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Neutral metallo-aminopeptidase (APN) catalyzes the cleavage of neutral and basic amino acids from the
N-terminus of protein or peptide substrates. APN expression is dysregulated in inflammatory diseases as
well as in several types of cancer. Therefore, inhibitors of APN may be effective against cancer and
inflammation. By virtual screening and enzymatic assays, we identified three non-competitive inhibitors
(a > 1) of the porcine and human APN with Ki values in the mM range. These non-peptidic compounds
lack the classical zinc-binding groups (ZBG) present in most of the APN inhibitors. Molecular docking
simulations suggested the novel inhibitors suppress APN activity by an alternative mechanism to Zn
coordination: they interacted with residues comprising the S1 and S50 subsites of APN. Of note, these
compounds also inhibited the porcine aminopeptidase A (pAPA) using a competitive inhibition mode.
This indicated differences in the binding mode of these compounds with APN and APA. Based on
sequence and structural analyses, we predicted the significance of targeting human APN residues: Ala-
351, Arg-442, Ala-474, Phe-896 and Asn-900 for improving the selectivity of the identified com-
pounds. Remarkably, the intraperitoneal injection of compounds BTB07018 and JFD00064 inhibited APN
activity in rat brain, liver and kidney indicating good bio-distribution of these inhibitors in vivo. These
data reinforce the idea of designing novel APN inhibitors based on lead compounds without ZBG.

© 2017 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

Mammalian neutral aminopeptidase (APN) plays pivotal roles in
many physiological processes, such as pain sensation, blood pres-
sure regulation, tumor angiogenesis and metastasis, immune cell
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chemotaxis, sperm motility, cell-cell adhesion, and coronavirus
entry [1]. Accordingly, APN is a major target for treatment of dis-
eases related to these physiological processes [1]. APN is the most
extensively studied member of the M1-family of zinc-dependent
aminopeptidases [1]. This enzyme is widely expressed on cell sur-
faces of tissues, such as intestinal epithelia and the nervous system
[1]. APN is a type II membrane protein generally found as a
homodimer in several mammalian species. Full-length human APN
consists of 967 amino acids with a short N-terminal cytoplasmic
domain, a single transmembrane segment, and a large ectodomain
containing two catalytic motifs highly conserved across the M1
family: the zinc-binding motif HEXXHX18E and the exopeptidase
signature GXMEN [2].

The general catalytic mechanism of mammalian APN is believed
to be similar to that of prototypic zinc peptidase thermolysin,
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which involves catalytic water attacking scissile peptide bonds [3].
However, themeans bywhich substrates gain access to the catalytic
site and how products are released have been the subject of some
debate for several members of the M1 family [4e6]. APN prefer-
entially cleaves neutral amino acids, most notably alanine, off the N
terminus of peptide substrates leading to their activation/inacti-
vation in the extracellular space. Mammalian APN operates ubiq-
uitously in peptide metabolism pathways. It plays important roles
in pain sensation and mood regulation by catalyzing the meta-
bolism of neuropeptides that process sensory information. One of
these neuropeptides is enkephalin, which binds to opioid receptors
and has pain-relief and mood-regulating effects [7]; APN hydroly-
ses and shortens the in vivo life of enkephalin. APN is moreover
involved in blood pressure regulation; it degrades the vasocon-
strictive peptide angiotensin-III, causing vasodilation and lowered
blood pressure [8]. An endogenous APN inhibitor, substance P,
blocks both the enkephalin-dependent and angiotensin-dependent
pathways [9,10]. APN is also overexpressed on the cell surface of
almost all major cancer forms and is essential for tumor angio-
genesis by degrading angiogenic peptides [11]. A natural APN in-
hibitor, bestatin, is a substrate analog for APN and demonstrates
antitumor activities [12]. However, it should be noted that these
generic inhibitors often show activity against other aminopeptidase
families [13].

The resolution of the three-dimensional structures (3D) of hu-
man APN in complex with angiotensin-IV and two peptidomimetic
inhibitors, amastatin and bestatin [2], allows the application of
structure-based drug discovery approaches to screen novel in-
hibitors. In this study, we identified three non-competitive in-
hibitors of the human and porcine APN by combining virtual
screening and enzymatic assays. These non-peptide inhibitors lack
the typical zinc-binding groups (ZBG) present in most of the APN
inhibitors. Molecular docking simulations suggested these com-
pounds hindered APN activity by an alternative mechanism to Zn
coordination. Notably, the intraperitoneal injection of compounds
BTB07018 and JFD00064 inhibited APN activity in rat brain, liver
and kidney indicating a good bio-distribution.

2. Material and methods

2.1. Materials

Porcine kidneys were kindly donated by the Porcine Research
Institute, Cuba; human placenta free of viruses and germs from the
Center of Placental Histotherapy and the Institute of Oncology and
Radiobiology, Cuba. DEAE Sephacel and Sephadex G200 were pur-
chased from Amersham Biosciences, L-Leu-AMC and bestatin from
Sigma-Aldrich, and L-Leu-pNA from Bachem. The inhibitors iden-
tified by virtual screening in the Hitfinder database were purchased
from Maybridge, UK. Other reagents used were of analytical grade.
The 1H NMR data of the identified inhibitors supplied by the pro-
vider are included in Supplementary Information Fig. 1.

2.2. Virtual screening

The bidimensional structures of 14400 compounds of the
Maybridge HitFinder Library were downloaded in the Structure
Data File (SDF) format. The building of 3D structures, and conver-
sion to PDBQT format were performed with the Open Babel soft-
ware [14]. Docking simulations were conducted with the
Autodock4Zn force field [15] implemented in the Autodock4 soft-
ware [16] using as target the 3D structure of the hAPN:amastatin
complex [2] (PDB code: 4FTY). The ten poses generated for each
compound and the L-Leu-pNA substrate were ranked using the
AutodockZN force field [15]. The four best-ranked compounds based
on the binding energywith the hAPNwere filtered using the PAINS-
Remover web server (http://cbligand.org/PAINS) to exclude Pan
Assay Interference Compounds [17]. Three-dimensional represen-
tations of the interactions of the best ranked pose of each hAP-
N:inhibitor complex were obtained using default parameters of the
LIGPLOT software [18]. The 3D structures of the APN-inhibitor-
substrate complexes were generated by superimposing the 3D
structure of the APN-substrate and APN-inhibitor complexes using
the salign routine [19] implemented in the Modeller software [20].

2.3. Sequence analysis

We analyzed five mammalian amino acid sequences homolo-
gous to human APN (AMPN_HUMAN), AMPN_PIG (Pig), AMPN_RAT
(Rat), AMPN_BOVINE (Bovine), AMPN_MOUSE (Mouse). Pig, rabbit,
rat and bovine sequences share 76.3 to 79.8% sequence identity (ID)
with human APN. We also included in our analysis two human acid
aminopeptidases of the M1 family: the glutamyl aminopeptidase
(AMPE_Human, 34.7% ID) and the endoplasmic reticulum amino-
peptidase (ERAP1_HUMAN, 33.1% ID). The multiple sequence
alignment of mammalian aminopeptidases was performed using
the Clustal W software [21]. The multiple alignments were manu-
ally parsed by analyzing the gaps, conserved amino acid regions
and the secondary structure information using Seaview software
[22].

2.4. Aminopeptidase N and aminopeptidase A preparations from
human placenta and porcine kidney cortex

Microsomes containing hAPN were prepared from human
placenta; placentawas cut with scissor and homogenized in 50mM
Tris-HCl pH 8 (buffer A; 2:1 mL/g) with a Waring blender
(3� 10min, 4 �C). The crude extract was centrifuged at 3000 g, 4 �C
during 15 min. The supernatant was centrifuged at 10 000 g at 4 �C
for one hour. The microsomal fraction in the sediment was washed
twice with 50 mM Tris-HCl pH 8, 1 M NaCl, and centrifuged as
above, before final resuspension in 50 mM Tris-HCl pH 8, 0.1% of
Triton X100 (Buffer B) for use in enzyme activity assays.

Porcine kidney APN (pAPN) was partially purified from porcine
kidney cortex. Briefly, kidney cortex was dissected from fresh or
recently thawed porcine kidneys, washed with cold distilled water,
weighted, cut in small pieces with scissors and homogenized in
distilled water (2 mL/g). The homogenate (crude extract) was
treated with 0.1% Triton X100 to solubilize membrane-bound pro-
teins, and centrifuged (10 000 g for 1 h at 4 �C). The supernatant
was extensively dialyzed using dialysis membranes with a
10 000 Da cut off (Spectrapor) vs Buffer B. The dialyzed sample was
applied to a DEAE-Sephacel column (12� 1.6 cm) equilibrated with
buffer B; the column was washed and retained components eluted
stepwise, using increasing NaCl concentrations (from 0.15 to 1.0 M)
in buffer B. The linear flow rate was 29.9 cm/h. The active fractions
were concentrated by ultrafiltration and applied on a Sephadex
G200 column (86 � 1.5 cm) equilibrated in buffer B; the linear flow
rate was 6.81 cm/h. The active fractions were concentrated by ul-
trafiltration and stored until used for APN activity. The enzyme was
partially purified 32 fold, with a 73% yield, and a final specific ac-
tivity of 0.28 U/mg (Supplementary Information Fig. 2).

Microsomal porcine kidney cortex glutamyl aminopeptidase
(porcine aminopeptidase A; pAPA) was prepared as described for
human APN.

2.5. Monitoring of human, rat and porcine aminopeptidase
activities

Soluble porcine kidney APN activity (0.02 mg/mL) was

http://cbligand.org/PAINS
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measured as described by Tieku and Hooper [23] using the sub-
strate L-Leu-pNA in buffer B and 1 mL of final volume assay. The
release of p-nitroaniline was measured every 15 s during 5 min at
405 nm, at 37 �C using a Genesys 10 UV kinetic spectrometer
(Thermo Electron Corporation, USA). pAPA activity (1 mg/mL of
microsomes) was measured using buffer B, 1 mM CaCl2, using the
substrate L-Glu-pNA, as for pAPN.

For in vivo experiments, the evaluation of rat APN activity in
microsomal preparations was performed in similar kinetic assay
conditions, with 30 min assay time, 0.3 mL volume assay, a 96 wells
plate reader Multiskan EX (Thermo Electron Corporation, Shangai),
and the software “Reaction Kinetic”.

Human placental aminopeptidase N activity (0.25 mg/mL of
microsomes) was measured using L-Leu-AMC as a substrate in
buffer B in a final assay volume of 200 mL. The kinetic assays were
run at 37 �C during 40 min in 96 wells plates, and the AMC fluo-
rescence was measured at 460 nm (bandwidth: 40) upon excitation
at 360 nm (bandwidth: 40) in a BioTek FL600 fluoromark spectro-
fluorometer [24,25].

2.6. In vitro inhibition studies

The inhibitors were prepared as a stock solution of 10 mM in
DMSO and diluted in buffer B to obtain the desired range of con-
centrations. To rule out an interference of the inhibitors with the
activity assays, their absorbance at 405 nm and emission spectra
upon excitation at 360 nmwere determined. The inhibitors did not
produce interference in the assays (Supplementary Information
Fig. 3). The effects of the inhibitors were determined by quanti-
fying the decrease of pAPN or hAPN activity in aliquots pre-
incubated with the inhibitor (0.3e30 mM) for 30 min at 37 �C
(n ¼ 4) as proposed by Copeland (2000) [26]. In parallel, the effect
of bestatin (0.02e300 mM) was assayed in similar conditions
(n ¼ 4). The IC50 value was determined by nonlinear regression of
all the data from the dose-response curve using the software
GRAFIT 6.0. Substrate concentration in the inhibitory assays was
equal or lower than one KM value to avoid competition between
substrate and inhibitor. The KM values were determined by
adjusting the experimental data of initial rate at increasing sub-
strate concentrations (pAPN: 0.06e7.5 mmol/L L-Leu-pNA; hAPN:
0.01e0.8 mmol/L L-Leu-AMC) to the Michaelis-Menten hyperbole
model (n ¼ 3) [26]. A similar procedure was followed to evaluate
the effect of the inhibitors on pAPA activity, as a preliminary study
of selectivity inside the M1 family.

To discard denaturing effects of the inhibitors on APN, we tested
the reversibility of inhibitor-enzyme binding by a dilution study
adapted from the procedure proposed by Copeland (2013) [27].
pAPN, at a concentration of 10-fold over the concentration required
for the activity assay, was incubated with a fixed concentration of
each inhibitor (3 mM) during 30 min. Substrate (at a concentration
equivalent to 1 KM value) in buffer B was then added to generate a
rapid 10-fold dilution of the enzyme-inhibitor mixture to initiate
the reaction. In parallel, a control assay included the enzyme sub-
mitted to similar conditions of dilution, but without an inhibitor.

Once the reversibility of the system was established, to study
the kinetic mechanism of classical reversible inhibition vs hAPN
and pAPN, enzyme assays were conducted at increasing substrate
concentration (0.15e1.8 mM of L-Leu-pNA for pAPN, 0.03e0.3 mM
of L-Leu-AMC for hAPN) in the presence of 0.5e10 mMofMaybridge
compounds or 1e50 mM of bestatin (n ¼ 4). The enzyme and in-
hibitor were pre-incubated at 37 �C for 30 min to attain equilib-
rium. The data were fitted to the Michaelis-Menten model to
determine the Vmax app values and to the Lineweaver-Burk model
for diagnosis of the mechanism and to determine the slope of the
line at each inhibitor concentration. With the primary data, two
secondary plots were used, as recommend by Copeland (2000)
[26]: a) a Dixon plot of 1/Vmax app as a function of inhibitor con-
centration, for determination of the aKi value (x intercept), b) a plot
of the slopes from Lineweaver-Burk plot as a function of inhibitor
concentration for determination of the Ki value (x intercept).
Combining information from these two secondary plots allows
determination of both inhibitor dissociation constants from a single
set of experimental data [26]. For pAPA, we studied the effect of a
fixed concentration of each inhibitor (5 mM) at different concen-
trations of the substrate (0.12, 0.25, 0.75 and 1.25 mM) for pre-
liminary identification of the kinetic mode of inhibition.

2.7. In vivo effects of inhibitors on APN activity in a rodent model

Wistar rats (80e100 days old, 260e300 g) kept under controlled
lighting conditions (light on from 07:00 to 19:00 h) and fed ad
libitum were treated according to the “Society for Neuroscience”
(USA) recommendations. BTB11079, JFD00064, and BTB07018 were
dissolved in 0.9% saline just before use. The inhibitor (3 mg/g body
weight, dissolved in 100 mL saline), or saline alone, was injected
intraperitoneally (at 10:00 a.m.); rats were sacrificed by decapita-
tion 1 h after injection (6 animals for each inhibitor and vehicle).
Brain, intestine, liver, kidneys and pancreas were rapidly dissected,
frozen on dry ice and kept at �70 �C. Membranes were prepared at
4 �C by homogenization of each organ with a Potter-Elvehjem ho-
mogenizer in 10% (w/v) buffer A. The homogenate was centrifuged
at 1000 g for 15 min, the pellet re-suspended with half the amount
of buffer and centrifuged again. The two supernatants were pooled,
centrifuged at 12 000 g for 15 min, the pellet re-suspended in 1 M
NaCl in buffer A and re-centrifuged as described above. Pellets were
re-suspended in buffer A and kept at �70 �C until assayed for APN
activity and protein concentration.

2.8. Data analysis

Data represent the mean ± SD values. ANOVA followed by
Tukey-Kramer posthoc test was used to determine statistical sig-
nificance between individual means in the in vivo experiment.
Differences were considered significant at p < 0.05.

3. Results

3.1. Identification of non-competitive inhibitors of the human and
porcine neutral M1 aminopeptidases

We identified more than 20 putative ligands of hAPN by
screening the Maybridge Hitfinder database with the Autodock4 Zn
software [16] using as target the 3D structure of the hAPN:amas-
tatin complex (Supplementary Information Table 1). Based on the
binding free energies of hAPN:Ligand complexes, we preliminary
selected the four best-ranked compounds for kinetic studies with
the human and porcine aminopeptidases. These putative ligands
labeled as: BTB11079, JFD00064, NRB00567 and BTB07018 are hy-
drophobic compounds of low molecular weight (under 625 g/mol)
(Table 1; Supplementary Information Table 1). However, compound
NRB00567 was excluded from all the assays based on the PAINS-
Remover filter analysis, due to the presence of the quinone struc-
tural moieties in its scaffold. The 2D structure of JFD00064 and
BTB07018 contains hydrogen bond acceptor groups. Interestingly,
the analysis of the 2D structure of BTB07018 showed two hydrogen
bond donor groups (Supplementary Information Table 1 and
Supplementary Information Fig. 1).

Dose-response studies were performed to identify the range of
effective inhibitor concentration on the activity of pAPN and hAPN.
In all the enzymatic assays bestatin was included as control. The



Table 1
Inhibition of hAPN and pAPN activities by Maybridge inhibitors and bestatin.

Inhibitor code 2D structure MW (g/mol) Ki (mM) Inhibition Type

hAPN pAPN

BTB11079 428.53 5.95 1.63 (a ¼ 11.40) Non-competitive
a > 1

JFD00064 418.49 2.01 2.90 (a ¼ 2.69) Non-competitive
a > 1

BTB07018 623.07 1.01 1.95 (a ¼ 1.82) Non-competitive
a > 1

Bestatin 308.37 ND 5.59 (a ¼ 5.97) Non-competitive
a > 1
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substrate concentration in each assay was equivalent to the KM
values that were: 0.305 ± 0.050 mM for pAPN and
0.025 ± 0.004mM for hAPN. A dose dependent reversible inhibition
was obtained for all the inhibitors (see concave curves in Fig. 1)
using a pre-incubation step of 30 min to reach equilibrium. Similar
inhibition profiles were obtained using two different substrates and
methods of detection. IC50 values were in the range of
2.29e2.95 mM for pAPN and 2.67e4.60 mM for hAPN (Fig. 1). As
result of the dilution approach to test reversibility, a 10 fold drop in
inhibitor concentration (to 0.1 IC50 values) increased the residual
activity of pAPN (as fraction of the control assay) up to 0.96e0.99 of
the initial rate, compared to residual activities in the range of
0.51e0.56 in standard assays (Supplementary Information Table 2).

Once the reversibility of the system was established, indicative
of a specific inhibition of APN, a kinetic mechanistic approach was
followed. To determine the strength and type of inhibition of the
compounds against porcine aminopeptidase activity, theMichaelis-
Menten model and the Lineweaver-Burk approximation were used
(Fig. 2 AeD, A0-D0, respectively). The details of the fitting to both
mathematic models are shown in Supplementary Information
Table 3. The pattern of straight lines in the double-reciprocal
plots represented the signature for a typical non-competitive in-
hibition profile for all the inhibitors [26,27]; this implies that the
inhibitors display binding affinity for both the free enzyme and the
enzyme-substrate binary complex, and suggests that they do not
compete with the substrate for binding to the free enzyme.
Remarkably, the lines intersect above the x and y axes, at negatives
values of 1/[S] and positive values of 1/v, indicating that all the
inhibitors decrease the affinity of the enzyme for the substrate
(signature a > 1) (Fig. 2 A0-D0) [26,27]. This mode of inhibition is
also referred to as mixed inhibition, based on the effect of
increasing inhibitor concentration on both Vmax and KM values.
Similar inhibition profiles were obtained for the interaction of the
compounds with the hAPN (data not shown). The secondary plots
used for Ki and aKi determination are shown in Supplementary
Information Fig. 4. The Ki values vs pAPN were in the range of
1.63e5.59 mM with a values in the range of 1.82e11.40 (Table 1,
Supplementary Information Table 3). Similar Ki values vs hAPN
were also observed (Table 1).
3.2. Non-competitive inhibitors may target human neutral M1
aminopeptidases without Zn coordination

Chelation of zinc ions through a ZBG is the most common mode
of action for inhibitors targeting aminopeptidases [13,28e30]. In
this study, we identified APN inhibitors which chemical structures
did not contain the classical ZBG. To figure out how thesemolecules
inhibit human and porcine neutral aminopeptidases, we analyzed
the binding mode of the inhibitors to the human APN obtained by
molecular docking simulations. We observed a remarkable preva-
lence of hydrophobic interactions with aliphatic (Ala-351 and Ala-
353), aromatic (Phe-472, Tyr-891, and Phe-896) and polar (Gln-211
and Gln-213) residues (Fig. 3). The compounds did not coordinate
the zinc ion in the active site, and established few hydrophobic
interactions with the metal coordinating residues His388, His392,
and Glu411 (Fig. 3). We predicted that all the inhibitors bind to
Tyr477, a residue involved in the stabilization of the transition state
oxyanion form, through hydrophobic interactions, and that com-
pounds BTB11079 and BTB07018 establish hydrophobic in-
teractions with Glu389, a key residue for polarizing the water
molecule that attacks the scissile peptide bond. Contrary to bestatin
[2], we predicted interactions of the identified inhibitors with
residues: Ser-415, Glu-418, Tyr-419, Asn-438, Asp-439 Arg-442,
Asp-473, Ala-474, Asn-900, and Gln-903 (Fig. 3). Except for Gln-
903, these residues have not been associated with any step of the
catalysis mechanism of the aminopeptidases.

To understand the non-competitive inhibition profile, it was
critical to address inhibitor interactions with residues enrolled in
the substrate binding pocket and other putative subsites. Therefore,
we docked the substrate in the active site of hAPN and subse-
quently we aligned the 3D structure of the APN:substrate complex
over the APN:inhibitor complexes to generate ternary APN-



Fig. 1. The selected compounds inhibit pAPN and hAPN activities: dose-response curves. Left panels show the effect of the inhibitors vs pAPN; right panels vs hAPN. BTB11079
(A, A0), JFD00064 (B, B0), BTB07018) (C, C0) and bestatin (D, D0). The enzymes were pre-incubated with each inhibitor for 30 min to attain equilibrium. Results are mean for n ¼ 4. The
compounds inhibited both enzymes with similar IC50 values: IC50 vs pAPN: BTB11079: 2.95 ± 0.10 mM; JFD00064: 2.83 ± 0.10 mM; BTB07018: 2.29 ± 0.10 mM; bestatin: 6.13 ± 0.11
mM. IC50 vs hAPN: BTB11079: 4.60 ± 0.11 mM; JFD00064: 4.35 ± 0.11 mM; BTB07018: 2.67 ± 0.11 mM; bestatin: 25.7 ± 0.10 mM.
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Fig. 2. Determination of the kinetic mode of action of the inhibitors vs pAPN using Michaelis-Menten model and Lineweaver-Burk plots. Left panel (A, B, C, D): non-linear
regression fitting to a standard Michaelis-Menten model. Right panel (A0 , B0 , C0 , D0): Lineweaver-Burk plot for diagnosis of inhibitor modality. Letters a-f refer to the inhibitor
concentration in the assay, from the lowest to the highest. For bestatin (A): 0, 1.0, 5.0, 10.0, 30.0 and 50.0 mM. For BTB11079 (B): 0, 0.63, 1.26, 2.52 and 5.04 mM. For JFD00064 (C): 0,
0.54, 1.08, 2.16 and 4.32 mM. For BTB07018 (D): 0, 0.56, 1.12 and 2.25 mM. Results are mean ± SD for n ¼ 4.
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inhibitor-substrate complexes (Fig. 3). Remarkably, we predicted
that none of the compounds interacted with all the residues
belonging to the substrate binding site, leaving unoccupied spaces
that allow inhibitor and substrate binding to the enzyme at the
same time (Fig. 3). The analysis of the 3D structure of the enzyme-
inhibitor-substrate complexes revealed that inhibitor-enzyme



Fig. 3. Binding mode of the hAPN:ligand complexes A) hAPN:Substrate B) hAPN:Bestatin:Substrate, C) hAPN:BTB07018:Substrate, D) hAPN:BTB11079:Substrate, and E)
hAPN:JFD00064:Substrate. F) Sequence analysis of contact residues among several members of the M1 family of neutral aminopeptidases homologous to the human APN. All the
inhibitors and the substrate in panel A are represented as stick. For clarity the substrate is represented as lines in all the hAPN:Inhibitor:Substrate complexes. Color codes: ligand
atoms: carbon in magenta, oxygen in red, sulfur in yellow, and nitrogen in blue; atoms of the protein contact residues: carbon (blue light), oxygen (red), nitrogen (blue), and the Zn
atom (gray). The hydrogen bonds interactions are represented as red dotted lines and the Zn coordination as gray dotted lines. For clarity, we didn't represent the van der Waals
interactions between ligands and protein contact residues. Uniprot codes: human APN (AMPN_HUMAN); they included APN from pig (AMPN_PIG), rat (AMPN_RAT) and bovine
(AMPN_BOVINE) species. We also included in our analysis the human glutamyl (AMPE_Human) and endoplasmic reticulum (ERAP1_HUMAN) aminopeptidases. The specific res-
idues of neutral aminopeptidases targeted by the inhibitors are highlighted by red rectangles.
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interactions span residues comprised among the S1 and S50 sub-
sites, while the substrate interacts only with the S1 subsite (Fig. 3).
The differences between the enzyme binding mode of the new
inhibitors and of the substrate explained the non-competitive in-
hibition profile. Thus, we predicted that compound BTB07018
established interactions with residues: Ala-351, Glu-418, Arg-442,
Asp-473, Ala-474, Phe-896 and Asn-900, which were not shared
by the substrate.

To obtain preliminary information on specificity, we tested the
inhibitors on pAPA, another well-established therapeutic target in
the M1 family [13]. We observed that BTB11079, JFD00064, and
BTB07018 inhibited pAPA in a dose-dependent manner
(Supplementary Information Fig. 5), in a range of concentration
similar to that for pAPN (IC50 values: BTB11079: 3.88 ± 0.11 mM,
JFD00064: 1.82 ± 0.11 mM, BTB07018: 4.74 ± 0.10 mM). However, the
pattern of straight lines in the double-reciprocal plots, obtained as a
result of a preliminary study at a fixed concentration of each in-
hibitor and increasing concentration of the substrate L-Glu-pNA,
indicated the signature for a competitive mode of inhibition
(Supplementary Information Fig. 5). The analysis of the sequence of
other aminopeptidases of the M1 family suggests that targeting
residues: Ala-351, Arg-442, Ala-474, Phe-896 and Asn-900 should
improve the selectivity of neutral aminopeptidase inhibitors
(Fig. 3).

3.3. In vivo effects of the non-competitive inhibitors of neutral M1
aminopeptidase activity in rat organs

The effect of the inhibitors on the activity of APN in various
tissues of rats was evaluated in vivo. We chose this animal model
due to the strong conservation of inhibitor interacting residues
within mammalian neutral aminopeptidases (Supplementary
Information Fig. 6). The intraperitoneal injection of 3 mg /g b.w. of
either compound BTB11079, JFD00064 or BTB07018/g did not
induce any mortality or change in rat spontaneous behavior,
compared to the vehicle group (not shown). Injection of JFD00064
or BTB07018 decreased APN activity in brain, liver, and kidney
60 min later, compared to the control group (saline injected ani-
mals). Compound JFD00064 also inhibited the APN activity in the
pancreas (Fig. 4).

4. Discussion

Aminopeptidase N is a transmembrane protease present in a
wide variety of human tissues and cell types (endothelial, epithe-
lial, fibroblast, leukocyte). APN expression is dysregulated in in-
flammatory diseases as well as in solid and hematologic tumors
[12]. Therefore, inhibitors of APN may be effective against cancer
and inflammation [12,31,32]. Chelating zinc ions through a ZBG is
the most common mode of action of neutral aminopeptidase in-
hibitors [13,28e30,33e38]. Most of these inhibitors display a
competitive inhibition mode of action. Here, we identified three
non-competitive inhibitors (a > 1) of human and porcine neutral
aminopeptidases; these ligands do not contain a ZBG in their 3D
structure. The Ki values of these new compounds were similar to
those reported for natural APN inhibitors [12,29]. Molecular dock-
ing simulations predicted that the inhibitors bind to a site distinct
from that occupied by the substrate in the human APN active site
(Fig. 3). This is consistent with the non-competitive inhibition
profile obtained in the kinetic assays. The analysis of hAPN:Inhi-
bitor complexes showed that interactions span from S1 to S50 sub-
sites, without Zn ion coordination. This uncommon mechanism of
inhibition is similar to that described for compound MMV666023,
an inhibitor of the neutral M1 aminopeptidase of Plasmodium fal-
ciparum [39]. The newly identified inhibitors share with compound
MMV666023 a high hydrophobicity and a lack of typical ZBG [39].
The lack of ZBG may diminish inhibitor interactions with other
metalloenzymes, and may improve pharmacokinetics and oral



Fig. 4. In vivo effect of inhibitors on APN activity in (A) brain, (B) kidney, (C) liver, and (D) pancreas of adult male rats. Animals were inoculated with a single injection of saline
(vehicle) or inhibitor (3 mg/g b.w. of BTB11079, JFD00064 or BTB07018), and sacrificed by decapitation 60 min later. Tissues were rapidly dissected, frozen on dry ice and kept
at �70 �C until preparation of membranes for evaluation of APN activity as described in Materials and Methods. Data are mean ± SD (n ¼ 6). ANOVA data: brain (F ¼ 6.673,
P < 0.001), kidney (F ¼ 10.061, P < 0.001), liver (F ¼ 5.235, P < 0.05), pancreas (F ¼ 5.549, P < 0.001). Tukey-Kramer posthoc test: *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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bioavailability of APN inhibitors [39]. Additional experiments,
including site-directed mutagenesis and crystallography studies,
are needed to confirm the binding mode of the hAPN:Inhibitor
complexes.

To check the selectivity of the inhibitor we tested its activity
over porcine APA. APN and APA form the same interactions with the
main chain of the N-terminal residue (P1 residue) of their ligands,
suggesting that the two enzymes share a common catalytic
mechanism despite their modest sequence similarity [2,40]. How-
ever, the S1 pocket that accommodates the P1 side chain of ligands
differs markedly between APN and APA, consistent with the
different substrate specificities of the two enzymes. Residues Phe-
896 and Ala-351 of the S1 pocket of APN favor the accommoda-
tion of bulky hydrophobic side chains [2]. Conversely, the S1 pocket
of APA is well suited to accommodate the side chains of acidic
residues; the carboxylate side chain of bound glutamate forms a
strong salt bridge with Arg-887 and a hydrogen bond with Thr-356.
These energetically favorable interactions are consistent with high
APA activity on substrates with a P1 glutamate [40]. Therefore, we
did not expect selectivity of the identified inhibitors for APN over
APA because we predicted these ligands target several conserved
residues. Preliminary kinetics experiments confirmed that the new
compounds also inhibited pAPA with IC50 values similar to those
detected for pAPN. However, BTB11079, JFD00064, and BTB07018
displayed a competitive inhibition mode that differed from that vs
pAPN. This may result from an accommodation of the inhibitors at
the active site of pAPA that differs from the binding mode predicted
for APN. Additional experiments should clarify the selectivity of the
newly identified inhibitors against other aminopeptidases of the
M1 family, and may identify dual inhibitions of biomedical rele-
vance [13]. Based on the sequence and structural analyses, we
predicted that targeting the APN residues Ala-351, Arg-442, Ala-
474, Phe-896 and Asn-900 might be useful for improving the
selectivity of the identified inhibitors.

The inhibition of APN activity by two of the compounds in rat
brain, kidney, or liver suggests their rapid absorption and wide bio-
distribution. This finding is relevant due to the implication of APN
in physio- and patho-physiological processes in these tissues
[41e46]. Many hydrophobic drugs reversibly bind to Site 1 of hu-
man serum albumin (HSA), an association that improves the
pharmacokinetics properties of therapeutic compounds [47]. Since
mammalian serum albumins share more than 70% of sequence
identity and have similar functions [48], the effective delivery of
JFD00064 and BTB07018 to rat tissues may have been facilitated by
their reversible binding to rat serum albumin hydrophobic sites.
Moreover, HSA delivery systems have been extensively studied for
treating brain disease since HSA can pass through the blood brain
barrier [48]; interestingly, compounds JFD00064 and BTB07018
inhibited APN activity in the brain of rats, indicating these mole-
cules crossed the blood-brain barrier. Further experiments are
needed to confirm the interaction of these ligands with serum
albumin.

5. Conclusion

We have identified three non-competitive inhibitors of the hu-
man and porcine APNwith Ki values in the mM range, by combining
virtual screening and kinetic assays. Molecular docking simulations
suggest these novel inhibitors block APN activity by an alternative
mechanism to Zn coordination. Of note, these compounds also
inhibited the porcine aminopeptidase A (pAPA) by a competitive
inhibition mode. This indicated differences in the binding mode of
these compounds with APN and APA. Based on sequence and
structural analyses we predict that targeting human APN residues:
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A351, R442, A474, F896 and N900 may lead to the design of more
selective APN inhibitors. Remarkably, compounds BTB07018 and
JFD00064 inhibited APN activity in the brain, liver and kidney of
rats indicating a good bio-distribution in vivo. Compound BTB07018
seemed to be the most promising lead among the identified in-
hibitors due to its cLogP <4. This work reinforces the recent idea of
designing novel APN inhibitors based on lead compounds without
ZBG.
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