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The insulin regulated aminopeptidase (IRAP) has been proposed as an important therapeutic target for indications including Alzheimer’s disease and immune disorders. To date, a number of IRAP inhibitor designs have been investigated but the total number of molecules investigated remains quite small. As a member the M1 aminopeptidase family, IRAP shares numerous structural features with the other M1 aminopeptidases. The study of those enzymes and the development of inhibitors provide key learnings and new approaches and are potential sources of inspiration for future IRAP inhibitors.
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Introduction

The insulin regulated aminopeptidase (IRAP) is a zinc-dependent M1 aminopeptidase and a type II transmembrane protein with a cytoplasmic N-terminal domain and an extracellular/intra-endosomal C-terminal domain containing the catalytic zinc domain (Keller et al., 1995; Keller et al., 2002). IRAP is found in almost all human tissues (Keller et al., 1995; Tsujimoto and Hattori, 2005) and is known to be expressed in a range of neuronal cells (Fernando et al., 2005), placental cells (Nomura et al., 2005), and leukocytes (Saveanu et al., 2009). IRAP appears to play three distinct physiological roles. Firstly, IRAP degrades a number of extracellular signaling peptides through the removal of the N-terminal amino acid. Proposed substrates include oxytocin, vasopressin, angiotensin III, Met-enkephalin, dynorphin A, neurokinin A, neuromedin B, somatostatin, and CCK-8 (Rogi et al., 1996; Herbst et al., 1997; Matsumoto et al., 2001; Lew et al., 2003; Tsujimoto and Hattori, 2005), although the physiological relevance of these remains controversial. Secondly, IRAP participates in MHC class I antigen presentation through amino terminal trimming of exogenous cross-presenting peptides (Saveanu et al., 2009; Saveanu and van Endert, 2012). Thirdly, IRAP is co-located with Glut4 in insulin-responsive membrane vesicles and is thought to play a role in the insulin-induced translocation of these vesicles to the plasma membrane thus regulating cellular glucose uptake (Waters et al., 1997; Bryant et al., 2002; Pan et al., 2019). Interestingly, genetic deletion of IRAP in mice has not been associated with any major health defects, but rather provides protection against damage due to cerebral ischemia (Pham et al., 2012), thrombosis (Numaguchi et al., 2009; Gaspari et al., 2018) in models of those respective injuries, as well as diet-induced obesity (Niwa et al., 2015).

Commensurate with this pleiotropic character, IRAP is a potential therapeutic target for a range of therapeutic applications. In particular, IRAP is a potential therapeutic target for the treatment of Alzheimer’s disease and other cognitive impairments. Rodents treated with the IRAP inhibitors such as Angiotensin IV (AngIV, 1) (Figure 1) via intracranial injection or subcutaneous administration, show improved performance in learning and memory (Wright et al., 1999; Albiston et al., 2001; Pederson et al., 2001; Lee et al., 2004; Gard, 2008; Golding et al., 2010). The cellular mechanism for this increased learning is unclear and may be attributable to modulation of glucose uptake via GLUT4 containing vesicles or reduced degradation of oxytocin and vasopressin, which have both been shown to improve learning and memory (Vanderheyden, 2009; Fidalgo et al., 2019). A second emerging therapeutic application is the potential of IRAP inhibitors to protect against stroke, thrombosis, and obesity-related disorders in comparable fashion to the knockout phenotypes. A third therapeutic potential for IRAP inhibitors is drawn from their role in preparing peptides for cross-presentation. Disruption of this function by inhibitors has been demonstrated in vitro and underscores their potential application in cancer immunotherapy or control of autoimmunity (Stratikos, 2014; Papakyriakou et al., 2015; Kokkala et al., 2016). Together, this pool of research suggests that there may be a number of indications for IRAP inhibitors.




Figure 1 | Chemical structures of IRAP inhibitors.





A Quick Snapshot of IRAP Inhibitor Development

The search for inhibitors of IRAP dates back to its discovery as oxytocinase in 1959 (Hooper, 1959). In this first study of serum aminopeptidase activity from human placentae, Cu2+, di-isopropylphosphofluoridate (DFP), tetraethylpyrophosphate (TEPP), and ethylenediamine tetra acetic acid (EDTA) were shown to block the enzyme activity, signaling the metalloprotease nature of the enzyme. The first attempts to block this with competing ligands is described soon after using modified oxytocin peptides (Berankova et al., 1960; Berankova and Sorm, 1961). However, further progress appears to have been hampered by the challenges of the complex protease mixtures, including other M1 family members, in the tissue sources being studied.

A major step forward was the identification of the hexapeptide, AngIV, 1 (1) as an IRAP inhibitor. The memory enhancing effects of Ang IV administration and as well as its inhibitory effect on oxytocin metabolism were both reported and investigated separately prior to the appreciation that these effects were modulated through the action of a single target – IRAP (Braszko et al., 1988; Albiston et al., 2001). Ang IV is a component of the renin-angiotensin system as a degradation product from the proteolytic truncation of the vasoconstricting peptide, angiotensin II. With good affinity but poor plasma stability, successful structural modifications of 1 have led to the β-amino acid containing peptide mimetic 2 (Ki = 27 nM), which contains both N and C terminal β-amino acids and is less susceptible to degradation by IRAP (Lukaszuk et al., 2008) and the analogue IVDE77 (Nikolaou et al., 2013). In an alternate but comparable peptidomimetic approach, cyclic compounds, HA-08, 3 (Ki = 3.3 nM) and analogs were developed (Andersson et al., 2010). The design of these compounds had in mind IRAP’s unique ability to process cyclic peptides like oxytocin and vasopressin as part of the design. HA-08 was recently co-crystallised with IRAP (Mpakali et al., 2020), and a considerable body of SAR data pertaining to the cyclic structure has been accumulated (Andersson et al., 2011; Barlow et al., 2020).

Other IRAP inhibitors have been developed from investigations into the S1 subsite using fluorogenic substrates. Non-natural amino acids such as homoPhe and Nle were identified as S1 residues that conferred some substrate selectivity over other M1 aminopeptidases, ERAP1 and ERAP2 (Zervoudi et al., 2011). The selectivity of these probes inspired the development of the aminobenzamide inhibitor 4, which has good potency (IC50 = 110 nM) and selectivity against ERAP1 and ERAP2 (Papakyriakou et al., 2015). Transition state mimetics which build on the growing understanding of P1 and P1` SAR have also been effective. In particular, a number of phosphinic acids including 5 have exhibited good potency (Kd = 18 nM) (Kokkala et al., 2016). Compound 5 was also the first inhibitor to be co-crystallised in complex with IRAP (Mpakali et al., 2017a).

The first the small molecule inhibitor series to be described were benzopyrans discovered by a virtual screening approach, including HFI-419, 6 (Albiston et al., 2008; Mountford et al., 2014). This molecule also displays good potency (Ki = 0.48 µM). More recently, high throughput screening approaches have led to the discovery of 7 (IC50 = 6.1μM) and 8 (IC50 = 0.4μM) (Engen et al., 2016; Vanga et al., 2018).

While this represents a diverse series of compounds that have played their roles in defining the pharmacology of IRAP inhibitors, none have emerged as bone fide drug candidates as yet. In part, the challenges of delivery to the CNS for indications such as Alzheimer’s disease have hampered the progression of peptide-like molecules and have also proved challenging for small molecules. Similarly, for immunological antigen processing, intracellular delivery will be a requirement. Advancing these, or future series of IRAP inhibitors, will therefore require close attention to the specific requirements related to each indication.



Inspirational Inhibitors Within the M1 Aminopeptidase Family

The human M1 aminopeptidase family, which includes IRAP, contains 12 members (Table 1) (Rawlings et al., 2014). All members utilize a single catalytic zinc atom in a conserved HExxHx18E motif and contain a substrate binding domain comprised of a conserved GxMEN motif. Structural similarities between M1 aminopeptidases result in a number of common substrates that are degraded by more than one family member. Indeed, the N-terminal specificity of M1 aminopeptidases in known to be broad and overlapping, and inhibitors are usually required to engage several subsites in order to achieve selectivity (Rawlings and Barrett, 2013).


Table 1 | M1 aminopeptidases.



The collected crystallographic data (Table 1) supports the common structural features of the M1 family as well as various archetypes that distinguish them. A conserved tyrosine residue typically binds the distal C-terminal, and interdomain movement may allow binding of diverse substrates (Cadel et al., 2015; Drinkwater et al., 2017). In particular, both closed and open conformations of the catalytic domains are observed. A dynamic model has been proposed whereby the domains II and IV close around extended substrates to support binding and hydrolysis (Mpakali et al., 2020). This mode of binding may be mimicked by inhibitors, but the dynamic nature provides a challenge to structure-based inhibitor design.

Other members of the M1 aminopeptidase family have also been identified as targets for therapy, most notably APN, APA, LTA4H, and ERAP1. Given the similarities of the family members, it seems that the study of other inhibitor designs within the M1 aminopeptidase family may provide interesting insights into inhibition mechanisms that are pertinent for inhibitor design and could be exploited to provide new IRAP inhibitors.



Isoform Hopping—Endoplasmic Reticulum Aminopeptidase 1

As alluded to above, inhibitors of one aminopeptidase class can be expected to inhibit other classes. In a pessimistic sense, this characterizes the challenge of achieving selectivity, while in a positive sense, redesigns can be used to tune selectivity between family members without major changes to the core molecular scaffold. This selectivity transitioning often manifests within derivative libraries. For example, Zervoudi et al. identified the phosphinic acid inhibitors DG002 (9) and DG013 (10) to target antigenic processing enzymes, ERAP1, ERAP2, and IRAP (Figure 2) (Zervoudi et al., 2013). These compounds and, in particular, the R,S,S-diastereomer, DG013A, showed good potency across the three isoforms. The same team showed replacement of the central leucine yielded the IRAP selective compound 5 (DG026A) (Mpakali et al., 2017a).




Figure 2 | M1 aminopeptidase inhibitors from other families.



Note that phosphinic acids have an even broader general history. As far back as 1989, such compounds were described as transition state analogs for metalloproteases (Grobelny et al., 1989; Yiotakis et al., 1994) and are represented in the M-17 Leucine amino peptidase inhibitors described in 2003 by Grembecka et al. (2003). The broader activity and/or selectivity of these ligands needs to be considered (Talma et al., 2019). It is an interesting feature that these peptidomimetic transition state analogs possess intracellular activity also (Koumantou et al., 2019).



Success Is Hard to Achieve—Aminopeptidase N

As the archetype of the M1-aminopeptidase family, APN has been much studied and numerous attempts to develop inhibitors have been described. These have been extensively reviewed recently by Amin et al. (2018). As a protein, APN shares some features also characteristic of IRAP. They include the facts that APN is recognized to be involved in multiple functions (enzyme for peptide cleavage, and signalling molecule in signal transduction), it exhibits broad substrate specificity (although distinct from IRAP) and that it has been shown by crystallography to exist in an open and closed form (Joshi et al., 2017). It has been by far the most studied with respect to inhibitor development, although the results of those efforts are yet to yield an unambiguous drug candidate.

While a large body of work has accumulated in the development of APN inhibitors, the best known examples that have advanced to clinical studies, bestatin (11) and tosedostat (12), are potent but non-selective. Bestatin, bearing the pharmacophoric β-amino α-hydroxy amide motif was discovered as a natural product inhibitor. Tosedostat, is a synthetic product but shares the hydroxamic acid motif of the natural product actinonin (14) (Figure 2). While both bestatin and tosedostat’s acid metabolite, CHR-79888 (13), show good APN inhibition (IC50 ~ 200nM), the activity in vivo is not thought to derive simply from APN inhibition. Indeed, CHR-79888 is a potent LTA4 hydrolase inhibitor. A useful lesson to note regarding metabolism is that the circulating bioactive may have a much-altered selectivity profile compared to the administered drug.

Otherwise, these two compounds signal the generalised challenges of developing selective small aminopeptidase inhibitors. For active site binding aminopeptidases, the likely pharmacophore is built around S1 and S1’ binding and non-scissile interactions with the catalytic zinc atom. The compounds that achieve this typically will not be impeded from comparable interactions in other zinc metallopeptidase sites, rendering them non-selective. In developing substrate mimetic inhibitors the on-going challenge has been to tune down the generic zinc binding moiety (which can drive affinity) to exploit the subsite differences of across the metalloprotease families (Tsoukalidou et al., 2019).

The challenges associated with peptide-based analogs can imply replacement of backbone peptide bonds and the use of non-proteinogenic side chain motifs to enhance selectivity. For the former, the replacement of peptide bonds with ureido equivalents in the hydroxamic acid series led to some potent APN inhibitors such as 15. In the latter case, another series of hydroxamate based inhibitors exemplified by 16 (Ki 4.5 nM) were described by Lee J. et al. (2019). These molecules have no obvious peptide character and may offer improved opportunity for achieving selectivity.

Another small molecule series of interest are aminobenzosuberones, which have been identified as a scaffold that selectively inhibits mono-metallic aminopeptidases with 17 showing sub-nanomolar affinity against human APN (Ki = 350 pM) (Peng et al., 2017; Salomon et al., 2018). The origin of this series dates back to corresponding tetralones (Schalk et al., 1994) and the class appears to provide the advantages of small molecule inhibitors (low MW, potential oral availability, potentially BBB penetrating). Co-crystallization of a phenyl substituted benzosuberone with EcPepN showed the binding poExxHx18E motifs with the ketone function present in an sp3 hydrated form, acting as transition state mimetic not dissimilar from the β-amino α-hydroxy motif of bestatin (Peng et al., 2017). The implications for IRAP inhibitor design in this class are evident with one example showing strong inhibition of IRAP also (Ki = 34 nM). One cautionary note is that these compounds, like many small molecules, are predicted to have challenging metabolism and toxicity profiles although this should be tested experimentally (Salomon et al., 2018).



Designing for Selectivity and In Vivo Activity—Aminopeptidase A

In contrast, the development of the aminopeptidase A inhibitor, Firibastat (18) presents an optimistic picture of what is possible in the aminopeptidase class (Ferdinand et al., 2019). Firibastat has entered phase III clinical studies for therapy of treatment-resistant hypertension; yet at first view, it would seem an unlikely therapeutic. Firstly, the active species of Firibastat, (S)-3-amino-4-mercaptobutane-1-sulfonic acid (19, EC33) is a thiol. Thiols are known to be effective chelators of zinc and have been employed in a range of zinc enzyme inhibitors, most notably captopril. However, the capacity for numerous off-target chelating or covalent disulfide forming interactions would typically argue against pursuit of such compounds.

The discovery of Firibastat has a long history. Early work by Fournié-Zaluski et al. employed β-amino thiols as substrate mimetics targeting the S` subsite of APN (Fournie-Zaluski et al., 1992). An interesting comparison of zinc chelating groups within this report suggested that β-amino thiols are more effective inhibitors of APN than corresponding hydroxamic acid, phosphate, and carboxylate inhibitors. A compound from the series was found to have significant CNS activity when administered by iv injection as its disulfide prodrug form.

Turning their focus to APA, which cleaves N-terminal Glu or Asp residues and in particular cleaves the N-terminal Asp from angiotensin II, blocking angiotensin III formation. They found the acidic sulfonic acid derivative, EC33 was a potent and selective inhibitor (APA Ki = 0.37 µM, APN Ki = 25 µM) (Chauvel et al., 1994a; Chauvel et al., 1994b). Intracerebroventricular injection of EC33 was found to prevent APA production of the hypertensive agent angiotensin III, lowering central arterial blood pressure (Zini et al., 1996). By developing the corresponding disulfide prodrug 18, it has been possible to move to oral administration. The oral bioavailability is modest (10–15%), and the drug half-life is short (40 min) but with a somewhat heroic dose of 500 mg, twice daily Firibastat effectively reduced blood pressure in the cohort (Ferdinand et al., 2019). While these clinical studies continue, a second generation oral inhibitor NI956/QGC006 (20) with improved pharmaceutical properties is progressing (Keck et al., 2019).



Non-Canonical Binding Site ligands—Leukotriene A4 Hydrolase

Leukotriene A4 hydrolase has been another M1 aminopeptidase that has attracted attention as a potential therapeutic target, particularly in inflammatory disease. As suggested by its name, the best studied feature of the enzyme is not its ability to cleave N-terminal amino acids form substrate peptides, but rather to hydrolyse the epoxide ring of Leukotriene A4 to Leukotriene B4 (Haeggstrom et al., 2007). LTB4 is an inflammatory lipid and thus blocking its formation would be considered a therapeutic option. However, the enzyme has also been shown to process a variety of peptides, most notably Pro-Gly-Pro a collagen degradation product which is a pro-inflammatory chemotactic peptide (Snelgrove et al., 2010). This implies that the action of LTA4H has opposing actions, which may be context dependent, and the opposing activities of LTA4H reside within distinct yet overlapping active sites, with specific amino acid residues required for each. Several inhibitors including Bestatin (11) and Tosedostat (12) have advanced to the clinics as well as Acebilustat (21) which is in phase 2 studies for treatment of cystic fibrosis (Bhatt et al., 2017). Clinical trial results to date have been disappointing which has led to the postulate that the inhibiting Pro-Gly-Pro degradation was countering the desired therapeutic effects. In response, the concept of biased inhibitors that spare the aminopeptidase activity has emerged including allosteric ligands (22) that activate Pro-Gly-Pro hydrolysis only (Lee K. H. et al., 2019) or those that block LTA4 hydrolysis and activate Pro-Gly-Pro hydrolysis.

By analogy, Liddle et al. recently described an allosteric ligand for ERAP1 (23) that activates hydrolysis of small substrates (such as Leu-AMC) while inhibiting cleavage of longer substrates by competing with the extended peptide binding site such as the antigen precursor, YTAFTIPSI. It is postulated to achieve this by stabilizing the dynamics of active site residues and/or facilitating conformational change to a partially closed, more active conformation (Liddle et al., 2020).

The actual benefit of these concepts remains controversial, especially in the case of the Pro-Gly-Pro-sparing LTA4H inhibitors (Numao et al., 2017), but the dual activity raises interesting questions for IRAP research. Firstly, have the full gamut of substrates for IRAP been examined? The physiologically relevant peptide substrates are still not confirmed for IRAP and it may also be that there are small peptides or other non-peptide substrates (e.g., lipids) that can be processed by this hydrolytic enzyme. Secondly, what signals might be associated with IRAP cleavage of peptide substrates? It could be the down-regulation of a bioactive substrate (such as vasopressin) or maybe the effects derive from the generation of a bioactive product.



Conclusions

IRAP is emerging as a therapeutic target against a host of disease states. As well as long identified connection to indications such as cognition disorders due to the effects of AngIV, extended studies of gene deletion or modification are showing potential applications in stroke, thrombosis, and obesity-related disorders. The localization of IRAP in various tissues and cell types will also present other hypotheses proposing IRAP inhibitors as drug targets such as in immunotherapy and/or combatting autoimmunity.

As a member of the M1 aminopeptidase family, IRAP shares many structural and functional similarities with other family members that have been the subject of parallel drug discovery efforts. Much can be learned from these analogous drug discovery efforts that might be applied to IRAP inhibitor development and guide future drug discovery efforts. We have highlighted some of these efforts with in the M1 aminopeptidase family and outlined some of the success stories, insights, and interesting observations from these campaigns. We have also highlighted particular chemical scaffolds, which we feel may be adapted to serve IRAP focused drug discovery efforts. Hopefully, this information can foster progress in the development of candidate drugs that realize the therapeutic potential of IRAP inhibition.



Author Contributions

NB and PT contributed equally to the research and authorship of the manuscript.



References

 Albiston, A. L., McDowall, S. G., Matsacos, D., Sim, P., Clune, E., Mustafa, T., et al. (2001). Evidence that the angiotensin IV (AT(4)) receptor is the enzyme insulin-regulated aminopeptidase. J. Biol. Chem. 276, 48623–48626. doi: 10.1074/jbc.C100512200

 Albiston, A. L., Morton, C. J., Ng, H. L., Pham, V., Yeatman, H. R., Ye, S., et al. (2008). Identification and characterization of a new cognitive enhancer based on inhibition of insulin-regulated aminopeptidase. FASEB J. 22, 4209–4217. doi: 10.1096/fj.08-112227

 Amin, S. A., Adhikari, N., and Jha, T. (2018). Design of Aminopeptidase N Inhibitors as Anti-cancer Agents. J. Med. Chem. 61, 6468–6490. doi: 10.1021/acs.jmedchem.7b00782

 Andersson, H., Demaegdt, H., Vauquelin, G., Lindeberg, G., Karlen, A., Hallberg, M., et al. (2010). Disulfide cyclized tripeptide analogues of angiotensin IV as potent and selective inhibitors of insulin-regulated aminopeptidase (IRAP). J. Med. Chem. 53, 8059–8071. doi: 10.1021/jm100793t

 Andersson, H., Demaegdt, H., Johnsson, A., Vauquelin, G., Lindeberg, G., Hallberg, M., et al. (2011). Potent macrocyclic inhibitors of insulin-regulated aminopeptidase (IRAP) by olefin ring-closing metathesis. J. Med. Chem. 54, 3779–3792. doi: 10.1021/jm200036n

 Barlow, N., Vanga, S. R., Sävmarker, J., Sandström, A., Burns, P., Hallberg, A., et al. (2020). Macrocyclic peptidomimetics as inhibitors of insulin-regulated aminopeptidase (IRAP). RSC Med. Chem. 11, 234–244. doi: 10.1039/C9MD00485H

 Berankova, Z., and Sorm, F. (1961). Enzymic Inactivation of Oxytocin .3. Desthiooxytocin and S,S’-Dibenzyldihydrooxytocin as Oxytocinase Inhibitors and Substrates. Collect Czech Chem. C. 26, 2557–2561. doi: 10.1135/cccc19612557

 Berankova, Z., Rychlik, I., and Sorm, F. (1960). Enzymic Inactivation of Oxytocin .1. Selective Inhibitors of Oxytocin Inactivation. Collect Czech Chem. C. 25, 2575–2580. doi: 10.1135/cccc19602575

 Bhatt, L., Roinestad, K., Van, T., and Springman, E. B. (2017). Recent advances in clinical development of leukotriene B4 pathway drugs. Semin. Immunol. 33, 65–73. doi: 10.1016/j.smim.2017.08.007

 Braszko, J. J., Kupryszewski, G., Witczuk, B., and Wisniewski, K. (1988). Angiotensin II-(3-8)-hexapeptide affects motor activity, performance of passive avoidance and a conditioned avoidance response in rats. Neuroscience 27, 777–783. doi: 10.1016/0306-4522(88)90182-0

 Bryant, N. J., Govers, R., and James, D. E. (2002). Regulated transport of the glucose transporter GLUT4. Nat. Rev. Mol. Cell Biol. 3, 267–277. doi: 10.1038/nrm782

 Cadel, S., Darmon, C., Pernier, J., Herve, G., and Foulon, T. (2015). The M1 family of vertebrate aminopeptidases: role of evolutionarily conserved tyrosines in the enzymatic mechanism of aminopeptidase B. Biochimie 109, 67–77. doi: 10.1016/j.biochi.2014.12.009

 Chauvel, E. N., Coric, P., Llorens-Cortes, C., Wilk, S., Roques, B. P., and Fournie-Zaluski, M. C. (1994a). Investigation of the active site of aminopeptidase A using a series of new thiol-containing inhibitors. J. Med. Chem. 37, 1339–1346. doi: 10.1021/jm00035a014

 Chauvel, E. N., Llorens-Cortes, C., Coric, P., Wilk, S., Roques, B. P., and Fournie-Zaluski, M. C. (1994b). Differential inhibition of aminopeptidase A and aminopeptidase N by new beta-amino thiols. J. Med. Chem. 37, 2950–2957. doi: 10.1021/jm00044a016

 Drinkwater, N., Lee, J., Yang, W., Malcolm, T. R., and McGowan, S. (2017). M1 aminopeptidases as drug targets: broad applications or therapeutic niche? FEBS J. 284, 1473–1488. doi: 10.1111/febs.14009

 Engen, K., Rosenstrom, U., Axelsson, H., Konda, V., Dahllund, L., Otrocka, M., et al. (2016). Identification of Drug-Like Inhibitors of Insulin-Regulated Aminopeptidase Through Small-Molecule Screening. Assay Drug Dev. Technol. 14, 180–193. doi: 10.1089/adt.2016.708

 Ferdinand, K. C., Balavoine, F., Besse, B., Black, H. R., Desbrandes, S., Dittrich, H. C., et al. (2019). Efficacy and Safety of Firibastat, A First-in-Class Brain Aminopeptidase A Inhibitor, in Hypertensive Overweight Patients of Multiple Ethnic Origins. Circulation 140, 138–146. doi: 10.1161/CIRCULATIONAHA.119.040070

 Fernando, R. N., Larm, J., Albiston, A. L., and Chai, S. Y. (2005). Distribution and cellular localization of insulin-regulated aminopeptidase in the rat central nervous system. J. Comp. Neurol. 487, 372–390. doi: 10.1002/cne.20585

 Fidalgo, S., Patel, M., Quadir, A., Sadiq, W., and Gard, P. R. (2019). Decreased behavioural and neurochemical effects of angiotensin IV following prenatal alcohol exposure in the mouse. Neuropeptides 77, 101931. doi: 10.1016/j.npep.2019.05.002

 Fournie-Zaluski, M. C., Coric, P., Turcaud, S., Bruetschy, L., Lucas, E., Noble, F., et al. (1992). Potent and systemically active aminopeptidase N inhibitors designed from active-site investigation. J. Med. Chem. 35, 1259–1266. doi: 10.1021/jm00085a013

 Gard, P. R. (2008). Cognitive-enhancing effects of angiotensin IV. BMC Neurosci. 9 (Suppl 2), S15. doi: 10.1186/1471-2202-9-S2-S15

 Gaspari, T., Lee, H. W., Fan, K., Salimova, E., Spizzo, I., Samuel, C., et al. (2018). A9871 Insulin regulated aminopeptidase (irap) inhibition completely reverses age-induced cardiac fibrosis and improves cardiac function. J. Hypertens. 36, e57. doi: 10.1097/01.hjh.0000548219.38141.63

 Giastas, P., Neu, M., Rowland, P., and Stratikos, E. (2019). High-Resolution Crystal Structure of Endoplasmic Reticulum Aminopeptidase 1 with Bound Phosphinic Transition-State Analogue Inhibitor. ACS Med. Chem. Lett. 10, 708–713. doi: 10.1021/acsmedchemlett.9b00002

 Golding, B. J., Overall, A. D., Brown, G., and Gard, P. R. (2010). Strain differences in the effects of angiotensin IV on mouse cognition. Eur. J. Pharmacol. 641, 154–159. doi: 10.1016/j.ejphar.2010.05.041

 Grembecka, J., Mucha, A., Cierpicki, T., and Kafarski, P. (2003). The most potent organophosphorus inhibitors of leucine aminopeptidase. Structure-based design, chemistry, and activity. J. Med. Chem. 46, 2641–2655. doi: 10.1021/jm030795v

 Grobelny, D., Goli, U. B., and Galardy, R. E. (1989). Binding energetics of phosphorus-containing inhibitors of thermolysin. Biochemistry 28, 4948–4951. doi: 10.1021/bi00438a006

 Haeggstrom, J. Z., Tholander, F., and Wetterholm, A. (2007). Structure and catalytic mechanisms of leukotriene A4 hydrolase. Prostaglandins Other Lipid Mediat. 83, 198–202. doi: 10.1016/j.prostaglandins.2007.01.006

 Herbst, J. J., Ross, S. A., Scott, H. M., Bobin, S. A., Morris, N. J., Lienhard, G. E., et al. (1997). Insulin stimulates cell surface aminopeptidase activity toward vasopressin in adipocytes. Am. J. Physiol. 272, E600–E606. doi: 10.1152/ajpendo.1997.272.4.E600

 Hermans, S. J., Ascher, D. B., Hancock, N. C., Holien, J. K., Michell, B. J., Chai, S. Y., et al. (2015). Crystal structure of human insulin-regulated aminopeptidase with specificity for cyclic peptides. Protein Sci. 24, 190–199. doi: 10.1002/pro.2604

 Hooper, K. C. (1959). The action of inhibitors on enzymes from human placentae. J. Physiol. 148, 283–290. doi: 10.1113/jphysiol.1959.sp006288

 Joshi, S., Chen, L., Winter, M. B., Lin, Y. L., Yang, Y., Shapovalova, M., et al. (2017). The Rational Design of Therapeutic Peptides for Aminopeptidase N using a Substrate-Based Approach. Sci. Rep. 7, 1424. doi: 10.1038/s41598-017-01542-5

 Keck, M., De Almeida, H., Compere, D., Inguimbert, N., Flahault, A., Balavoine, F., et al. (2019). NI956/QGC006, a Potent Orally Active, Brain-Penetrating Aminopeptidase A Inhibitor for Treating Hypertension. Hypertension 73, 1300–1307. doi: 10.1161/HYPERTENSIONAHA.118.12499

 Keller, S. R., Scott, H. M., Mastick, C. C., Aebersold, R., and Lienhard, G. E. (1995). Cloning and characterization of a novel insulin-regulated membrane aminopeptidase from Glut4 vesicles. J. Biol. Chem. 270, 23612–23618. doi: 10.1074/jbc.270.40.23612

 Keller, S. R., Davis, A. C., and Clairmont, K. B. (2002). Mice deficient in the insulin-regulated membrane aminopeptidase show substantial decreases in glucose transporter GLUT4 levels but maintain normal glucose homeostasis. J. Biol. Chem. 277, 17677–17686. doi: 10.1074/jbc.M202037200

 Kokkala, P., Mpakali, A., Mauvais, F. X., Papakyriakou, A., Daskalaki, I., Petropoulou, I., et al. (2016). Optimization and Structure-Activity Relationships of Phosphinic Pseudotripeptide Inhibitors of Aminopeptidases That Generate Antigenic Peptides. J. Med. Chem. 59, 9107–9123. doi: 10.1021/acs.jmedchem.6b01031

 Koumantou, D., Barnea, E., Martin-Esteban, A., Maben, Z., Papakyriakou, A., Mpakali, A., et al. (2019). Editing the immunopeptidome of melanoma cells using a potent inhibitor of endoplasmic reticulum aminopeptidase 1 (ERAP1). Cancer Immunol. Immunother. 68, 1245–1261. doi: 10.1007/s00262-019-02358-0

 Lee, J., Albiston, A. L., Allen, A. M., Mendelsohn, F. A., Ping, S. E., Barrett, G. L., et al. (2004). Effect of I.C.V. injection of AT4 receptor ligands, NLE1-angiotensin IV and LVV-hemorphin 7, on spatial learning in rats. Neuroscience 124, 341–349. doi: 10.1016/j.neuroscience.2003.12.006

 Lee, K. H., Petruncio, G., Shim, A., Burdick, M., Zhang, Z., Shim, Y. M., et al. (2019). Effect of Modifier Structure on the Activation of Leukotriene A4 Hydrolase Aminopeptidase Activity. J. Med. Chem. 62, 10605–10616. doi: 10.1021/acs.jmedchem.9b00663

 Lee, J., Vinh, N. B., Drinkwater, N., Yang, W., Kannan Sivaraman, K., Schembri, L. S., et al. (2019). Novel Human Aminopeptidase N Inhibitors: Discovery and Optimization of Subsite Binding Interactions. J. Med. Chem. 62, 7185–7209. doi: 10.1021/acs.jmedchem.9b00757

 Lew, R. A., Mustafa, T., Ye, S., McDowall, S. G., Chai, S. Y., and Albiston, A. L. (2003). Angiotensin AT4 ligands are potent, competitive inhibitors of insulin regulated aminopeptidase (IRAP). J. Neurochem. 86, 344–350. doi: 10.1046/j.1471-4159.2003.01852.x

 Liddle, J., Hutchinson, J. P., Kitchen, S., Rowland, P., Neu, M., Cecconie, T., et al. (2020). Targeting the Regulatory Site of ER Aminopeptidase 1 Leads to the Discovery of a Natural Product Modulator of Antigen Presentation. J. Med. Chem. 63, 3348–3358. doi: 10.1021/acs.jmedchem.9b02123

 Lukaszuk, A., Demaegdt, H., Szemenyei, E., Toth, G., Tymecka, D., Misicka, A., et al. (2008). Beta-homo-amino acid scan of angiotensin IV. J. Med. Chem. 51, 2291–2296. doi: 10.1021/jm701490g

 Matsumoto, H., Nagasaka, T., Hattori, A., Rogi, T., Tsuruoka, N., Mizutani, S., et al. (2001). Expression of placental leucine aminopeptidase/oxytocinase in neuronal cells and its action on neuronal peptides. Eur. J. Biochem. 268, 3259–3266. doi: 10.1046/j.1432-1327.2001.02221.x

 Mountford, S. J., Albiston, A. L., Charman, W. N., Ng, L., Holien, J. K., Parker, M. W., et al. (2014). Synthesis, structure-activity relationships and brain uptake of a novel series of benzopyran inhibitors of insulin-regulated aminopeptidase. J. Med. Chem. 57, 1368–1377. doi: 10.1021/jm401540f

 Mpakali, A., Saridakis, E., Harlos, K., Zhao, Y., Kokkala, P., Georgiadis, D., et al. (2017a). Ligand-Induced Conformational Change of Insulin-Regulated Aminopeptidase: Insights on Catalytic Mechanism and Active Site Plasticity. J. Med. Chem. 60, 2963–2972. doi: 10.1021/acs.jmedchem.6b01890

 Mpakali, A., Giastas, P., Deprez-Poulain, R., Papakyriakou, A., Koumantou, D., Gealageas, R., et al. (2017b). Crystal Structures of ERAP2 Complexed with Inhibitors Reveal Pharmacophore Requirements for Optimizing Inhibitor Potency. ACS Med. Chem. Lett. 8, 333–337. doi: 10.1021/acsmedchemlett.6b00505

 Mpakali, A., Saridakis, E., Giastas, P., Maben, Z., Stern, L. J., Larhed, M., et al. (2020). Structural Basis of Inhibition of Insulin-Regulated Aminopeptidase by a Macrocyclic Peptidic Inhibitor. ACS Med. Chem. Lett. 11, 1429–1434. doi: 10.1021/acsmedchemlett.0c00172

 Nikolaou, A., Van den Eynde, I., Tourwe, D., Vauquelin, G., Toth, G., Mallareddy, J. R., et al. (2013). [3H]IVDE77, a novel radioligand with high affinity and selectivity for the insulin-regulated aminopeptidase. Eur. J. Pharmacol. 702, 93–102. doi: 10.1016/j.ejphar.2013.01.026

 Niwa, M., Numaguchi, Y., Ishii, M., Kuwahata, T., Kondo, M., Shibata, R., et al. (2015). IRAP deficiency attenuates diet-induced obesity in mice through increased energy expenditure. Biochem. Biophys. Res. Commun. 457, 12–18. doi: 10.1016/j.bbrc.2014.12.071

 Nomura, S., Ito, T., Yamamoto, E., Sumigama, S., Iwase, A., Okada, M., et al. (2005). Gene regulation and physiological function of placental leucine aminopeptidase/oxytocinase during pregnancy. Biochim. Biophys. Acta 1751, 19–25. doi: 10.1016/j.bbapap.2005.04.006

 Numaguchi, Y., Ishii, M., Kubota, R., Morita, Y., Yamamoto, K., Matsushita, T., et al. (2009). Ablation of angiotensin IV receptor attenuates hypofibrinolysis via PAI-1 downregulation and reduces occlusive arterial thrombosis. Arterioscler. Thromb. Vasc. Biol. 29, 2102–2108. doi: 10.1161/ATVBAHA.109.195057

 Numao, S., Hasler, F., Laguerre, C., Srinivas, H., Wack, N., Jager, P., et al. (2017). Feasibility and physiological relevance of designing highly potent aminopeptidase-sparing leukotriene A4 hydrolase inhibitors. Sci. Rep. 7, 13591. doi: 10.1038/s41598-017-13490-1

 Pan, X., Meriin, A., Huang, G., and Kandror, K. V. (2019). Insulin-responsive amino peptidase follows the Glut4 pathway but is dispensable for the formation and translocation of insulin-responsive vesicles. Mol. Biol. Cell 30, 1536–1543. doi: 10.1091/mbc.E18-12-0792

 Papakyriakou, A., Zervoudi, E., Tsoukalidou, S., Mauvais, F. X., Sfyroera, G., Mastellos, D. C., et al. (2015). 3,4-diaminobenzoic acid derivatives as inhibitors of the oxytocinase subfamily of M1 aminopeptidases with immune-regulating properties. J. Med. Chem. 58, 1524–1543. doi: 10.1021/jm501867s

 Pederson, E. S., Krishnan, R., Harding, J. W., and Wright, J. W. (2001). A role for the angiotensin AT4 receptor subtype in overcoming scopolamine-induced spatial memory deficits. Regul. Pept. 102, 147–156. doi: 10.1016/S0167-0115(01)00312-3

 Peng, G., McEwen, A. G., Olieric, V., Schmitt, C., Albrecht, S., Cavarelli, J., et al. (2017). Insight into the remarkable affinity and selectivity of the aminobenzosuberone scaffold for the M1 aminopeptidases family based on structure analysis. Proteins 85, 1413–1421. doi: 10.1002/prot.25301

 Pham, V., Albiston, A. L., Downes, C. E., Wong, C. H., Diwakarla, S., Ng, L., et al. (2012). Insulin-regulated aminopeptidase deficiency provides protection against ischemic stroke in mice. J. Neurotr. 29, 1243–1248. doi: 10.1089/neu.2011.1824

 Rawlings, N. D., and Barrett, A. J. (2013). “Metallopeptidases and their clans,” in Handbook of Proteolytic Enzymes, vol. 1 . Eds.  N. D. Rawlings, and G. S. Salvesen (New York, NY, USA: Academic Press), 325–370.


 Rawlings, N. D., Waller, M., Barrett, A. J., and Bateman, A. (2014). MEROPS: the database of proteolytic enzymes, their substrates and inhibitors. Nucleic Acids Res. 42, D503–D509. doi: 10.1093/nar/gkt953

 Rogi, T., Tsujimoto, M., Nakazato, H., Mizutani, S., and Tomoda, Y. (1996). Human placental leucine aminopeptidase/oxytocinase. A new member of type II membrane-spanning zinc metallopeptidase family. J. Biol. Chem. 271, 56–61. doi: 10.1074/jbc.271.1.56

 Salomon, E., Schmitt, M., Marapaka, A. K., Stamogiannos, A., Revelant, G., Schmitt, C., et al. (2018). Aminobenzosuberone Scaffold as a Modular Chemical Tool for the Inhibition of Therapeutically Relevant M1 Aminopeptidases. Molecules 23, 2607. doi: 10.3390/molecules23102607

 Saveanu, L., and van Endert, P. (2012). The role of insulin-regulated aminopeptidase in MHC class I antigen presentation. Front. Immunol. 3, 57. doi: 10.3389/fimmu.2012.00057

 Saveanu, L., Carroll, O., Weimershaus, M., Guermonprez, P., Firat, E., Lindo, V., et al. (2009). IRAP identifies an endosomal compartment required for MHC class I cross-presentation. Science 325, 213–217. doi: 10.1126/science.1172845

 Schalk, C., d’Orchymont, H., Jauch, M. F., and Tarnus, C. (1994). 3-Amino-2-tetralone derivatives: novel potent and selective inhibitors of aminopeptidase-M (EC 3.4.11.2). Arch. Biochem. Biophys. 311, 42–46. doi: 10.1006/abbi.1994.1206

 Snelgrove, R. J., Jackson, P. L., Hardison, M. T., Noerager, B. D., Kinloch, A., Gaggar, A., et al. (2010). A critical role for LTA4H in limiting chronic pulmonary neutrophilic inflammation. Science 330, 90–94. doi: 10.1126/science.1190594

 Stratikos, E. (2014). Regulating adaptive immune responses using small molecule modulators of aminopeptidases that process antigenic peptides. Curr. Opin. Chem. Biol. 23, 1–7. doi: 10.1016/j.cbpa.2014.08.007

 Talma, M., Maslanka, M., and Mucha, A. (2019). Recent developments in the synthesis and applications of phosphinic peptide analogs. Bioorg. Med. Chem. Lett. 29, 1031–1042. doi: 10.1016/j.bmcl.2019.02.034

 Tsoukalidou, S., Kakou, M., Mavridis, I., Koumantou, D., Calderone, V., Fragai, M., et al. (2019). Exploration of zinc-binding groups for the design of inhibitors for the oxytocinase subfamily of M1 aminopeptidases. Bioorg. Med. Chem. 27, 115177. doi: 10.1016/j.bmc.2019.115177

 Tsujimoto, M., and Hattori, A. (2005). The oxytocinase subfamily of M1 aminopeptidases. Biochim. Biophys. Acta 1751, 9–18. doi: 10.1016/j.bbapap.2004.09.011

 Vanderheyden, P. M. (2009). From angiotensin IV binding site to AT4 receptor. Mol. Cell Endocrinol. 302, 159–166. doi: 10.1016/j.mce.2008.11.015

 Vanga, S. R., Savmarker, J., Ng, L., Larhed, M., Hallberg, M., Aqvist, J., et al. (2018). Structural Basis of Inhibition of Human Insulin-Regulated Aminopeptidase (IRAP) by Aryl Sulfonamides. ACS Omega 3, 4509–4521. doi: 10.1021/acsomega.8b00595

 Waters, S. B., D’Auria, M., Martin, S. S., Nguyen, C., Kozma, L. M., and Luskey, K. L. (1997). The amino terminus of insulin-responsive aminopeptidase causes Glut4 translocation in 3T3-L1 adipocytes. J. Biol. Chem. 272, 23323–23327. doi: 10.1074/jbc.272.37.23323

 Wong, A. H., Zhou, D., and Rini, J. M. (2012). The X-ray crystal structure of human aminopeptidase N reveals a novel dimer and the basis for peptide processing. J. Biol. Chem. 287, 36804–36813. doi: 10.1074/jbc.M112.398842

 Wright, J. W., Stubley, L., Pederson, E. S., Kramar, E. A., Hanesworth, J. M., and Harding, J. W. (1999). Contributions of the brain angiotensin IV-AT4 receptor subtype system to spatial learning. J. Neurosci. 19, 3952–3961. doi: 10.1523/JNEUROSCI.19-10-03952.1999

 Yang, Y., Liu, C., Lin, Y. L., and Li, F. (2013). Structural insights into central hypertension regulation by human aminopeptidase A. J. Biol. Chem. 288, 25638–25645. doi: 10.1074/jbc.M113.494955

 Yiotakis, A., Lecoq, A., Vassiliou, S., Raynal, I., Cuniasse, P., and Dive, V. (1994). Cyclic peptides with a phosphinic bond as potent inhibitors of a zinc bacterial collagenase. J. Med. Chem. 37, 2713–2720. doi: 10.1021/jm00043a011

 Zervoudi, E., Papakyriakou, A., Georgiadou, D., Evnouchidou, I., Gajda, A., Poreba, M., et al. (2011). Probing the S1 specificity pocket of the aminopeptidases that generate antigenic peptides. Biochem. J. 435, 411–420. doi: 10.1042/BJ20102049

 Zervoudi, E., Saridakis, E., Birtley, J. R., Seregin, S. S., Reeves, E., Kokkala, P., et al. (2013). Rationally designed inhibitor targeting antigen-trimming aminopeptidases enhances antigen presentation and cytotoxic T-cell responses. Proc. Natl. Acad. Sci. U. S. A. 110, 19890–19895. doi: 10.1073/pnas.1309781110

 Zini, S., Fournie-Zaluski, M. C., Chauvel, E., Roques, B. P., Corvol, P., and Llorens-Cortes, C. (1996). Identification of metabolic pathways of brain angiotensin II and III using specific aminopeptidase inhibitors: predominant role of angiotensin III in the control of vasopressin release. Proc. Natl. Acad. Sci. U. S. A. 93, 11968–11973. doi: 10.1073/pnas.93.21.11968



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Barlow and Thompson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar.2020.585930_cover.jpg
, frontiers
in Pharmacology

IRAP Inhibitors: M1-Aminopeptidase
Family Inspiration





OEBPS/Images/fphar-11-585930-g001.jpg
w8 \i 9 A e,
as Fd et SE=TE
" v nf\n%t’?u &
P






OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/fphar-11-585930-g002.jpg
L H
9,06002 10,0G013 1 bestain
i3
- Q 10
L
L

k- A

son
N g
-
Nt ”’"\/\s‘S\/\um i
ki

19,6033

ano,me 18, fivastat

o
& )
S e oL
vy
som
5 2

20, Nisse/aGCa0s






OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        IRAP Inhibitors: M1-Aminopeptidase Family Inspiration

      

        		

          Introduction

        



        		

          A Quick Snapshot of IRAP Inhibitor Development

        



        		

          Inspirational Inhibitors Within the M1 Aminopeptidase Family

        



        		

          Isoform Hopping—Endoplasmic Reticulum Aminopeptidase 1

        



        		

          Success Is Hard to Achieve—Aminopeptidase N

        



        		

          Designing for Selectivity and In Vivo Activity—Aminopeptidase A

        



        		

          Non-Canonical Binding Site ligands—Leukotriene A4 Hydrolase

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
M1 Aminopeptidases Abbreviation ~ §1 substrates

nsuin Reguiated Amincpepidase "p
Aminopeptidase N N
Aminopepiidase A oA
Leukotiens A, Hydeolase L
Thyrotopin rdeasing hormone:degrading ectoenzyme  TRHDE
Puromycin sensiive amnopepidase Psa
pegiyt amincpepicase N =
Endopiasmic etcuken aminopepicase 1 APt
Endopiasmic retcuken aminopepicass 2 ERap2
Argiyt aminapepicase ike 1 ANPLT
Aminopeptidase Q aPQ.
pminopeptidase O AP0

CLKRM
AFY.LP
€D
ARL
oGy
ALK
RK
LMCF
RKM
ALSLM
LRKM
AN

Pupications n Pubied 1t contan 15 1 aminopaptdeses nama i 15 L, absact o tox.

char Bsviaiss oF nistel SBcRitE dlaciieec v Bty atd ek FOB

Publications”

170
1700
515

100
m
128
3t

1

Xeray structures”

5B (Vpaka et a, 2017a), 4PJB (Hormans t ., 2015)
4PYS (Wong ot . 2012), BV Joshi e a, 2017)
4B (Yang ot 3, 201)

BENB (Numao et ., 2017), 605H (Lee K. H. et ., 2019)

6T6R (e ot . 2020), GRYF (iastas et ., 2019)
SKIV (Mpakal et ., 20170)





