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Zinc-dependent
aminopeptidases: new
perspectives on structure,
function, and biomedical
applications

Saleem Bhat*

University of Pennsylvania, Philadelphia, PA, United States

Zinc-dependent aminopeptidases are a subclass of exopeptidases implicated in
the hydrolysis of N-terminal residues from peptides through a Zn(ll) co-factor
dependent hydrolytic mechanism. In humans, the prominent members of this
class of enzymes (ERAP1/2, IRAP, APN/CD13, APA) catalyse peptide trimming in
antigen presentation, peptide hormone regulation, and peptide homeostasis.
Since the catalytic activity of these enzymes relies on a tightly coordinated Zn(ll)
ion in their conserved H-E-X-X-H...E motif, they constitute attractive yet
challenging therapeutic targets. In this review, | provide an updated survey of
their structural and mechanistic principles, evaluate their physiological and
pathological roles, and outline emerging strategies for selective modulation
and biotechnological usage. | also discuss current obstacles and future
directions in deploying zinc-targeted aminopeptidase chemistry in
translational settings.
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1 Introduction: zinc as a catalytic and structural
cofactor in proteolysis

Zinc is a ubiquitous metal in biology, with roles spanning structural stabilization (e.g.,
zinc fingers), regulation (e.g., metalloregulatory proteins), and catalysis (metalloenzymes)
(Pace and Weerapana, 2014; Li et al., 2022; Vallee and Auld, 1993). Among catalytic roles,
Zn(II) is especially suited to metalloenzymes that perform hydrolysis, due to its ability to act
as a Lewis acid, stabilize negative charge accumulation, and polarize bound water without
undergoing redox cycling (Clemens, S., 2022). The catalytic versatility of Zn has made it the
most common metal cofactor in human metalloproteases (Vallee and Auld, 1990; Karlin
and Zhu, 1997).

In proteolysis, Zn-dependent enzymes include a wide range of metalloproteases (e.g.,
MMPs, ADAMs, gluzincins) as well as exopeptidases (aminopeptidases, carboxypeptidases)
(Thompson, 2022; Bhat et al., 2018; Bhat and Qureshi, 2020; Bhat and Qureshi, 2021; Bhat
and Qureshi, 2024; Vendrell and Avilés, 1999). Within the exopeptidase class, zinc-
dependent aminopeptidases operate by binding a Zn(II) in their active site that aids in
peptide bond cleavage from the N terminus. The metal typically coordinates to two
histidines and a glutamate (or other residue), along with the water nucleophile and
sometimes a backbone carbonyl or side chain ligand (Pace and Weerapana, 2014).
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TABLE 1 Summary of key mammalian aminopeptidases, their subcellular localization, principal substrates, and established physiological or pathological
roles, highlighting their diverse functions in antigen processing, peptide metabolism, and signaling regulation.

Localization or
topology

Abbreviation/

Gene name

Major substrates/clients  Roles based on literature

known

Endoplasmic reticulum ERAP1 ER lumen Trimming N-extended precursor Key role in MHC I antigen processing,
aminopeptidase 1 peptides to 8-10 aa immunopeptidome shaping (Tiburci et al.,
2024)

Endoplasmic reticulum ERAP2 ER lumen Complementary trimming of certain = Acts in tandem or in heterodimer fashion with

aminopeptidase 2 peptides ERAPI1 (Papakyriakou et al., 2022)

Insulin regulated IRAP/LNPEP Endosomal membrane Degradation of peptide hormones Implicated in cognitive/metabolic diseases

aminopeptidase (e.g., oxytocin, vasopressin, Ang IV) | (Barlow and Thompson, 2020)

Aminopeptidase N APN/CD13 Cell surface ectoenzyme Broad-spectrum cleavage of Involvement in angiogenesis, tumor biology,

oligopeptides peptide processing (Farsa and Uher, 2025)

Aminopeptidase A APA/ENPEP Extracellular/plasma Cleavage of N-terminal Asp from Key role in renin-angiotensin system

membrane angiotensins regulation, hypertension (Holmes et al., 2017)

Because the Zn(II) site is mechanistically essential, zinc-binding
warheads (hydroxamic acids, phosphinic acids, thiols) are widely
used in inhibitor design (Albrecht et al, 2011). However, the
ubiquity of Zn in many catalytic enzymes presents a key
challenge: achieving isoform specificity without off-target
chelation or broad metalloprotease inhibition is nontrivial
(Zastrow and Pecoraro, 2013; Zastrow and Pecoraro, 2014;
Hryczanek et al., 2024).

In this review, I confine most of the discussion to
aminopeptidases for which Zn(II) is established as the
physiological catalytic metal—primarily members of the M1
(gluzincin) family in mammals (Evnouchidou et al., 2023). I
first their

motifs, then dissect their catalytic mechanism, survey their

have review classification and structural

physiological ~and  pathological  roles, and finally

evaluate strategies for therapeutic and biotechnological
exploitation (Table 1). Moreover, this review emphasizes
M1 aminopeptidases mostly involved in regulated peptide
trimming and signaling; other M1 members such as LTA4H
and PSA, which perform functionally distinct roles, are only

discussed briefly.

2 Classification and structural motifs of
zinc-dependent aminopeptidases

2.1 M1 (gluzincin) aminopeptidase family:
domain architecture and sequence
signatures

The majority of well-characterized zinc aminopeptidases in
humans belong to the M1 (gluzincin) family of metalloproteases.
These  enzymes
characteristic motifs:

share a conserved fold and several

o The H-E-X-X-H ... E motif (commonly HExxH. . .E) near the
active site is essential for Zn®* binding and general base
catalysis. Zn(II),
glutamate acts as a general base to activate the water

Two histidines coordinate while a

nucleophile (Hooper, 1994; Fukasawa et al., 2011).
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o The GAMEN (or variant) motif is involved in orienting the
substrate N-terminal residue and contributes to substrate
binding specificity (Hooper, 1994).

« Many M1 aminopeptidases adopt a multi-domain architecture
(typically four structural domains) forming a concave “bowl”
that encloses the active site, sometimes with a substrate
chamber or internal cavity that imposes a “molecular ruler”
behavior ie., limiting trimming beyond a certain length
(Maben et al., 2021).

Structural studies (e.g., ERAP1, APN) show that these domains
can undergo conformational changes (open < closed) to allow
substrate entry and product release (Chen et al., 2012; Australo-
Anglo-American Spondyloarthritis Consortium (TASC) et al., 2011;
Nguyen et al, 2011). The closed conformation helps stabilize
substrate binding and positioning, while opening allows exchange
of substrate or release of trimmed peptide. This dynamic
interconversion is central to many regulatory and selectivity
properties of these proteins  (Australo-Anglo-American
Spondyloarthritis Consortium (TASC) et al., 2011; Nguyen et al.,
2011; Drinkwater et al., 2017).

2.2 Human Zn-dependent aminopeptidases:
key members

ERAP1 and ERAP2 are luminal endoplasmic reticulum
aminopeptidases that cooperatively trim N-terminally extended
peptides  for MHC with
ERAP2 acting in a complementary or heterodimeric manner
(Table 1). IRAP (LNPEP) is an endosomal aminopeptidase
involved in the degradation of peptide hormones and is being

optimal class I presentation,

explored as a therapeutic target in cognitive, metabolic, and
immune disorders. In contrast, APN (CD13) and APA (ENPEP)
are cell-surface aminopeptidases with broad extracellular roles,
including peptide processing, angiogenesis, tumor biology, and
regulation of the renin-angiotensin system (Table 1).

Table 1 below depicts a nonexhaustive list of well-studied
human zinc aminopeptidases (all in M1 family) with catalytic
Zn(II) dependence.
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3 Mechanistic principles of zinc-
assisted peptide hydrolysis

3.1 Coordination geometry and catalytic
water activation

In the prototypical M1 aminopeptidase active site, the Zn(II) is
coordinated in a roughly tetrahedral (or sometimes penta-
coordinate) arrangement: two histidine side chains (from HExxH
motif), the carboxylate of a catalytic glutamate, and a water molecule
(or hydroxide). Often a backbone carbonyl or side-chain group may
contribute a weak fifth ligand. The catalytic water (or hydroxide) is
polarized and activated by the Zn(II), lowering its pKa and
increasing nucleophilicity (Bennett and Holz, 1997; Mucha et al,,
2010; Bhat, 2024).

The general catalytic scheme is:

1. Substrate binding: the N-terminal amino group of the peptide
interacts with a substrate-binding pocket (which may include
residues from the GAMEN motif) and orients the carbonyl
toward Zn(II).

2. Activation of water: the bound water, polarized by Zn(II) and
aided by the general base glutamate, becomes hydroxide-like
and attacks the carbonyl carbon of the scissile bond.

3. Tetrahedral intermediate formation: the Zn(II) ion stabilizes
the developing negative charge on the carbonyl oxygen
(oxyanion stabilization).

4. Collapse/proton transfer: breakdown of the tetrahedral
intermediate yields the cleaved peptide bond, releasing the
N-terminal amino acid and shorter peptide product; a proton
(from the general base) is transferred to the amine
leaving group.

5. Product release and metal-water reconstitution: the active site
resets with a water ligand (Chaikuad et al., 2012; Bhat, 2024).

Because Zn(II) is redox-inert in physiological conditions, it does
not change oxidation state during catalysis, which provides stability
to the enzyme mechanism (Oteiza, 2012).

3.2 Substrate length sensing and trimming
regulation

A defining feature of several zinc-dependent aminopeptidases
involved in antigen processing, particularly ERAP1, is their ability to
trim N-terminally extended peptide precursors to an optimal length
for MHC class I presentation while avoiding destructive over-
ERAP1
8-10 residues, a property commonly described as a “molecular
ruler” mechanism (York et al, 2002; Chang et al, 2005;
Saveanu et al., 2005; Australo-Anglo-American Spondyloarthritis
Consortium (TASC) et al., 2011; Nguyen et al., 2011).

This length selectivity arises from the presence of a large internal

trimming. preferentially  generates  peptides  of

substrate-binding cavity that accommodates peptide substrates in an
that
ERAP1 alternates between open and closed conformations, in

extended conformation.  Structural studies reveal

which coordinated movements of domains II and IV relative to
domains I/IIT modulate the volume and geometry of the catalytic
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chamber. Long peptides can engage both the active site and distal
binding regions, promoting domain closure and efficient trimming,
whereas shorter peptides fail to stabilize the closed, catalytically
competent conformation, thereby reducing further cleavage
(Australo-Anglo-American Spondyloarthritis Consortium (TASC)
et al., 2011; Evnouchidou and van Endert, 2019).

In addition to this intrinsic length-sensing mechanism,
ERAPI contains a regulatory/allosteric site spatially distinct from
the catalytic zinc center. Binding of peptides, peptide fragments, or
small-molecule inhibitors at this site can influence enzyme activity
by stabilizing specific conformational states (Giastas et al., 2019).
Such allosteric modulation affects substrate residence time,
trimming rates, and product release, providing an additional
layer of control over antigenic peptide generation (Chang et al.,
2005; Maben et al., 2019; Maben et al.,, 2021). Importantly, this
regulatory site functionally couples distal substrate interactions to
active-site chemistry.

Mutational analyses strongly support this model. Substitutions
in residues lining the internal cavity or allosteric regions alter length
preference and trimming efficiency without directly disrupting
catalytic residues, demonstrating that peptide length regulation is
separable ~from catalysis itself (Australo-Anglo-American
Spondyloarthritis Consortium (TASC) et al., 2011; Giastas et al.,
2019). these establish ERAP1 as a
conformationally dynamic enzyme in which internal binding sites

Together, findings
and allosteric regulation cooperate to enforce molecular ruler
behavior essential for effective antigen presentation.

4 Physiological roles of key zinc-
dependent aminopeptidases

4.1 ERAP1 and ERAP2: shaping the
immunopeptidome

ERAPI and ERAP2 reside in the lumen of the endoplasmic
reticulum and process proteasome-generated precursor peptides for
loading onto MHC class I molecules. The sequential trimming of
N-extended peptides is necessary to produce optimal 8-10 mer
epitopes; but over-trimming or inefficient trimming can alter the
antigenic peptide pool, thereby shaping T cell recognition and
immune surveillance (Chang et al., 2005; Hammer et al., 2006;
Martin-Esteban et al., 2022; Lopez de Castro, J.A., 2018).

Numerous studies show that polymorphic variants (allotypes) of
ERAP1/2 influence trimming specificity, altering which peptide
epitopes are presented. Such variability in immunopeptidome
composition has been linked to susceptibility to autoimmune
diseases (e.g., ankylosing spondylitis, psoriasis) and cancer
immune evasion (Australo-Anglo-American Spondyloarthritis
Consortium (TASC) et al., 2011; Reeves et al., 2013; Reeves et al.,
2014; Sanz-Bravo et al., 2018; Lopez de Castro, J.A., 2018).

Recent computational modeling suggests that ERAP1 and
ERAP2 potentially
coordinating expanding peptide
processing versatility (Papakyriakou et al., 2022). Beyond antigen

may form heterodimeric complexes,

trimming functions and
trimming, ERAPI1 has been implicated in roles outside the ER: for

instance, secretion by macrophages and modulation of innate
immunity has been reported (Goto et al, 2011). Thus, the Zn-
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N / His-353
Zinc(n)
His-357
Glu-376
FIGURE 1

(a) Cartoon representation of the structure of human ERAP1 (PDB code: 2YDO). (b) Catalytic residues (in sticks) surrounding a zinc ion which serves as

a co-factor during catalysis (sphere).

FIGURE 2

His-374

. Glu-393

(a) Cartoon representation of the structure of dimeric human ERAP2 (PDB code: 7SHO). (b) Conserved catalytic residues shown as sticks surrounding

a zinc metal co-factor ion (sphere).

binding catalytic core is not only central to peptide trimming but is
embedded in a broader regulatory network influencing immunity.

4.2 Comparative structural basis of
ERAP1 and ERAP2 function

ERAP1 and ERAP2 both are categorized into the M1 family zinc
aminopeptidases as both share a four-domain architecture typical of
M1 zinc metallopeptidases, consisting of an N-terminal cap domain,
a catalytic domain harboring the zinc-binding HEXXH motif, a

Frontiers in Chemical Biology

regulatory hinge domain, and a C-terminal p-sandwich domain
(Figures 1, 2). Despite this overall similarity, they exhibit key
structural that dictate their
specificities and biological functions. ERAP1 has a deeper and
more hydrophobic substrate-binding cavity that can undergo

differences distinct substrate

large conformational changes between open and closed states,
enabling it to accommodate and trim longer peptide precursors
of 8-16 amino acids Chang et al., 2005; Australo-Anglo-American
Spondyloarthritis Consortium (TASC) et al,, 2011). In contrast,
ERAP2 has a more compact and positively charged catalytic pocket
that favors basic residues such as arginine and lysine and is better

frontiersin.org
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Green = ERAP1
Cyan = ERAP2
RMSD=1.1A

FIGURE 3

(a) Ribbon diagram reflecting the superimposition of human ERAP1 (PDB code: 2YDO and in green color) with ERAP2 (PDB code: 7SHO and in cyan
color), revealing a backbone RMSD of approximately 1.1 A. Such small differences in RMSD backbone makes them structurally similar

suited for processing shorter peptides of 5-8 amino acids (Mpakali
et al.,, 2015). The domain interfaces in ERAP1 are more flexible,
allowing a “clamshell-like” movement crucial for substrate binding
and product release, whereas ERAP2 displays a more rigid structure
with Additionally,
ERAP1 harbors polymorphic residues arising from coding SNPs,

limited domain mobility (Figure 3).
such as Lys528 and Arg725, which influence enzymatic activity,
substrate specificity, and pH dependence. These residues appear
unique to ERAPI1, and contribute to its distinct biochemical
properties and trimming behaviors (Reeves et al., 2013; Reeves et
al., 2014; Sanz-Bravo et al., 2018). These structural distinctions allow
ERAPI to act as the primary enzyme for trimming long antigenic
precursors to optimal lengths for MHC class I presentation, while
ERAP2 fine-tunes the final peptide repertoire, often functioning
synergistically with ERAP1. Together these peptidases form a
system—ERAP1
ERAP2 refines the final product and share structural attributes
with each other (Figure 3) revealing a RMSD backbone
difference  of only 1.1 A (Australo-Anglo-American
Spondyloarthritis Consortium (TASC) et al., 2011; Birtley et al,
2012). An important similarity between ERAP 1 and 2 is a conserved

complementary does  coarse  trimming;

active-site tyrosine residue that stabilizes the negatively charged
oxyanion of the tetrahedral intermediate through hydrogen bonding
during peptide bond hydrolysis (Nguyen et al., 2011). Mutation of
this residue abolishes catalytic activity (Stratikos and Stern, 2013).
The equivalent conserved tyrosine in ERAP2 fulfills the same
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essential mechanistic role symbolizing identical catalytic

mechanisms.

4.3 Drug targeting of ERAP1 and ERAP2

Therapeutic strategies aimed at regulating ERAP1 primarily
focus on the development of small-molecule inhibitors. The two
main classes of ERAP1 inhibitors target either the catalytic site or the
allosteric site. Catalytic site inhibitors include phosphinic acid
derivatives (Kokkala et al., 2016), which bind potently to the
catalytic
relationship

pocket as demonstrated by structure-activity
2019). Other catalytic

inhibitors, such as DABA analogues and urea derivatives, have

studies (Giastas et al,
been identified but generally exhibit lower potency (Papakyriakou
et al,, 2013; 2015). Allosteric site inhibitors of ERAP1 encompass
several chemical classes, including cyclohexyl acids, clerodane acid
(identified
sulfonamides, and benzofurans, which represent some of the

through  high-throughput  library  screening),
most potent inhibitors reported (Maben et al., 2019; Hryczanek
et al., 2024; Liddle et al., 2020; Temponeras et al., 2023; Deddouche-
Grass etal., 2021). As of 2023, Grey Wolf Therapeutics has advanced
an ERAP1 inhibitor, GRWD5769, into Phase I/II clinical trials. This
compound is being evaluated for safety, tolerability, efficacy, and
pharmacokinetics in patients with solid

tumors—such as head and neck squamous cell carcinoma,

virus-associated
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cervical cancer, and hepatocellular carcinoma—that are particularly
sensitive to ERAP1 inhibition. The trials assess GRWD5769 both as
a monotherapy and in combination with the PD-1 immune
checkpoint inhibitor Libtayo® (cemiplimab) (In news as https://
www.prnewswire.com/news/grey-wolf-therapeutics/).

Genetic variants and haplotypes (allotypes) of ERAP1 have been
linked to numerous inflammatory, infectious, and neoplastic
diseases. ERAP1 is a key risk gene identified in genome-wide
association studies (GWAS) of MHC-I-associated inflammatory
also “MHC-I-opathies,”
ankylosing spondylitis, Behget’s disease, birdshot uveitis, and

conditions, known as including
psoriasis (Australo-Anglo-American Spondyloarthritis
Consortium (TASC) et al., 2011; Kirino et al., 2013). In many of
these disorders, ERAP1 exhibits epistatic interactions with the
primary risk MHC-I allele. Additional disease associations
include insulin-dependent diabetes mellitus, multiple sclerosis,
and hypertension—the latter being the first condition historically
linked to ERAP1 polymorphisms. Emerging evidence also connects
ERAP1 single nucleotide variants (SNVs) to cancer susceptibility
and infectious disease outcomes, such as altered resistance to
influenza virus infection (Cortes et al., 2015).

Similar to ERAP1, ERAP2 has been targeted predominantly with
catalytic-site inhibitors, while bona fide allosteric inhibitors have
been reported more recently. Catalytic ERAP2 inhibitors include
phosphinic transition-state analogues and phosphorus-containing
amino acid or dipeptide derivatives, which exploit subtle differences
in active-site architecture between ERAP1 and ERAP2 to achieve
selectivity (Kokkala et al., 2016; Mpakali et al., 2017; Giastas et al.,
2019; Weglarz-Tomczak et al., 2016). In contrast, ERAP2 allosteric
inhibition has been demonstrated primarily by sulfonamide-based
scaffolds identified through kinetic target-guided synthesis and
structure-based optimization (Camberlein et al, 2022; Arya
et al., 2022).

4.4 ERAP1 polymorphism

ERAP1 is highly polymorphic in human populations, and
common coding single nucleotide polymorphisms (SNPs) form
discrete allotypes that differ in enzymatic activity and substrate
specificity (Hutchinson et al.,, 2021) Structural and biochemical
studies of the ten most prevalent allotypes reveal up to ~60-fold
variation in trimming efficiency for specific peptide substrates, with
some allotypes, such as allotype 10, exhibiting markedly reduced
activity (Reeves et al., 2013). These functional differences directly
influence the composition of the MHC class I immunopeptidome,
affecting peptide length and sequence distribution (Nikopaschou
et al, 2025). Importantly, specific allotype combinations are
genetically associated with HLA-linked inflammatory diseases,
including ankylosing spondylitis (Reeves et al, 2014) and
Behget’s disease (Takeuchi et al., 2016).

4.5 IRAP (insulin-regulated aminopeptidase)

IRAP (also known as LNPEP) is a membrane-associated

aminopeptidase ~ predominantly  localized in  endosomal

compartments, where it is often co-trafficked with GLUT4-
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containing vesicles in insulin-responsive cells. This localization
links IRAP to both peptide processing and vesicular trafficking,
providing a unique interface between metabolic regulation and
enzymatic function. IRAP is known to cleave a range of bioactive
peptide hormones, including oxytocin, vasopressin, and Ang IV
(angiotensin IV), highlighting its role in neuroendocrine and
cardiovascular signaling pathways (Barlow and Thompson, 2020).
Its enzymatic activity is zinc-dependent via the conserved
M1 metalloprotease motif, and IRAP shares significant structural
homology with ERAP1 and ERAP2, including a similar peptide-
binding cavity. This structural similarity has enabled inhibitor
development strategies for IRAP to draw on lessons learned from
ERAP-targeted drug design.

Several  peptide-mimetic  inhibitors, including cyclic
compounds, have been co-crystallized with IRAP, providing
high-resolution  insights into subsite specificity, binding
conformations, and the molecular determinants of selectivity
(Mpakali et al., 2015; Vourloumis et al., 2022). These structural
studies have informed both the design of more potent inhibitors and
the understanding of how subtle changes in amino acid composition
of the catalytic pocket influence substrate recognition. IRAP has also
garnered attention in cognitive and metabolic disease research. For
example, the interaction of Ang IV with IRAP has been implicated in
memory consolidation and cognitive enhancement, while emerging
evidence links IRAP activity to immunometabolic and inflammatory
pathways, suggesting broader physiological relevance beyond
classical peptide cleavage (Albiston et al, 2003). From a
small

benzylhydroxamic acid derivatives have demonstrated significant

therapeutic ~ perspective, molecules  such  as
inhibition of IRAP activity, offering potential avenues for

pharmacological intervention in disorders ranging from
metabolic dysfunction to neurodegeneration (Beveridge et al,
2024). Together, these functional, structural, and pharmacological
insights position IRAP as a promising target at the intersection of

metabolism, cognition, and immunomodulation.

4.6 APN/CD13: the multifunctional
ectopeptidase

Aminopeptidase N (APN, CD13) is an abundant membrane-
bound ectoaminopeptidase expressed in many tissues, particularly
the kidneys, small intestine, lung, and in vascular and tumor
endothelium (Table 1). APN broadly hydrolyzes oligopeptides
and is involved in peptide catabolism, extracellular matrix
turnover, and regulation of local peptide concentrations (Farsa
and Uher, 2025).

In cancer, APN is often overexpressed and contributes to
angiogenesis, cell migration, and tumor invasion. APN is also
(e.g.,
coronavirus 229E) and acts as a “moonlighting” protein with

exploited as a receptor for certain viruses human
non-catalytic regulatory roles (Kolb et al, 1998; Croix et al,
2000; Farsa and Uher, 2025).

Because APN is an extracellular, membrane-bound enzyme with
broad expression across a variety of tumor types, it has become an
attractive target for both therapeutic and diagnostic applications
(Croix et al., 2000; Farsa and Uher, 2025). Its localization on the cell
surface enables direct accessibility to circulating therapeutic agents,
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reducing the need for intracellular delivery mechanisms. This
feature has been extensively exploited in the design of targeted
therapies, including peptide-drug conjugates, prodrugs, and
antibody-drug conjugates that are selectively activated by APN
enzymatic activity within the tumor microenvironment. For
instance, APN-cleavable peptide linkers have been used to release
cytotoxic agents specifically in APN-expressing tumors, thereby
enhancing local drug concentration while minimizing systemic
toxicity (Pasqualini et al., 2000; Li et al., 2016).

In addition to its role in drug activation, APN serves as a tumor-
homing receptor for several peptide ligands. Notably, the NGR
(Asn-Gly-Arg) motif selectively binds to APN, and NGR-
conjugated drug carriers or imaging probes have been employed to
achieve targeted delivery of chemotherapeutic agents, nanoparticles,
and radiotracers to tumor vasculature. Such strategies have been
evaluated in preclinical and clinical settings for cancers such as
glioma, melanoma, breast, ovarian, and lung carcinoma,
demonstrating improved tumor localization and therapeutic efficacy
(Pasqualini et al., 2000; Zou et al., 2012; Li et al., 2016).

APN has also been utilized in molecular imaging and diagnostic
approaches. Radiolabeled APN inhibitors and NGR-based probes
have enabled non-invasive imaging of APN expression using PET
and SPECT modalities, providing valuable insights into tumor
progression, angiogenesis, and response to therapy. Furthermore,
APN expression correlates with tumor invasiveness and metastatic
potential, making it a useful biomarkerfor disease prognosis and
treatment monitoring (Schreiber and Smith, 2018; Murakami
et al., 2005).

Overall, APN’s dual function as an enzyme involved in tumor
angiogenesis and as a surface-accessible biomarker makes it an ideal
candidate for enzyme-activated prodrug design, ligand-directed
drug delivery, and image-guided therapy. These strategies
continue to evolve, with current research focusing on optimizing
substrate specificity, improving drug stability, and integrating APN-
targeted agents into combination immunotherapy and nanoparticle-
based delivery systems to enhance therapeutic outcomes.

4.7 APA (aminopeptidase A/ENPEP)

APA (glutamyl aminopeptidase) acts on angiotensin peptides,
specifically converting Ang II to Ang III via removal of an
N-terminal Asp residue. Through this, APA regulates the balance
of angiotensin peptides and modulates blood pressure and salt
balance (Table 1). Its Zn catalytic function is central to its role in
the renin-angiotensin system (RAS) (Holmes et al., 2017).

Pharmacologically, Aminopeptidase A (APA/ENPEP) has
emerged as a promising target for the treatment of hypertension
and cardiovascular diseases, owing to its pivotal role in the
renin-angiotensin system (RAS). APA catalyzes the conversion of
angiotensin IT (Ang II) to angiotensin III (Ang III), a peptide that acts
primarily in the brain to regulate blood pressure through stimulation of
AT, receptors. Inhibition of APA therefore reduces the generation of
Ang 1II, leading to decreased central sympathetic outflow and lower
blood pressure. This mechanism represents an alternative to classical
RAS-targeting drugs, such as ACE inhibitors and angiotensin receptor
blockers, by acting upstream within the brain RAS (Reaux et al., 20005
Schinzari et al., 2025).
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Several APA inhibitors, including the well-characterized
compound EC33 and its prodrug RB150 (firibastat), have shown
significant antihypertensive effects in both animal models and
human trials. Firibastat, a brain-penetrant prodrug that releases
EC33 after crossing the blood-brain barrier, has demonstrated
efficacy in lowering blood pressure in patients with treatment-
resistant or salt-sensitive hypertension (Khosla et al, 2022;
Ferdinand et al, 2019.) Despite these advances, translation to
broader clinical use remains challenging due to the complexity
and redundancy of RAS signaling, inter-individual variability in
enzyme expression, and compensatory mechanisms that can limit
therapeutic benefit.

Ongoing research aims to refine APA inhibitor design, enhance
blood-brain barrier permeability, and explore combination
therapies with other RAS modulators. These efforts seek to
harness APA inhibition as a novel strategy for long-term
cardiovascular control while minimizing systemic side effects.

5 Zinc aminopeptidases in disease and
therapeutic potential

5.1 Autoimmunity and cancer
immunotherapy

Given the central role of ERAP1 and ERAP2 in shaping the MHC
class I immunopeptidome, pharmacological modulation of their
activity has significant immunotherapeutic implications (Leib et al.,
2025). By trimming proteasome-derived precursor peptides within the
endoplasmic reticulum, ERAPs determine both the length and
sequence composition of peptides available for MHC class I loading.
Excessive or overactive trimming can destroy otherwise immunogenic
epitopes before they are loaded onto MHC molecules, whereas
insufficient or inefficient trimming can result in the accumulation of
N-terminally extended peptides that bind poorly to MHC class I and fail
to elicit effective CD8" T-cell responses (Koumantou et al., 2019).
Consistent with this central role, allotypic variation in ERAP1, arising
from common coding polymorphisms, has been genetically linked to
susceptibility to autoimmune diseases such as ankylosing spondylitis,
highlighting how subtle changes in trimming activity can have
profound immunological consequences (Cortes et al., 2015 Australo-
Anglo-American Spondyloarthritis Consortium (TASC) et al., 2011).

In the context of cancer immunotherapy, there is growing interest
in targeting ER aminopeptidases to reshape tumor antigen
presentation. Pharmacological inhibition or modulation of ERAP
activity has been shown to alter the tumor immunopeptidome,
promoting the surface presentation of novel or subdominant
antigenic  peptides and increasing tumor immunogenicity
(Koumantou et al., 2019; Temponeras et al, 2022; Temponeras
et al, 2023). Such approaches have been proposed as a means to
enhance tumor visibility to the immune system and potentially
improve responses to immune checkpoint blockade. However,
therapeutic manipulation of ERAPs carries inherent risks, as
excessive or complete inhibition may disrupt normal self-peptide
presentation and compromise immune tolerance (Evnouchidou and
van Endert, 2019; Mattorre et al, 2022). Consequently, current
strategies emphasize selective or partial inhibition of ERAP activity,
rather than full enzymatic blockade, to achieve a balance between
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enhanced antitumor immunity and the avoidance of autoimmunity
(Hutchinson et al., 2021; Leib et al., 2025).

5.2 Infectious disease and viral exploitation

Certain  pathogens exploit aminopeptidases, such as
Aminopeptidase N (APN/CD13), as receptors for cellular entry,
making these enzymes critical determinants of viral infectivity.
Pharmacological inhibition or altered expression of APN can
reduce viral entry and replication, highlighting their potential as
antiviral targets (Kolb et al, 1998). Similarly, modulation of
endoplasmic reticulum aminopeptidases (ERAP1/2) or insulin-
regulated aminopeptidase (IRAP) can antigen

processing and presentation, shaping immune responses in

influence

infection and vaccination (Saulle et al, 2021; Mattorre et al.,
2022). Together, zinc-dependent aminopeptidases occupy a
central role at the crossroads of immunity, metabolism, cancer,
and host-pathogen interactions, making them attractive targets for
therapeutic intervention across multiple disease contexts.

6 Therapeutic and biotechnological
exploitation

6.1 Inhibitor chemotypes and selectivity
strategies

Designing  selective  inhibitors  for  zinc-dependent
aminopeptidases remains challenging due to the highly conserved
catalytic Zn-binding site. Strategies to achieve potency and
specificity typically combine zinc-binding warheads—such as
hydroxamates, phosphinates, or thiols—with side chains targeting
unique SI, SI’, and distal subsites. For example, selective
ERAP1 inhibitors have been developed using this approach
(Maben et al., 2021). Allosteric modulators, which bind outside
the catalytic site, can bias enzymes toward open or closed
conformations and are particularly useful for regulating ERAP’s
molecular-ruler  function.  Substrate-mimetic  peptides or
GAMEN motif to

specificity, while prodrug or targeted-activation strategies leverage

peptidomimetics exploit the improve
extracellular aminopeptidases like APN, enabling tumor-selective
peptide-drug conjugate activation. Cross-family insights from IRAP
inhibitor development further inform medicinal chemistry efforts
(Albiston et al., 2011). A notable success is firibastat, a prodrug of a
thiol-based APA inhibitor in Phase III trials

hypertension; the prodrug design reduces systemic off-target

for resistant

exposure while maintaining efficacy.

6.2 Diagnostic, imaging and biosensor
applications

Several aminopeptidases, particularly extracellular or secreted
enzymes such as APN/CD13, can be exploited in diagnostic and
imaging applications. Fluorogenic peptide substrates, in which
N-terminal quenching is relieved upon cleavage, enable enzyme
activity assays and high-throughput inhibitor screening. Activatable
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imaging probes for MRI, PET, or optical modalities use peptide-
masked reporters that are selectively unmasked by APN in tumor
microenvironments, providing localized signal enhancement.
Additionally, urinary or plasma APN activity serves as a
biomarker for disease states. These strategies leverage both the
enzymatic specificity and extracellular accessibility of zinc-
dependent aminopeptidases (Schreiber et al., 2018; Trencsényi
et al., 2023).

7 Mechanistic and therapeutic
challenges in aminopeptidase biology

7.1 Challenges and pitfalls in
mechanistic inference

Because many aminopeptidases accept multiple metal ions
in vitro, it is essential to confirm physiological Zn dependence
(e.g., via metal-reconstitution, metal exchange, mutagenesis).
past inhibitor
physiological metalation states, leading to confusing or non-

Some studies inadvertently exploited non-
physiological potency claims (Graham et al, 2005). Moreover,
because the Zn-binding site is highly conserved (Figures la,b,
2a,b), small-molecule inhibitors can inadvertently inhibit off-
target metalloproteases unless they extend well beyond the metal-
binding moiety into unique subsite interactions. A direct proof of
this assertion is depicted in the inhibition of both the ERAPI and
ERAP2 aminopeptidases by the same class of inhibitors (Weglarz-

Tomczak et al., 2016).

7.2 Targeting aminopeptidases is
challenging

Many aminopeptidases are considered validated drug
candidates to treat diseases like malaria and several neglected
tropical diseases (Trenholme et al., 2010; Zheng et al., 2016; Bhat,
2024). However, despite their functional diversity, M1 family
aminopeptidases share a highly conserved zinc-dependent
catalytic architecture (Figures la,b, 2a,b), which complicates the
development of isoform-selective inhibitors as demonstrated by
comparative structural and inhibitor profiling studies (Chang
et al, 2005 Australo-Anglo-American  Spondyloarthritis
Consortium (TASC) et al, 2011; Mpakali et al., 2015). In
particular, ERAP1 and ERAP2 display extensive structural and
catalytic similarity, differing mainly in residues lining the
substrate-binding cavity rather than in the core catalytic
machinery (Chang et al, 2005; Australo-Anglo-American
Spondyloarthritis Consortium (TASC) et al, 2011). Although
these
biochemical studies have shown that most active-site inhibitors
exhibit only ~5-10-fold selectivity between ERAP isoforms
(Maben et al., 2019; Mpakali et al., 2015; Zervoudi et al., 2013).
In cellular settings, isoform selectivity is further diminished by
shared
mechanism, as evidenced by immunopeptidomics and cellular
inhibition studies (Zervoudi et al., 2013; Reeves et al., 2020).

Consequently, many peptide-mimetic compounds, including

differences allow selectivity in principle, primary

overlapping substrate preferences and a trimming
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classical inhibitors such as amastatin and actinonin, act as broad-
spectrum inhibitors of multiple M1 aminopeptidases rather than as
ERAP-selective agents (Chang et al., 2005; Maben et al., 2019).

In contrast to classical active-site inhibitors, significant effort has
been made to develop allosteric modulators of ERAP1, exploiting its
pronounced conformational dynamics during peptide trimming.
ERAPI displays dynamic interconversion between open and closed
conformations, and allosteric ligands binding outside the catalytic
pocket modulate enzymatic activity in a substrate- and peptide
length-dependent manner, resulting in functional regulation rather
than complete catalytic blockade (Zervoudi et al., 2013). Such allosteric
inhibition has been shown to selectively reshape the cellular
immunopeptidome and alter antigen presentation, supporting the
concept of functional rather than absolute inhibition (Reeves et al.,
2020; Temponeras et al., 2023). Recent structure- and property-guided
medicinal chemistry efforts have further demonstrated that targeting
non-catalytic regions of ERAPI can yield inhibitors with improved
potency and selectivity profiles compared with peptide-mimetic active-
site inhibitors (Hryczanek et al., 2024).

7.3 Metal ion promiscuity and cofactor
selectivity in many aminopeptidases

For many aminopeptidases from other metallopeptidase families,
such as M20 and M17, Zn(II) is often assumed to be the physiological
cofactor; however, in vitro assays suggest that this is not always the case
(Arfin et al., 1995; Bhat et al., 2020; Bhat et al., 2021). It is often the case
that many aminopeptidase enzymes show markedly better activity with
metal cofactors such as, Co.(II) or Ca(II) or for that matter Mg(II)
(Bhat et al., 2020). Our observation is that Zinc tends to be a precipitant
of these proteins in vitro. In fact, many titrations of this metal
beginning in low nanomolar concentrations have most definitely
suggested that Zinc (II) is often inhibitory and that both low or
high concentrations do not help in driving the aminopeptidase
activity significantly (Bhat et al., 2020). These co-factor patterns are
well documented for many aminopeptidases such as, M20 Peptidase T
that functions as a broad spectrum aminopeptidase with high
preference for the hydrolysis of smaller hydrophobic residues like
alanine in P1 and basic residues in P2 positions, respectively (Bhat
et al., 2020). However, inhibitory or precipitating effects of exogenous
Zn(1II) reflect non-physiological concentrations or altered coordination
environments, not a challenge to Zn(Il)’s physiological role as a
catalytic cofactor.

8 Selected M1 aminopeptidases with
distinct biological roles

8.1 Leukotriene A4 hydrolase (LTA4H)

Leukotriene A4 hydrolase (LTA4H) is a member of the M1 zinc
aminopeptidase family, containing the conserved HExxH. . .E motif
and a catalytically essential Zn(II) ion (Haeggstrom, J.Z., 2004).
Unlike canonical M1 aminopeptidases that primarily function as
peptide-trimming enzymes, LTA4H is functionally bifunctional. In
addition to aminopeptidase activity, it catalyzes a dominant epoxide
hydrolase reaction that converts leukotriene A4 into leukotriene B4,
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a potent lipid mediator of inflammation. Structural and mutational
analyses have shown that the aminopeptidase and epoxide hydrolase
activities share an overlapping active site, with subtle differences in
substrate positioning dictating reaction outcome (Haeggstrom, J.Z.,
2004; Haeggstrom et al., 2007; Thunnissen et al., 2001). Importantly,
genetic, biochemical, and pharmacological studies indicate that the
physiological relevance of LTA4H is largely driven by its role in
inflammatory signaling rather than peptide metabolism (Rudberg
et al,, 2002; Pal et al.,, 2019). Consequently, LTA4H is considered a
structurally conserved but functionally specialized M1 family
member, canonical

illustrating how the zinc-dependent

aminopeptidase scaffold can evolve to support distinct

biochemical and biological functions.

8.2 Puromycin-sensitive aminopeptidase
(PSA/NPEPPS)

Puromycin-sensitive aminopeptidase (PSA, also known as
NPEPPS) is a cytosolic of the
M1 aminopeptidase family that contains the conserved HExxH

zinc-dependent  member
motif and adopts the canonical M1 metalloprotease fold (Bhutani
et al,, 2007; Madabushi et al., 2023). PSA functions primarily as a
broad-specificity exopeptidase involved in intracellular peptide
degradation, protein quality control, and the turnover of short
peptides generated by proteasomal processing (Johnson and Hersh,
1990; Constam et al., 1995; Thompson and Hersh, 2003; Bhutani et al.,
2007). In contrast to ERAP1 and ERAP2, PSA does not exhibit
molecular-ruler behavior, regulated length selection, or a role in
antigen presentation (Bhutani et al., 2007). Instead, PSA acts as a
housekeeping enzyme that contributes to cellular proteostasis (Bhutani
et al., 2007). Genetic and biochemical studies have implicated PSA in
neuronal homeostasis, with loss or dysregulation of activity linked to
neurodegenerative disease pathways, including impaired degradation
of polyglutamine-expanded proteins and tau-derived peptides (Kudo
et al,, 2011). Together, these findings position PSA as a canonical
M1 aminopeptidase whose primary biological role lies in intracellular
peptide turnover rather than regulated peptide trimming.

9 Challenges and future directions

Achieving  selective  inhibition = of  zinc-dependent
aminopeptidases remains challenging due to conserved Zinc-
binding motifs and potential off-target effects on MMPs,
ADAMs, or other metalloproteases. Isoform specificity requires
engagement of unique subsites or allosteric pockets, while
physiological validation ensures Zn(II) is the relevant catalytic
metal. Context-dependent effects in vivo—on antigen repertoires,
peptide hormones, or other substrates—necessitate systems-level
profiling. Intracellular targets like ERAPs and IRAP demand
membrane-permeable  inhibitors  with  precise  subcellular
localization. Integration with patient-specific factors, including
HLA genotype and tumor context, guides clinical translation.
Future advances in cryo-EM, fragment-based screening,
computational design, and natural product discovery promise
selective, effective modulation (Maben et al., 2021; Brown et al,,

2016; Drag and Salvesen, 2010; Lopez de Castro., 2018).

frontiersin.org


https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2026.1752191

Bhat

10 Conclusion

Zinc-dependent aminopeptidases form a mechanistically coherent
yet biologically diverse subclass of metalloproteases. Their catalytic
dependence on a Zn(II) cofactor, embedded in a dynamic structural
framework, makes them attractive yet challenging targets in
immunology, cardiovascular disease, cancer, and biotechnology.
Advances in structural biology, chemical biology,
immunopeptidomics, and targeted delivery now converge to make
selective modulation of Zn aminopeptidases a promising frontier. The
next wave of progress will likely come from allosteric or
conformational modulators, engineered enzyme variants, and

biomarker-driven translational strategies.
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