EA (U) Yield (%) specEA (U/mg) PF (times) 

Extract 666.7  75.0 100 0.021  0.002 1 

IMAC + desalting 75.2  6.8 11 0.54  0.03 26 

EA: enzymatic activity. The aminopeptidase activity was assessed toward 300 M Leu-

pNA substrate. U: units. The EA unit is defined as the amount of enzyme necessary to 

hydrolyze 1 μmol substrate per minute under assay conditions. specEA: Specific 

enzymatic activity. PF: purification factor. IMAC: immobilized metal ion affinity 

chromatography. Means ± standard deviations of four replicates are shown. 

 

3.4. Kinetic characterization of the rLAPLm enzyme 

We next focused on characterizing multiple kinetic parameters on the purified rLAPLm, 

including optimal pH, substrate specificity, temperature, and metallic cofactors that 

might be required for optimal activity.  

3.4.1. Effect of pH on rLAPLm aminopeptidase activity 

First, the effect of pH on rLAPLm aminopeptidase activity, toward the Leu-pNA 

substrate, was studied. The maximum activity was registered at pH 7.0, with an abrupt 

fall of activity at pH 6.0 and 8.0 (around 20 % of maximum activity; Fig. 6). In the rest 

of the basic zone, the values remained between 11 and 20 % of the maximum activity. 



However, in the acid zone (pH 4.0-5.0), the relative activity fell below 10 % of the 

activity at pH 7.0. 

 

 

Fig. 6. Effect of pH on rLAPLm aminopeptidase activity. The assays were 

performed with 300 μM Leu-pNA substrate and an enzyme concentration of 1.39 × 10−8 

M. The activity was normalized using the highest activity as 100 % (corresponding to 

pH 7.0). The values are represented as the means ± the standard deviations (n = 4). The 

means were compared by the Tukey HSD test [32], using the software STATISTICA 

v8.0.550. Different letters represent significant differences for p < 0.05. 

 

3.4.2. Substrate specificity of the rLAPLm enzyme 

Next, the substrate specificity of rLAPLm enzyme was studied. For this, aminoacyl-

pNA substrates with different physico-chemical properties of their side chains were 

tested. As expected, the highest value of EA was obtained with Leu-pNA (Fig. 7). In the 

second position, with 74 % relative activity, Arg-pNA was placed. For the rest of the 

amino acids evaluated in the substrate P1 position, activity values were lesser than 50 

%, regarding the activity registered for Leu-pNA. 

 



 

Fig. 7. Substrate specificity of the rLAPLm enzyme. The assays were performed with 

300 μM aminoacyl-pNA substrates and an enzyme concentration of 1.39 × 10−8 M. The 

activity was normalized against the highest activity (corresponding to the Leu-pNA). 

The values are represented as the means ± the standard deviations (n = 4). The means 

were compared by the Tukey HSD test [32], using the software STATISTICA v8.0.550. 

Different letters represent significant differences for p < 0.05. 

 

3.4.3. Kinetic parameters of the rLAPLm enzyme toward the Leu-pNA substrate 

Next, the kinetic parameters of the recombinant aminopeptidase toward the Leu-pNA 

substrate were determined. As rLAPLm was not purified until full homogeneity (Fig. 

5B), the kinetic parameters determined in this work are expressed as apparent values. A 

Michaelis-Menten curve obtained for this enzyme is shown in Fig. 8, and Table 2 lists 

the values of the resultant kinetic parameters (appKM, appkcat and apparent kcat/KM 

(appkcat/KM)). 

 

 

Fig. 8. Effect of substrate concentration on rLAPLm aminopeptidase activity. Six 

concentrations of the Leu-pNA chromogenic substrate were evaluated covering the 

range 9.375-1200 μM. The enzyme concentration in the assay was 1.39 × 10−8 M. The 

function of the Michaelis-Menten’s rectangular hyperbola was fitted to the experimental 



data, represented as the means ± the standard deviation (n = 4), using the software 

OriginPro 8 SR0 (version 8.0724 (B724); Origin-Lab Corporation 

[http://www.OriginLab.com]). 

 

Table 2. Apparent kinetic parameters of the rLAPLm enzyme toward the Leu-

pNA chromogenic substrate 

appKM (M) appkcat (s-1) appkcat/KM (L mol-1 s-1) 

30 ± 8 14.7  1.3 488,483  36,012 

The enzyme concentration in the assay was 1.39 × 10−8 M. The values are represented 

as the means ± the standard error (n = 4). 

 

3.4.4. Effect of temperature on rLAPLm aminopeptidase activity  

Subsequently, the effect of temperature on rLAPLm EA was evaluated, testing ten 

temperature values in the 20-90ºC range (Fig. 9). The enzyme was thermophilic, since 

the optimum activity was reached at 50ºC. At 30ºC the enzyme retains 70 % of this 

maximum activity and almost 40 % at 90ºC. 

 

 

Fig. 9. Effect of temperature on rLAPLm aminopeptidase activity. The assays were 

performed with 300 μM Leu-pNA substrate (∼10 appKM) and an enzyme concentration 

of 1.39 × 10−8 M. The activity was normalized using the highest activity as 100 % 

(corresponding to 50ºC). The values are represented as the means ± the standard 

deviations (n = 4). The means were compared by the Tukey HSD test [32], using the 

software STATISTICA v8.0.550. Different letters represent significant differences for p 

< 0.05. 

 

3.4.5. Effect of divalent metallic cations on rLAPLm aminopeptidase activity 



Additionally, the effect of various divalent metal cations on the rLAPLm EA was 

studied. These ions function as enzymatic cofactors in the catalytic mechanism of 

metalo-aminopeptidases [34]. The aim of this experiment was to determine the most 

appropriate divalent metal cation to supplement the desalted rLAPLm preparation, in 

the case of potential metal loss from the active site, for example caused by the presence 

of imidazole or by exchange with Co2+ during IMAC. All ions were tested at 4 mM. 

As shown in the Fig. 10, the aminopeptidase activity of the purified recombinant 

enzyme did not vary significantly in the presence of Co2+, Mg2+, Ca2+ or Ba2+. However, 

it was activated by Zn2+ (76 times), Mn2+ (326-fold) or Cd2+ (246 times). This indicates 

the need to supplement the enzyme preparation with 4 mM MnCl2 or CdCl2, the main 

activators, for optimum activity in the tested conditions. 

 

 

Fig. 10. Effect of divalent metallic cations on rLAPLm aminopeptidase activity. 

The assays were performed with 30 μM Leu-pNA substrate (∼1 appKM) and an enzyme 

concentration of 1.39 × 10−8 M. The divalent metallic cations were used in the assay at 4 

mM. The residual activity was defined as the quotient between the reaction speed in 

presence of a given metallic cation and the reaction speed corresponding to the control 

without cation addition (expressed in times). The values are represented as the means ± 

the standard deviations (n = 4). The means were compared by the Dunnett test [33], 

using the software STATISTICA v8.0.550. Two and three asterisks represent significant 

differences for p < 0.01 and 0.001, respectively. NS: There are not significant 

differences for p < 0.05. 

 

3.4.6. Inhibition profile for rLAPLm aminopeptidase activity 

The inhibition of the rLAPLm aminopeptidase activity toward the Leu-pNA substrate 

was studied for protease inhibitors of different mechanistic classes. As expected for a 

M17 LAP, the recombinant enzyme is insensitive to PMSF and TLCK (inhibitors of 



serine-proteases), E-64 (inhibitor of cysteine-proteases) and pepstatin A (inhibitor of 

aspartyl-proteases) (Fig. 11) [35]. In contrast, rLAPLm is inhibited by EDTA (chelating 

agent for divalent metallic cations; [35]) and bestatin (inhibitor of different metalo-

aminopeptidases; [34]). 

 

 

Fig. 11. Inhibition profile for the rLAPLm aminopeptidase activity. The assays 

were performed with 30 μM Leu-pNA substrate (∼1 appKM) and an enzyme 

concentration of 1.39 × 10−8 M. The enzyme-inhibitor mixtures were preincubated for 

30 min at 25ºC and pH 7.0 before adding the substrate. The controls were prepared by 

the enzyme preincubation with the same volume of the solvent used to dissolve each 

inhibitor. The residual activity was defined as the quotient between the reaction velocity 

in the presence of inhibitor and the reaction velocity of the corresponding control. The 

values are represented as the means ± the standard deviations (n = 4). The means were 

compared by the Dunnett test [33], using the software STATISTICA v8.0.550. Three 

asterisks represent significant differences for p < 0.001. NS: There are not significant 

differences for p < 0.05. 

 

3.4.7. Partial kinetic characterization of the rLAPLm inhibition by bestatin 

Finally, some kinetic characteristics of the rLAPLM inhibition by bestatin were 

assessed. An IC50 value of 14.7 μM for bestatin toward this enzyme and the Leu-pNA 

substrate was determined (Fig. 12A). On the other hand, bestatin is a non-competitive 

inhibitor of rLAPLm (Fig. 12B), with an α and a Ki value of 0.7 and 994 nM, 

respectively (Fig. 12C and D). 

 



 

Fig. 12. Some kinetic characteristics of the rLAPLm inhibition by bestatin. In both 

studies, the assays were performed with an enzyme concentration of 1.39 × 10−8 M. A) 

Dose-effect study. Leu-pNA substrate was used at 30 μM (∼1 appKM), and bestatin was 

tested at 0.78-50 μM. The IC50 value was calculated by the nonlinear fit of the logistic 

function to the experimental data, using OriginPro 8 SR0 software (version 8.0724 

(B724); OriginLab Corporation [http://www.OriginLab.com]). Data are presented as the 

means ± the standard deviations (n = 4) or the standard error (IC50 value). vi/v0: residual 

activity. B) Inhibition type determination. Leu-pNA substrate was used at 4.69-300 μM, 

and bestatin was tested at 0, 10 and 20 μM. The transformed experimental data 

(Lineweaver-Burk double reciprocal plots) were analyzed by a simple linear fitting 

using the software Microsoft Office Excel 2007™ (Microsoft Corporation; USA; 

[https://www.micro soft.com/]). The inhibition type was determined graphically from 

the lines of the double reciprocal plots [31]. KM and vmax values are apparent. All data 

are presented as the means ± the standard deviations (n = 4). C) Dixon plot to determine 

the -αKi value (intercept with the abscise axis). D) Secondary plot to determine de -Ki 

value (intercept with the abscise axis). 

 

4. Discussion 

The experimental design for expression of the rLAPLm gene was based on the report of 

Morty and Morehead [13], who used the gene directly amplified from parasite genomic 

DNA for expression in E. coli BL21(DE3), by induction with 1 mM IPTG for 4 h at 

37ºC. The major differences here are the use of a synthetic gene (Fig. 1), codon-

optimized and expressed in E. coli Lemo21(DE3) by induction with 400 M IPTG for 4 

h at 37ºC or overnight at 30ºC, in the presence of L-rhamnose (Fig. 2-4). 



During a gene optimization the adjustment of different parameters is required to obtain 

high expression levels of a recombinant protein. First, a codon adaptation index (CAI) 

value as close as possible to 1.0 is desirable. A CAI = 1.0 indicates that the 100 % of the 

codons match the highest usage frequency in the host. The CAI value of 0.79 for the 

rlaplm gene in E. coli, as a result of its sequence optimization, allowed production of 

rLAPLm at satisfactory levels in the soluble fraction of the bacterial extract (Fig. 4), 

sufficient to address the enzyme purification (Fig. 5; Table 1) and kinetic 

characterization (Fig. 6-12; Table 2). 

The expression level of rLAPLm gene in the soluble fraction could not be determined 

by densitometric analysis of the SDS-PAGE gel, due to none protein band was observed 

on this fraction at none L-rhamnose concentration (Fig. 2A and 4). However, insoluble 

expression (in inclusion bodies) was evidenced at 0 M L-rhamnose, condition in which 

T7 RNA polymerase is totally active (Fig. 2B). In this condition, a reinforced protein 

band was observed, matching the strength of the used promoter (T7lac). Generally, the 

strong promoters allow reaching concentrations of the recombinant proteins around 10-

30 % of the cell total proteins [36]. 

The insoluble expression of most rLAPLm could be due to the translation speed is 

higher than folding process rate, leading to the production of missfolded polypeptidic 

chains that aggregate (among them or with other cellular components) and precipitate. 

In addition, it should be considered that rLAPLm is a strange protein for the 

heterologous system E. coli, and it could require some glycosylation type for solubility 

that the bacterium cannot provide. However, in our research group the T. cruzi acidic 

M17 LAP was expressed mainly soluble (representing the 12.53 % of the total E. coli 

proteins) in the BL21(DE3)pLysS strain [37]. Finally, the rLAPLm soluble expression 

was observed at all tested L-rhamnose concentrations, on a western-blot with an anti-

His antibody (Fig. 4). Other antibody-recognized bands could be contaminants, 

rLAPLm degradation products or even a protein dimer, having an approximate 

molecular mass of 124 kDa. 

In the reference work of Morty and Morehead [13] these authors also express the 

soluble protein in the BL21(DE3) strain, but they do not analyze the insoluble fraction 

and do not show an SDS-PAGE gel corresponding to the expression. Therefore, it is not 

possible to check if the soluble expression level reached by them was enough to see the 

protein. In this work, the BL21(DE3) strain was also evaluated, but in all tested 



induction conditions (1 mM IPTG, 4 h at 37ºC; 0.1-1 mM IPTG, overnight at 37ºC; 1 

mM IPTG, overnight at 25ºC; 300 M IPTG, 4 h at 12ºC) the protein cannot be 

observed in the soluble fraction and it was detected in the insoluble fraction (data not 

shown). 

The strategy to fuse a tag of six histidines to the rLAPLm amino terminus allowed 

purifying the protein in a single step by IMAC (Fig. 5). The low yield obtained, of 11 % 

(Table 1), is probably due to the affectation of the enzymatic activity during the 

purification process. In this sense, the M17 LAPs have been described as 

homohexamers in complex equilibrium with other multimeric forms (some inactive) 

depending on enzyme concentration [38]. Apparently, the LAPLm monomers do not 

have catalytic activity [13]. However, the obtained volumetric yield, of 2.5 protein mg 

per L of culture, was enough to perform the kinetic characterization of the recombinant 

enzyme (Fig. 6-12; Table 2). 

The highest rLAPLm activity, toward the Leu-pNA substrate, was detected at pH 7.0 

(Fig. 6). The higher values of relative activity at basic pH, regarding acid pH, are 

consistent with those reported for other M17 LAPs, which show the maximum activity 

at alkaline pHs [13,37,39-42]. The optimum pH for rLAPLm obtained by Morty and 

Morehead [13] is 8.5, with a high activity still detectable until pH 10.0. In a similar 

manner to that observed in this work (Fig. 6), activity diminished rapidly under mildly 

acidic conditions (pH 6.0), although rLAPLm was stable on a wide pH range (pH 4.0-

11.0) [13]. In this work, at pH 6.0 and 8.0, the values fell until approximately 20 % of 

the activity measured at pH 7.0 (Fig. 6). For this reason, we decided to work at pH 7.0 

in all aminopeptidase activity assays. The disparities observed between both LAPLm 

recombinant variants could be due to subtle differences in the folding of both enzymes. 

As it is known, a recombinant form of an enzyme does not have to be exactly equal to 

another recombinant form of the same enzyme [43]. 

The observed maximum aminopeptidase activity toward the Leu-pNA substrate, among 

nine assayed (Fig. 7), confirms the LAP character of this enzyme [13]. Among the other 

eight aminoacyl-pNA substrates evaluated, Arg-pNA was the second, with 74 % of 

activity, compared with Leu-pNA. There are data on literature about tomato and porcine 

LAPs, able to hydrolyze substrates with arginine in P1 position with more than 30 % of 

relative activity [39]. The acidic M17 LAP from T. cruzi also hydrolyzes Arg-pNA in 

the second place of preference, with 55 % of activity regarding Leu-pNA [37]. Our 



results confirm the narrow substrate specificity of rLAPLm reported by Morty and 

Morehead [13]. These authors also observed strict aminopeptidase activity against the 

substrates Cys-, Met-, Ala-, Ile- and Trp-7-amido-4-methylcoumarin (AMC). On the 

contrary, other M17 LAPs from bacteria, plants and animals show a very broad 

substrate specificity that includes Leu, Met, Arg, Ala, Ile, Phe, Val, Thr and Tyr, with 

reduced activity against Gly, Asp, Pro and Trp [44]. It is important to emphasize that we 

report in this work for the first time the LAPLm aminopeptidase activity toward 

aminoacyl-pNA substrates. 

Removal of the N-terminal polyhistidine tag from a L. amazonensis recombinant M17 

LAP expressed on E. coli did not vary the kinetic characteristics, indicating that it does 

not interfere with the catalytic activity [13]. For this reason, we did not remove the His-

tag to determine the rLAPLm kinetic parameters (Table 2). The appKM value of 30 M 

(Fig. 8; Table 2), is lower than that obtained by Morty and Morehead [13] for the other 

recombinant variant of this enzyme toward Leu-AMC (167 M). Our value is in the 

same magnitude order than that reported for the T. cruzi acidic M17 LAP toward Leu-

pNA (74 M; [37]). Strictly, the kinetic parameters determined in this work for 

rLAPLm cannot be compared with those of the other recombinant form, which were not 

determined toward aminoacyl-pNA substrates [13]. However, similar values to those 

obtained here have been reported for other LAPs using Leu-pNA. For example, the KM 

value for the potato LAP is 48 μM [41]. 

The highest aminopeptidase activity, measured at 50ºC (Fig. 9), confirms the 

thermophilicity of this kind of enzymes [37,38]. It is notable that at 90ºC, rLAPLm still 

retains almost 40 % of the activity shown at 50ºC (Fig. 9). In this sense, it is comparable 

with the acidic M17 LAP from T. cruzi obtained by Izquierdo et al. [37], which exhibits 

its maximum at 50ºC and 46 % of the maximum activity at 90ºC. In the case of 

rLAPLm obtained in this work, the decrease in activity at temperatures higher than 50ºC 

could be related to the loss of the oligomeric structure or not, according to Cadavid-

Restrepo et al. [38] for the recombinant and native forms of the T. cruzi acidic M17 

LAP, respectively. Notably, various LAPs of other sources are also thermophilic [39-

42]. 

Among the seven divalent metal cations tested with rLAPLm, Mn2+ and Cd2+ were 

activators in the same extent, and Zn2+ in a lesser degree, all at 4 mM (Fig. 10). These 

results partially match the report of Morty and Morehead [13] for the recombinant 



variant of the L. amazonensis M17 LAP, where the Mn2+ cation at 0.5 mM appears as 

the main enzyme activator, and inhibited above 10 mM. These authors did not test Cd2+, 

and Zn2+ had little effect at 1 mM and potently inhibited at 10 mM. However, Mg2+ and 

Co2+, which did not activate rLAPLm here, in the mentioned work behaved as 

activators, at micromolar and millimolar concentrations, respectively. In addition, Ca2+, 

which in this work did not alter the activity, in the report of Morty and Morehead [13] 

was toxic, inhibiting the enzyme at 1 mM. All these discrepancies could be due to 

differences between the recombinant protein variants used (rLAPLm in this work and a 

L. amazonensis M17 LAP in the reference work). 

In the report of Morty and Morehead [13], the inactive apoenzyme was prepared by 

incubation with the chelating agent 1,10-phenanthroline and its subsequent removal. 

Only Mn2+ in a greater extent (1 and 5 mM, up to 55 %) and Mg2+ in a lesser degree (5 

mM, 6-8 %) could reactivate the apoenzyme. As it can be seen, what both studies have 

in common is the main activating effect of Mn2+. In fact, this is the cation present in the 

active site of the T. cruzi acidic M17 LAP produced in E. coli, according to Timm et al. 

[17]. 

Metalo-aminopeptidases show a wide range of dependence for metal ions. M13 LAPs 

from mammals typically use Zn2+ [45], while other aminopeptidases use Mn2+ [46], Fe2+ 

[47] and Zn2+ [48]. Regarding Zn2+, the results of Morty and Morehead [13] suggest that 

this is the natural metal cofactor of LAPLm (at least of the recombinant variant 

produced in E. coli), as was determined by inductively coupled plasma-atomic emission 

spectrometry (ICP-AES). The Mn2+ and Zn2+ concentrations are in the range 10-100 M 

in the cytosol of trypanosomatid parasites. It is possible that the rLAPLm activation 

observed in the presence of Mn2+ and other metallic cations is due to the ion exchange 

by the Zn2+ from the binding site 1 (which is easily exchanged) [49], while the Zn2+ 

from site 2 (more strongly bound) remains bound [13]. 

On the other hand, rLAPLm shows an inhibition profile typical of a metalo-

aminopeptidase belonging to the M17 family (Fig. 11). The enzyme is inhibited 

significantly by bestatin and EDTA and is much less sensitive to the inhibition by other 

protease inhibitors of other mechanistic classes. This result matches the one obtained by 

Morty and Morehead [13], working with the L. amazonensis M17 LAP, and by 

Cadavid-Restrepo et al. [38] and Izquierdo et al. [37] working with the native and 



recombinant T. cruzi acidic M17 LAP, respectively. In addition, it is in agreement with 

reports by other authors for LAPs from various sources [39,40,42]. 

The IC50 and Ki values (14.7 M and 994 nM, respectively) determined in this work for 

bestatin toward rLAPLm (Fig. 12A and D), indicate that this compound is a potent 

inhibitor of this enzyme, as is expected for an M17 LAP [50,51]. Furthermore, they 

roughly match the values determined by Izquierdo et al. [37] for the T. cruzi acidic M17 

LAP (IC50 = 6.62 μM and Ki = 881 nM). In another work, an IC50 value between 10 and 

100 μM (in the same order than in this work; Fig. 12A) for the inhibition of the 

Plasmodium vivax M17 LAP by bestatin is reported [52]. However, Morty and 

Morehead [13] reported a much lower Ki value (3 nM) for the L. amazonensis M17 

LAP. 

The non-competitive ( < 1) inhibition type determined in this work for bestatin toward 

rLAPLm (Fig. 12B and C) contradicts the generally accepted classification of this 

pseudopeptide as a competitive inhibitor of many metalo-aminopeptidases [25,34,53]. 

Such competitive effect of bestatin toward these enzymes is not based in literature on 

kinetic studies at different substrate and bestatin concentrations, but is based on 

structural studies. However, generally the 3D structure of these enzymes is determined 

in the absence of substrate, in which case the inhibitor can be accommodated at the 

substrate-binding site, as is expected for a competitive inhibitor. It is possible that in the 

simultaneous presence of substrate and inhibitor, the latter is accommodated in a 

different site than the substrate affecting the catalytic activity, as is expected for non-

competitive or uncompetitive inhibitors [31]. Bestatin is also a non-competitive 

inhibitor of the T. cruzi acidic M17 LAP [37]. 

Bestatin is well tolerated by experimental animals, with an oral medium lethal dose 

(LD50) in mice of more than 4 g/kg [54]. Since LAPs from Leishmania spp. are 

responsible for the major LAP activity in these parasites, their selective targeting by 

inhibitors could interfere with the viability of these microorganisms. Therefore, the 

presented data may help on this enzyme validation as a novel drug target [55]. 

 

5. Conclusions 

In summary, rLAPLm is similar to the recombinant enzyme obtained by Morty and 

Morehead [13] in the following kinetic characteristics: (i) substrate specificity for 



leucine at the P1 position; (ii) main activation by Mn2+; (iii) inhibition profile; and (iv) 

potent inhibition by bestatin. These similarities indicate that rLAPLm can be used as a 

model of the native enzyme for inhibitors identification. 
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