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Proteolytic enzymes, also known as peptidases, are one of the most abundant groups of enzymes in living
organisms. They control the activation, synthesis and turnover of proteins, and regulate most biochemical and
physiological processes, such as digestion, fertilization, growth, differentiation, cell signaling/migration,
immunological defense, wound healing, and apoptosis. They are consequently major regulators of homeostasis,
ageing, and different human diseases like cancer, hypertension, diabetes, inflammation, neurodegeneration,
Alzheimer among others. Proteases are also essential for propagation of infectious agents, being major
contributors of pathogenesis in several infectious diseases, including the current coronavirus emergent pandemic
SARS COVID 19. Among peptidases, aminopeptidases catalyze the cleavage of the N-terminal amino acids of
proteins or peptide substrates. They are distributed in many phyla and play critical roles in physiology and
pathophysiology. Many of them are metallopeptidases belonging to the M1 and M17 families, among others. Some,
such as M1 aminopeptidases N and A, thyrotropin-releasing hormone-degrading ectoenzyme, and M17 leucyl
aminopeptidase, are targets for the development of therapeutic agents for human diseases, including cancer,
hypertension, central nervous system disorders, inflammation, immune system disorders, skin pathologies, and

infectious diseases, such as malaria.

aminopeptidase aminopeptidase N aminopeptidase A TRH-degrading ectoenzyme

enzyme inhibitors drug-oriented inhibitors M1

1. Metallopeptidases: General Characteristics and
Classification

Metallopeptidases constitute the most diverse catalytic type within proteases, since they include both
endopeptidases and exopeptidases, cytosolic enzymes, and others that are secreted to the outside of cells, as well
as enzymes associated with the plasma membrane and cell organelles. They are widely distributed in all forms of
life such as viruses, bacteria, fungi, and plant and animal cells, indicating the important role they play in biological

processes.

Metalloproteases are included among the hydrolases in which the nucleophilic attack on the peptide bond is
mediated by a water molecule. This is a feature they share with aspartic-type peptidases, but in metallopeptidases,

a divalent metal cation activates the water molecule . This divalent cation is usually zinc (Zn2*) but can
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sometimes be cobalt (Co%*) or manganese (Mn2*). The metal ion is held in the protein structure by amino acids

that act as ligands.

Metallopeptidases can be divided into two large groups based on the number of metal ions required for catalysis. In
many metallopeptidases, only one metal ion is required, which frequently is Zn?*; however, there is another group
of families in which two cocatalytically acting metal ions are required. Within this group, there are families that have
two Zn?* ions and all the families in which Co?* or Mn?* are essential for catalysis. In families where only one metal
ion acts, three amino acid residues are required to act as metal ligand coordinators, and in families with cocatalytic
ions, only five amino acids are required since one of them acts as a ligand coordinator for both metal ions. All
metallopeptidases with cocatalytic ions are exopeptidases, while metallopeptidases with a single metal ion can be

both exo- and endopeptidases.

Various attempts have been made to classify proteases. The most accepted today is the one initially proposed by

Rawlings and Barrett [22! that is continuously updated at (https://www.ebi.ac.uk/merops/, accessed on 9 January

2023) [l From the general classification of the nine mechanistic classes, they first group the enzymes of each
class into families. A family is defined as a group of (homologous) peptidases in which each member shows
significant amino acid sequence identity with the “type enzyme” or at least with another member of the family
homologous to the type enzyme, mainly in the region of the peptidase that is related to its catalytic activity. The
selection criteria used by these authors were very strict, in such a way that they guarantee a common ancestor for
the members of a family, which are, therefore, homologous according to the definition of Reeck et al. Bl. Each
family is named with a letter denoting the catalytic type (Example: M for metallopeptidases), followed by an
arbitrarily assigned number. At a higher level of hierarchy, we find the clan, which is the term used by these authors
to describe a group of families, whose members originate from a common ancestor protein but which have
diverged to a point where relationships between them cannot be demonstrated by homology in their primary
structures. The main evidence for the clan level is the relationship between families in terms of similarities in the
three-dimensional structure of their members, in the arrangement of catalytic residues in the peptide structure, as

well as similarities in the amino acid sequence around the catalytic residues 4.

Up to now, 16 clans of metallopeptidases have been described: MA, MC, MD, ME, MF, MG, MH, MJ, MM, MN, MO,
MP, MQ, MS, MT, and MU, with six of them comprising exo-peptidases. Overall, they form 76 families, with clans

MA and MF being two of the most well characterized with enzymes from all living organisms 41,

| 2. Clan MA: Subclan MA (E)

The clan MA is the largest of the metallopeptidases, with a total of 49 families 4, all consisting of enzymes that
contain a single Zn2* in their active sites. This clan is made up of both endopeptidases and exopeptidases,
comprising aminopeptidases (families M1, M2, M4, M5, M9, M13, M30, M36, M48, and M61), carboxypeptidases
(M2 and M32), peptidyl-dipeptidases (M2), oligopeptidases (M3 and M13), and endopeptidases (families M4, M10,
and M12). In the enzymes of the MA clan, the Zn?* atom is coordinated to the protein through two His residues,

which are part of the HEXXH motif. In addition to the His residues, the catalytic Zn?* is coordinated by a water
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molecule and a third residue, the nature of which determines the clan’s subdivision into the MA (E) and MA (M)
subclans. In the subclan MA (M), the third ligand can be a residue of His or Asp within the HEXXHXXGXXH/D
sighature sequence, while in subclan MA (E) the third ligand is a residue of Glu, located at least 14 residues after
the carboxyl terminus of the HEXXH motif ! (Figure 1). The oxygen atom of the water molecule that acts as a

metal ligand is the nucleophilic agent that attacks the carbonyl of the peptide bond to be hydrolyzed.

385 NGLITYRETNLLYDPRESASSNQQRVATVVAEELVHDWFGNIVIMDWWEDLWL 414 Q07075  AMPE_EUMAN
350 ; NGLVTYRENSLLFDPLSSSSSNRERVVTVIAHELAHDWFGNLVTIEWWNDLWL 40% P15144  AMPN_EUMAN
3435 AGAMENNGLYVTYRENALLFDPQSSSISNKERVVIVIAHELAHDWFGNLVTLAWWNDLWL 404 P15145  AMEN_PIG
315 < ﬂMEN NGLTTYRESALLFDAEKSSASSKLGITMIVAHELAHDWFGNLVIMEWWNDLWL 374 QOSNZ08 ERAP1_EUMAN
42¢ ; NGLLTFREETLLYDSNTSSMADRKLVTKIIAHELAHDWFGNLVIMKWWNDLWL 485 Q9UIQE  LCAP_EUMAN
267 PCLT-FVTPTLL------- AGDKSLS-NVIAHEISHBWTGNLVTINKTWDHFWL 317 P0%5%60 LKHA4_EUMAN
349 NGLVTYRESSLVFDSQSSSISNKERVVIVIAHELAHDWFGNLVIVAWWNDLWL 408 P97449  AMPN_MOUSE
314 NGLVTYRETALLIDPRNSCSSSRQWVALVVQEELAHDWFGNLVTMEWWTHLWL 373 PS5786 PSA_HUMAN
296 PCLT-FVTPCLL------- AGDRSLA-DVIFHEISHBEWFGNLVTNANWGEFWL 346 Q%H4A4  AMPB_EUMAN
449 HIM-FLSQSIL-====-- TGGNHLCGTRLQEEIAHRWFGLAIGARDWTEEWL S00 Q8N6ME  AMPO_KUMAN
402 NGLSIFVEQRILLDPSVSSISYLLDVTMVIYHEICHDWFGDLVIPVWWEDVWL 461 QSURU€  TRHDE_EUMAN
377 NGLMIFDESGLLLEPKDQLTEKKTLISYVVYHEIGHDWFGNLVIMNWWNNIWL 436 Q€Q4G3  AMPQ KUMAN
374 NGLLIFDESSLLLEPEDELTEKRAMILSIIAKEVGHDWFGNLVTMSWWNNIWL 433 Q2KHK3  AMPQ_MOUSE
- . .. . w - . w ww

Figure 1. Uniprot alignment of the aminoacidic sequence of the active site of various M1 family aminopeptidases:
AMPE_Human: human aminopeptidase E, AMPN_Human: human aminopeptidase N, AMPN_Pig: porcine
aminopeptidase N, ERAP1_Human: endoplasmatic reticulum aminopeptidase 1, LCAP_Human: human leucyl-
cystinyl aminopeptidase, LKHA4 Human: human leukotriene A4 hydrolase, PSA Human: human puromycin
sensitive aminopeptidase, AMPB_Human: human aminopeptidase B, AMPO_Human: human aminopeptidase O,
TRHDE_Human: human thyrotrophin-releasing hormone-degrading enzyme or pyroglutamyl aminopeptidase II,
AMPQ_Human: human aminopeptidase Q, AMPQ_Mouse: mouse aminopeptidase Q. On the right of each
sequence, the access number and identifiers from Uniprot are included. The short name for each enzyme
corresponds to Uniprot abbreviations. The rectangle A encircles the conserved sequence GAMEN related with the
aminopeptidase activities of these enzymes from M1 family, and the rectangle B encircles the consensus
sequences HEXXH from the active site. Signs below alignment points to other highly conserved amino acid
residues inside the M1 family. * indicates residues completely conserved, : indicates position with high degree of

conservation of the residues, and . indicates position with mild degree of conservation of the residues.

Thermolysin (EC 3.4.24.27), a secretory endopeptidase, is the model enzyme of the MA clan and its structure,
widely characterized, is a point of reference for the study of the enzymes of this clan due to the high structural
similarity between them in terms of the organization of the active center . Among the most studied families of the
subclan MA (E) is M1, whose members show a wide distribution in the living world (Table 1); furthermore, they are
involved in many functions that include cell maintenance, growth, development, and defense [&. This family

includes enzymes of Gram (+) and Gram (-) bacteria, cyanobacteria, archaea, protozoa, fungi, animals, and plants
[4lie1.

Table 1. Some members of the M1 family of the MA(E) subclan of metallopeptidases. (Compiled from

https://www.ebi.ac.uk/merops/cgi-bin/, accessed on 9 January 2023).
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Enzyme
Aminopeptidase N (APN)
Lysyl aminopeptidase
Aminopeptidase A (APA)

Leukotriene A4 hydrolase (LTA4H)

Alanyl aminopeptidase (bacterial-type)

Ape2 aminopeptidase
Aapl’ aminopeptidase
Thyrotropin-releasing hormone-degrading
ectoenzyme or Pyroglutamyl-peptidase Il

(TRH-DE, PPII)

Aminopeptidase N (actinomycete-type)
Cytosol alanyl aminopeptidase
Insulin-regulated membrane aminopeptidase
or cystinyl Aminopeptidase (IRAP)
Aminopeptidase G

Aminopeptidase N (insect)
Aminopeptidase B (APB)
Aminopeptidase H11 (nematode)
Aminopeptidase Ey

TMA108 protein

Endoplasmic reticulum aminopeptidase 1
ERAP-1

Tricorn interacting factor F2
Tricorn interacting factor F3

Arginyl aminopeptidase-like 1

IUBMB *

Merops

NomenclaturelD

EC 3.4.11.2

EC 3.4.11.7

EC 3.3.2.6

EC 3.4.11.2

EC 3.4.19.6

EC 3.4.11.3

EC 3.4.11.6

EC 3.4.11.20

M01.001

M01.002

M01.003

M01.004

M01.005

M01.006

M01.007

M01.008

M01.009

M01.010

M01.011

M01.012

M01.013

M01.014

M01.015

M01.016

M01.017

M01.018

M01.020

M01.021

M01.022

Sources

Homo sapiens, Sus scrofa
Escherichia coli

Homo sapiens

Homo sapiens

Escherichia coli, Arabidopsis
thaliana

Saccharomyces cerevisiae

Saccharomyces cerevisiae

Homo sapiens, Mus musculus,
Ratus novergicus

Streptomyces lividans
Homo sapiens, Arabidopsis

thaliana, Caenorhabditis
elegans

Homo sapiens

Streptomyces coelicolor
Manduca sexta

Homo sapiens

Gallus gallus domesticus

Saccharomyces cerevisiae

Homo sapiens

Thermoplasma acidophilum
Thermoplasma acidophilum

Homo sapiens
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IUBMB * Merops

NomenclaturelD Sources

Enzyme

Endoplasmic reticulum aminopeptidase 2 i MO01.024  Homo sapiens

ERAP-2

Aminopeptidase-1 (Caenorhabditis-type) - M01.025  Caenorhabditis elegans
Aminopeptidase Q - M01.026  Homo sapiens
Aminopeptidase O (AP-O) EC 3.4.11.- M01.028 Homo sapiens

M1 aminopeptidase (Plasmodium spp.) EC 3.4.11.2 M01.029  Plasmodium falciparum
Aminopeptidase N2 (insect) - M01.030 Manduca sexta

Cold-active aminopeptidase (Colwellia

psychrerythraea)-Type peptidase - M01.031  Colwellia psychrerythraea

Lysyl aminopeptidase 1 (Streptomyces sp.) - M01.032  Streptomyces albulus

Lysyl endopeptidase (Streptomyces albulus) M01.033  Streptomyces albulus

. generally
Leuko.trnlene A4 hydrolase (Saccharomyces EC3.3.2.6 MO01.034  Saccharomyces cerevisiae lutamvl
cerevisiae) g y

Jegrading
LePepA g.p. (Legionella pneumophila) - MOl.OS& Legionella pneumophila
such as

leukotriene A4 hydrolase (bifunctional enzyme with aminopeptidase activity) [ and aminopeptidase B (APB) &, or
associated with the cell wall 19, such as the neutral aminopeptidase (APN, EC 3.4.11.2) of the yeast Candida
albicans 1. The structutéBofBhéntaenaticmad Woiondob BivcpepiktasesdhMdiecMarBinlbgyin general, comprises a
short intracellular tail attached to the transmembrane domain and a large ectodomain formed, in turn, by 2- or 3-
folded and conserved domains. Domain I, N-terminal, has a [-sheet nucleus that, although it is widely exposed to
the solvent, contains a hydrophobic region that continues in an anchorage region in the membrane. Catalytic
domain Il, such as that of thermolysin, contains an active site flanked by a mixed structure of 3-sheet and a-helix
that is highly conserved throughout the family. Domain Ill, which is composed of an immunoglobulin-like fold, does
not appear in some family members (such as leukotriene A4 hydrolase). Domain 1V, C-terminal, is the most
variable region within the family. It is completely helical, with such an arrangement that it covers the active site; it is
also involved in the dimerization of the mammalian isoforms 8. Disulfide bridges and abundant glycosylations are

generally seen in this extracellular region, and some of these enzymes are surface antigens 41,

In the M1 family, a well-conserved motif is the Gly-Ala/X-Met-Glu-Asn (GAMEN/GXMEN) sequence. This
sequence, also known as the exopeptidase motif, frequently shows variations in the first two residues, and is very

useful for the identification of family members B2 (Figure 1).

Through the technique of crystallography and X-ray diffraction, the three-dimensional structures of several
members of this family have been elucidated, such as leukotriene A4 hydrolase in complex with its inhibitor
bestatin [131; tricorn-interacting factor 3 of Thermoplasma acidophilum 141; Escherichia coli APN (Pep N) in complex

with its inhibitor bestatin 18: Plasmodium falciparum (PfA-M1) alone and in complex with bestatin and low
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molecular mass analogs L8IL7U18l: hyman APA 19: human ERAP-1 [29: and porcine and human APN in complex
with substrates and bestatin 1221 among others (Table 2) (Figure 2). In all these structures, it can be seen that
the catalytic domain of this enzymatic family presents a high structural similarity with thermolysin, despite the fact
that in some cases, there is only 7% identity in sequence with the corresponding polypeptide chains 22!, The high
availability of M1 aminopeptidase structures, the well-studied active site able to the binding of small molecules, and
the well characterized reaction mechanisms, make M1 aminopeptidases ideal candidates for the application of
structure-guided inhibitor discovery, including high-throughput screenings in different databases of marine and

other natural compounds. These inhibitors have potentialities in different infectious and chronic human diseases [22
[23]

Figure 2. Cartoon representation of different M1 family aminopeptidases: (A) pepN from Escherichia coli (PDB ID:
2dg6), (B) Plasmodium falciparum aminopeptidase N PfA-M1 (PDB ID: 3ebh), (C) human ERAP 1 (PDB ID: 3mdj),
(D) human ERAP 2 (PDB ID: 3se6), (E) human leukotriene A4 hydrolase (PDB ID: 1hs6), (F) Saccharomyces
cerevisiae leukotriene A4 hydrolase (PDB ID: 2xq0), (G) Thermoplasma acidophilum tricorn interacting factor F3
(PDB ID: 1z1w), (H) Colwellia psychrerythraea cold-active aminopeptidase (PDB ID: 3cia). Colors: alpha-helices
(cyan), beta sheets (warm pink), and loops (salmon). The zinc atoms are shown as gray spheres highlighted in a

yellow box.

Table 2. Crystallographic structures reported for members of the M1 family of metallopeptidases (Compiled from

https://www.ebi.ac.uk/merops/cgi-bin/, accessed on 10 January 2023).

Crystallographic Codes of the Structures at
Protein Data Bank (PDB)

aminopeptidase N Plasmodium falciparum  3EBG, 3EBH, 3EBI, 3Q43, 3Q44, 3T8V, 4J3B, 4K5L,
4K5M, 4K5N, 4K50,4K5P, 4R5T, 4R5V, 4R5X, 4ZQT,
4ZW3, 4Z\W5, 4ZW6, 4Z\W7, 4Z\W8, 4ZX3, 4ZX4, 4ZX5,
47ZX6, 5XM7, 5Y19, 5Y1H, 5Y1K, 5Y1Q, 5Y1R, 5Y1S,

Enzyme Source
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Enzyme

aminopeptidase N

aminopeptidase N
aminopeptidase N
ERAP 1
ERAP 2

aminopeptidase A

leukotriene A4
hydrolase

leukotriene A4
hydrolase
(Saccharomyces
cerevisiae)

cold-active
aminopeptidase
(Colwellia
psychrerythraea)-type
peptidase

tricorn interacting
factor F3

LePepA g.p.
(Legionella
pneumophila)

Source

Escherichia coli

Homo sapiens
Sus scrofa

Homo sapiens
Homo sapiens

Homo sapiens

Homo sapiens

Saccharomyces
cerevisiae (ATCC
204508/S288c)

Colwellia
psychrerythraea
(34H/ATCC BAA-681)

Thermoplasma
acidophilum (ATCC
25905/DSM 1728/ICM
9062/NBRC
15155/AMRC-C165)

Legionella pneumophila

Crystallographic Codes of the Structures at
Protein Data Bank (PDB)
5Y1T, 5Y1V, 5Y1W, 5Y1X, 6EAL, 6EA2, 6EAA, 6EAB,
6EE3, 6EE4, 6EE6, 6EED, 6SBQ, 6SBR

2DQ6, 2DQM, 2HPO, 2HPT, 2ZXG, 3B2P, 3B2X, 3B34,
3B37, 3B3B, 3KED, 3PUU, 3QJX,4Q4E, 40Q4l, 4XMT,

4AXMU, 4XMV, 4AXMW, 4XMX, 4XM2, 4XN1, 4XN2, 4XN4,

4XNS, 4XN7, 4XN8, 4XN9, 4XNA, 4XNB, 4XND, 4X03,
4X04, 4X05, SMFR, 5MFS, SMFT, 5Y01, 5YQ1, 5YQ2,
5YQB, 6G8B

4FYQ, 4FYR, 4FYS, 4FYT, 5LHD, 6AKT

4FSC, 4FKE, 4FKH, 4FKK, 4HOM, 4NAQ, 4NZ8, 40U3
2XDT, 2YDO, 3MDJ, 3QNF, 3RJO, 6Q4R

3SE6, 4E36, 4JBS, 5AB0, 5AB2, 5CU5, 5J6S, 5KIV
4KX7, 4KX8, 4KX9, 4KXA, 4KXB, 4KXC, 4KXD

1G6W, 1H19, 1HS6, 1SQM, 2R59, 2VJ8, 3B7R, 3B7S,
3B7T, 3B7U, 3CHO, 3CHP, 3CHQ, 3CHR, 3CHS, 3FH5,
3FH7, 3FH8, 3FHE, 3FTS, 3FTU, 3FTV, 3FTW, 3FTX,
3FTY, 3FTZ, 3FU0, 3FU3, 3FU5, 3FU6, 3FUD, 3FUE,
3FUF, 3FUH, 3FUI, 3FUJ, 3FUK, 3FUL, 3FUM, 3FUN,
3U9W, 4DPR, 4L2L, 4MKT, 4Ms6, 4RSY, 4RVB, 5AEN,

SBPP, 5FWQ, 5N3W, 5NI2, 5NI4, 5NI6, 5NIA, 5NID,
5NIE, 6ENB, 6ENC, 6END

2XPY, 2XPZ, 2XQO0

3CIA

1Z1W,175H, 3Q7J

5715, 5717, 5ZIE
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Crystallographic Codes of the Structures at

Sl S Protein Data Bank (PDB)
g DO oIS apiens 5FUR, 6MZC, 6MZL, 6MZM
associated factor
IRAP (cystinil er-
Y Homo sapiens 4P8Q, 4PJ6, 4771, 5C97, 5MJ6

aminopeptidase)

2

10.

11.

12.

. Rawlings, N.D.; Barrett, A.J. Evolutionary Families of Peptidases. Biochem. J. 1993, 290, 205-
218.

. Rawlings, N.D.; Barrett, A.J. Evolutionary Families of Metallopeptidases. In Methods in
Enzymology; Elsevier: Amsterdam, The Netherlands, 1995; pp. 183-228.

. Rawlings, N.D.; Barrett, A.J.; Thomas, P.D.; Huang, X.; Bateman, A.; Finn, R.D. The Merops
Database of Proteolytic Enzymes, Their Substrates and Inhibitors in 2017 and a Comparison with
Peptidases in the Panther Database. Nucleic Acids Res. 2018, 46, D624-D632.

. Reeck, G.R.; de Haén, C.; Teller, D.C.; Doolittle, R.F.; Fitch, W.M.; Dickerson, R.E.; Chambon, P.;
McLachlan, A.D.; Margoliash, E.; Jukes, T.H.; et al. Homology in Proteins and Nucleic Acids: A
Terminology Muddle and a Way out of It. Cell 1987, 50, 667.

. Drinkwater, N.; Lee, J.; Yang, W.; Malcolm, T.R.; McGowan, S. M1 Aminopeptidases as Drug
Targets: Broad Applications or Therapeutic Niche? FEBS J. 2017, 284, 1473-1488.

. Albiston, A.L.; Ye, S.; Chai, S.Y. Membrane Bound Members of the M1 Family: More Than
Aminopeptidases. Protein Pept. Lett. 2004, 11, 491-500.

. Haeggstrom, J.Z.; Nordlund, P.; Thunnissen, M.M. Functional Properties and Molecular
Architecture of Leukotriene A4 Hydrolase, a Pivotal Catalyst of Chemotactic Leukotriene
Formation. Sci. World J. 2002, 2, 1734-1749.

. Fukasawa, K.M.; Fukasawa, K.; Harada, M.; Hirose, J.; lzumi, T.; Shimizu, T. Aminopeptidase B Is
Structurally Related to Leukotriene-A4 Hydrolase but Is Not a Bifunctional Enzyme with Epoxide
Hydrolase Activity. Biochem. J. 1999, 339, 497-502.

Drinkwater, N.; Malcolm, T.R.; McGowan, S. M17 Aminopeptidases Diversify Function by
Moderating Their Macromolecular Assemblies and Active Site Environment. Biochimie 2019, 166,
38-51.

Klinke, T.; Rump, A.; Ponisch, R.; Schellenberger, W.; Miller, E.C.; Otto, A.; Klimm, W.; Kriegel,
T.M. Identification and Characterization of Caape2—a Neutral Arginine/Alanine/Leucine-Specific
Metallo-Aminopeptidase from Candida albicans. FEMS Yeast Res. 2008, 8, 858—869.

Wong, A.H.M.; Zhou, D.; Rini, J.M. The X-Ray Crystal Structure of Human Aminopeptidase N
Reveals a Novel Dimer and the Basis for Peptide Processing. J. Biol. Chem. 2012, 287, 36804—
36813.
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