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Abstract

Glutamyl aminopeptidase (ENPEP) is a member of the M1 family of endopeptidases which are
mammalian type Il integral membrane zinc-containing endopeptidases. ENPEP is involved in the
catabolic pathway of the renin-angiotensin system forming angiotensin 111, which participates in
blood pressure regulation and blood vessel formation. Comparative ENPEP amino acid sequences
and structures and ENPEP gene locations were examined using data from several mammalian
genome projects. Mammalian ENPEP sequences shared 71-98% identities. Five N-glycosylation
sites were conserved for all mammalian ENPEP proteins examined although 9-18 sites were
observed, in each case. Sequence alignments, key amino acid residues and predicted secondary
and tertiary structures were also studied, including transmembrane and cytoplasmic sequences and
active site residues. Highest levels of human ENPEP expression were observed in the terminal
ileum of the small intestine and in the kidney cortex. Mammalian ENPEP genes contained 20
coding exons. The human ENPEP gene promoter and first coding exon contained a CpG island
(CpG27) and at least 6 transcription factor binding sites, whereas the 3’-UTR region contained 7
miRNA target sites, which may contribute to the regulation of ENPEP gene expression in tissues
of the body. Phylogenetic analyses examined the relationships of mammalian ENPEP genes and
proteins, including primate, other eutherian, marsupial and monotreme sources, using chicken
ENPEP as a primordial sequence for comparative purposes.
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Alignment Tool; NCBI: National Center for Biotechnology Information; SWISS-MODEL:
Automated Protein Structure Homology-modeling Server

Introduction

Glutamyl aminopeptidase (ENPEP; EC 3.4.11.7; aminopeptidase A [AMPE or APA];
differentiation antigen gp160; or CD249 antigen) is one of at least 12 members of the M1
family of endopeptidases which are zinc-containing single-pass type Il transmembrane
enzymes [1-6]. ENPEP is involved in the catabolic pathway of the Renin-angiotensin
System (RAS) forming angiotensin I11, which participates in blood pressure regulation and
blood vessel formation, and may contribute to risk of atrial fibrillation, angiogenesis,
hypertension and tumorigenesis [7-14].

The gene encoding ENPEP (ENPEP in humans and most mammals; Enpep in rodents) is
expressed at high levels in the epithelial cells of the kidney glomerulus and proximal tubule
cells. ENPEP participates in the renin-angiotensin system, by way of the conversion of the
biologically active Ang Il (angiotensin I1) to angiotensin 111 (Ang I11), as a result of the
hydrolysis of the N-terminal aspartate (or glutamate) thereby removing biological activity of
the Ang peptides [15,16]. In studies of blood pressure control in hypertensive rats, ENPEP is
expressed in brain nuclei where ENPEP activity generates angiotensin |11, one of the major
effector peptides of the brain renin angiotensin system, causing a stimulatory effect on
systemic blood pressure [7,17]. Genome wide association studies have examined blood
pressure variation and atrial fibrillation risk in human populations and identified an
association with ENPEP variants [9,12,13,18]. In addition, studies of Enpep/Enpep
knockout mice have shown that ischemia-induced angiogenesis is impaired in these mice, as
a result of decreased growth factor secretion and capillary vessel formation [8]. Other
studies involved in treating hypertension in animal models using inhibitors to block ENPEP
activity have also supported a direct link between ENPEP and arterial hypertension in the
body [19].

Biochemical and predictive structural studies of mammalian ENPEP proteins have shown
that it comprises three major domains (human ENPEP numbers quoted): An N-terminus
cytoplasmic sequence (residues 1-18); a transmembrane helical sequence (residues 19-39),
the signal anchor for the type Il membrane protein; and an extracellular domain (residues
40-957) [1,3]. A three-dimensional protein structure has been reported for the extracellular
zinc-containing endopeptidase ENPEP domain and its complexes with different ligands,
which identified a calcium-binding site in the S1 pocket of ENPEP [11]. In addition,
inhibitor docking studies have identified specific amino acid residues (Asp213, Asp218 and
Glu215) involved in enzyme catalysis and Thr348, in performing a key role in determining
substrate and inhibitor specificity for this enzyme [20].

This paper reports the predicted gene structures and amino acid sequences for several
mammalian ENPEP genes and proteins, the predicted structures for mammalian ENPEP
proteins, a number of potential sites for regulating human ENPEP gene expression and the
structural, phylogenetic and evolutionary relationships of these mammalian ENPEP genes
and proteins.
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Methods

Mammalian ENPEP gene and protein identification

BLAST studies were undertaken using web tools from NCBI (http://www.ncbi.nlm.nih.gov/)
[21,22]. Protein BLAST analyses used mammalian ENPEP amino acid sequences previously
described (Table 1) [1,3,6]. Non-redundant protein and nucleotide sequence databases for
several mammalian genomes were examined, including human (Homo sapiens), chimpanzee
(Pan troglodytes), gorilla (Gorilla gorilla), orang-utan (Pongo abelii), colobus (Colobus
angolensis), mangabey (Cercocebus atys), rhesus (Macaca mulatta), baboon (Papio anubis),
snub-nosed monkey (Rhinopithecus roxellana), squirrel monkey (Saimiri boliviensis),
marmaoset (Callithrix jacchus), mouse lemur (Microbus murinus), cow (Bos taurus), sheep
(Ovis aries), water buffalo (Bubalus bubalis), bison (Bison bison), goat (Capra hircus), chiru
(Pantholops hodgsonii), camel (Camelus ferus), alpaca (Vicugna pacos), mouse (Mus
musculus), rat (Rattus norvegicus), guinea pig (Cavia porcellus), horse (Equus caballus), pig
(Sus scrofd), rabbit (Oryctolagus cuniculus), dog (Canis familiaris), cat (Felis catus), dolphin
(Tursiops truncatus), Killer whale (Orcinus orca) and opossum (Monodelphis domestica).
This procedure produced multiple BLAST ‘hits’ for each of the protein and nucleotide
databases which were individually examined and retained in FASTA format.

BLAT analyses were subsequently undertaken for each of the predicted ENPEP amino acid
sequences using the UC Santa Cruz (UCSC) Genome Browser with the default settings to
obtain the predicted locations for each of the mammalian M1 peptidase genes, including
predicted exon boundary locations and gene sizes (Table 1) [23]. Structures for human
isoforms (splicing variants) were obtained using the AceView website to examine predicted
gene and protein structures [24]. points; the number of coding exons are listed.

Predicted structures and properties of mammalian ENPEP M1 endopeptidases

Predicted secondary and tertiary structures for mammalian ENPEP M1 endopeptidase
proteins were obtained using the SWISS-MODEL web-server (http://
swissmodel.expasy.org/) [25] using the reported tertiary structure for human ENPEP [11]
(PDB:4kx7A) with a modelling residue range of 76-954. Molecular weights, N-
glycosylation sites, and predicted transmembrane, cytosolic and lumenal sequences for
mammalian ENPEP M1 endopeptidase proteins were obtained using Expasy web tools
[26,27] (http://au.expasy.org/tools/pi_tool.html). of conserved domains for ENPEP was
conducted using NCBI web tools [28].

Comparative human tissue (ENPEP) gene expression

RNA-seq gene expression across 53 selected tissues (or tissue segments) that were examined
from the public database for human ENPEP, based on expression levels for 175 individuals
[16] (Data Source: GTEx Analysis Release V6p (dbGaP Accession phs000424.v6.p1)
(http://www.gtex.org).

Phylogeny studies and sequence alignments

Alignments of mammalian ENPEP peptidase sequences were undertaken using Clustal
Omega, a multiple sequence alignment program (Table 1) [29], Percentage identities were
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derived from the results of these alignments (Table 2). Phylogenetic analyses used several
bioinformatic programs, coordinated using the http://www.phylogeny.fr/biocinformatic portal,
to enable alignment (MUSCLE), curation (Gblocks), phylogeny (PhyML) and tree rendering
(TreeDyn), to reconstruct phylogenetic relationships [30]. Sequences were identified as
mammalian ENPF.P M1 endopeptidase proteins (Table 1).

Results

Alignments of mammalian ENPEP amino acid sequences

The deduced amino acid sequences for baboon (Papio anubis), mouse (Mus musculus),
opossum (Monodelphis domestica) and chicken (Gallus gallus) ENPEP are shown in Figure
1 together with a previously reported sequence for human ENPEP [1,19] (Table 1).

Alignments of human and other mammalian ENPEP sequences examined were between
71-98% identical, suggesting that these are members of the same family of genes. The
amino acid sequences for mammalian ENPEP proteins contained between 942 (pig) and 962
(Mouse lemur) amino acids, with human and most other primate ENPEP sequences
containing 957 amino acids (Figures 1 and 2; Table 1).

Previous studies have reported several key regions and residues for human and mouse
ENPEP proteins (human ENPEP amino acid residues were identified in each case). These
included an N-terminus cytoplasmic tail (1-18) followed by a hydrophobic transmembrane
21-residue segment (19-39). A comparison of 13 primate and 19 other mammalian ENPEP
sequences for these N-terminal regions revealed a high degree of conservation, particularly
for residues (human ENPEP numbers used) Cys13-lle14, His18-Val19-Ala20, Cys23, Val26,
Gly30-Leu3l, Val33-Gly34-Leu35 and Gly38-Leu39-Thr40-Arg4l, which were invariant
among all mammalian ENPEP sequences examined (Figures 1 and 2). The biochemical roles
for these conserved regions include forming an N-terminal cytoplasmic tail sequence (1-19)
and establishing a hydrophobic transmembrane 21-residue segment (19-39) which may
anchor the enzyme to the plasma membrane [1,3,19].

Residues 41-957 of the human ENPEP sequence were identified using bioinformatics as
containing two domains, including the N-terminal GluZincin Peptidase M1 (aminopeptidase
N) domain (residues 100-545); and the ERAP1-like C-terminal domain (residues 617-931)
[28]. The former domain includes the substrate binding site (223Glu); the Zinc binding site
(1 Zinc ion per subunit) (393His, 397His, 416Glu); the proton acceptor (394Glu); and the
transition state stabilizer (497Tyr) (Figure 1). The C-terminal region is predicted to be
localized in the extracellular region. Five N-glycosylation sites were consistently found for
all of mammalian ENPEP sequences examined, namely Asn124-Leul25-Ser126 (site 3 for
mammalian sequences); Asn197-Gly198-Ser199 (site 4), Asn678-Leu679-Thr680 (site 21),
Asn763-Ala764-Ser765 (site 23) and Asn801-Tyr802-Thr803 (site 27) (Figure 1 and Table
2). Other N-glycosylation sites were frequently observed for other mammalian ENPEP
sequences, including Asn324-11e325-Thr326 (site 7), Asn340-Tyr341-Ser342 (site 8),
Asnb54-11e555-Thr556 (site 11), Asn567-Pro568-Ser569 (site 13), Asn589-11e590-Thr591
(site 14), Asn597-Arg598-Ser599 (site 15), Asn607-Ser608-Ser609 (sitel6), Asn610-
Pro611-Ser612 (site 17) and Asn828-Val829-Thr830 (site 28). One site was found among
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some primate ENPEP sequences, namely Asn773-Gly774-Thr775 (site 25), whereas a
neighboring site (Asn796-Glu797-Thr798: site 26) was restricted to some lower primate and
other mammalian ENPEP sequences (Table 2). The total number of mammalian ENPEP N-
glycosylation sites differed with the species examined, from a low of 9 sites for mouse
ENPEP to 18 sites for squirrel monkey and marmoset ENPEP sequences. The specific roles
for ENPEP N-glycosylation sites and specific oligosaccharide residues attached to the
Asparagine residues have not been determined, however given the level of conservation
among different mammalian sequences examined, these are likely to play key roles in
determining the physiological roles and microlocations for this enzyme in different tissues of
the body.

Predicted secondary and tertiary structures for mammalian ENPEP

Predicted secondary structures for mammalian ENPEP sequences were examined,
particularly for the extracellular sequences (Figure 1) using the known structure reported for
human ENPEP [11] (PDB: 4kx7A), with 35 a-helices and 28 p-sheet structures being
observed. Of particular interest were a-helices 8, 9 and 14 which contained the active site
residues for human ENPEP. A diagram showing the tertiary structure for human ENPEP is
shown in Figure 3 which demonstrates the distinct secondary structures for the N- and C-
termini regions for the protein, with B-sheet structures predominating in the N-terminus
region and with a-helices being the predominant structures for the C-terminus. These two
major domains for human ENPEP, previously mentioned, were readily apparent, that enclose
a large cavity previously shown to contain the enzyme’s active site [11]. The N-terminal
domain (residues 100-545) contains the active site residues and has been recognized as a
member of the peptidase M1 aminopeptidase N family, whereas the C-terminal domain
(residues 617-931, recognized as an ERAP1-like domain) [31] is composed of 16 alpha
helices, organized as 8 HEAT-like repeats (2 alpha helices joined by a short loop) [32],
which forms a concave face facing towards the peptidase active site. This C-terminal ENPEP
domain has also been shown to function as an intramolecular chaperone contributing to the
correct folding, cell surface expression and activity of this enzyme [33].

Comparative human ENPEP tissue expression

Figure 4 shows RNA-seq gene expression profiles across 53 selected tissues (or tissue
segments) were examined from the public database for human ENPEP, based on expression
levels for 175 individuals [16] (Data Source: GTEx Analysis Release VV6p (dbGaP
Accession phs000424.v6.pl) (http://www.gtex.org). These data supported highest levels of
gene expression for human ENPEP in the small intestine-terminal ileum and the kidney
cortex, which is consistent with the enzyme’s role in digestive tract and renal sodium (Na+)
reabsorption and the renin-angiotensin system [18,34]. Lower levels were also observed in
the uterus, spleen, breast, visceral adipose tissue and coronary artery, whereas brain ENPEP
levels were very low according to this method, even though ENPEP has been shown to
contribute to the renin angiotensin system in brain nuclei [7].

Gene locations, exonic structures and regulatory sequences for mammalian ENPEP genes

Table 1 summarizes the predicted locations and exonic structures for mammalian ENPEP
genes based upon BLAT interrogations of several mammalian and chicken genomes using
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the reported sequences for human and mouse ENPEP [1,8,35] and the predicted sequences
for other ENPEP enzymes and the UCSC genome browser [23]. The predicted mammalian
ENPEP genes were transcribed on both the negative strand (lower primates and most non-
primate genomes) and the positive strand (higher primates, dog and opossum genomes).
Figure 1 summarizes the predicted exonic start sites for human, baboon, mouse, opossum
and chicken ENPEP genes with each having 20 coding exons, in identical or similar
positions to those predicted for the human ENPEP gene. Exon 1 encodes the largest segment
for each of these genes, including the cytoplasmic N-terminus and signal anchor sequences
and the first 10 p-sheet structures and four of the N-glycosylation sites for mammalian
ENPEP.

Figure 5 shows the predicted structure for the major human ENPEP transcript together with
CpG27 and several Transcription Factor Binding Sites (TFBS), which are located at the 5
end of the gene, consistent with potential roles in regulating the transcription of this gene
and forming part of the ENPEP gene promoter. The human ENPEP transcript was 4,991 bps
in length with an extended 3’ -untranslated region (UTR) containing 7 microRNA target
sites. The human ENPEP genome sequence also contained several predicted TFBS and a
large CpG island (CpG27) located in the 5’ -untranslated promoter region of human ENPEP
on chromosome 4. CpG27 contained 412 bps with a C plus G count of 264 bps, a C or G
content of 64% and showed a ratio of observed to expect CpG of 0.64. It is likely therefore
that the CpG27 Island plays a key role in regulating this gene and may contribute to the very
high level of gene expression observed in the small intestine-terminal ileum and the kidney
cortex [36]. At least 6 TFBS sites were colocated with CpG27 in the human ENPEP
promoter region which may contribute to the high expression of this gene in human kidney
and intestine.

Of special interest among these identified ENPEP TFBS were the following: The chicken
ovalbumin upstream promoter transcription factor 11 (COUP), which has been implicated in
renin gene expression, a key member of the renin-angiotensin system [37] which is highly
expressed in kidney cells [38,39] the ecotropic viral integration site (EVI1) is also highly
expressed in the developing kidney distal tubule and duct in Xernopus and plays a key role in
its formation [40,41] and nuclear protein c-Myc, which plays an important role in intestinal
epithelial cell proliferation [11].

It appears that the ENPEP gene promoter contains gene regulatory sequences and a large
CpG island (CpG27) which may contribute to the high levels of expression observed in
intestine and kidney cells. Among the microRNA binding sites observed, miR-125b has
been shown to act as a tumor suppressor in breast tumorigenesis by directly targeting the
ENPEP gene [10].

Phylogeny and divergence of mammalian ENPEP M1 peptidase sequences

A phylogenetic tree (Figure 6) was calculated by the progressive alignment of 19 ENPEP
mammalian M1 peptidase amino acid sequences with the chicken (Gallus gallus) ENPEP
sequence, which was used to ‘root’ the tree (Table 1). The phylogram showed clustering of
the ENPEP sequences into groups which were consistent with their evolutionary relatedness
and showing distinct groups for primate, other eutherian (mouse/rat, cow/pig and dog/cat),
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marsupial (opossum) and monotreme (platypus) ENPEP sequences, which were distinct
from, and progressively related to each other. It is apparent that the ENPEP gene existed as a
distinct mammalian gene family which has evolved from a more primitive vertebrate ENPEP
gene and has been retained throughout monotreme, marsupial and eutherian mammalian
evolution.

Discussion

ENPEP is expressed at high levels in the epithelial cells of the kidney glomerulus and
proximal tubule cells where the enzyme participates in the renin-angiotensin system: Renin
cleaves substrate angiotensinogen forming the decapeptide angiotensin I (Ang ) [42].

1 Ang | is cleaved by Angiotensin-Converting Enzyme (ACE) to produce the
biologically active angiotensin Il (Ang 1) [43].

2. Ang Il activates its receptor (AT1) that mediates key physiological functions in
the kidney (systemic regulation) and brain (central regulation), including
vasoconstriction, renal sodium (Na+) reabsorption and aldosterone secretion,
increasing blood pressure and contributing to hypertension [44,45].

3. Ang Il is converted to angiotensin 111 (Ang I11) by ENPEP facilitating the
hydrolysis of the N-terminal aspartate (or glutamate) thereby removing
biological activity of the Ang peptides [15,16].

The results of the present study indicated that mammalian ENPEP genes and encoded
proteins represent a distinct gene and protein family of M1 peptidase proteins which share
key conserved sequences that have been reported for other M1 peptidases previously studied
[6,46,47]. Human ENPEP contains the following sites: a cytoplasmic N-terminus region
(1-18); a hydrophobic transmembrane 21-residue segment (19-39), a helical signal anchor
for type Il membrane protein; and an extracellular protein region (residues 100-545)
containing the Zinc binding endopeptidase active site (the substrate binding site (223Glu);
the Zinc binding site (1 Zinc ion per subunit) (393His, 397His, 416Glu); the proton acceptor
(394Glu); and the transition state stabilizer (497Tyr); and the ERAP1-like C-terminal
domain (residues 617-931) (Figure 1) [28], which contain a large number of N-glycosylation
sites, several of which are conserved throughout mammalian evolution. ENPEP plays a role
in the catabolic pathway of the renin-angiotensin system and is a major contributor to the
development of clinical arterial hypertension in the body [13,15,18,19,42,45].

Conclusion

ENPEP is encoded by a single gene among the mammalian genomes studied and is highly
expressed in human small intestine-terminal ileum and kidney cortex cells, and usually
contained 20 coding exons on the negative (lower primate and other mammalian) or positive
(higher primate) strands, depending on the mammalian genome. The human ENPEP gene
contained a large CpG island within the promoter region, as well as several transcription
factor binding sites, which may contribute to the high level of gene expression in intestinal
and kidney tissues. Alignments of mammalian ENPEP sequences demonstrated the high
degree of conservation observed, particularly for those regions directing the catalytic
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functions and structural integrity for this enzyme, especially the extracellular sequences,
containing two domains, including the N-terminal GluZincin Peptidase M1 (aminopeptidase
N) domain (residues 100-545); and the ERAP1-like C-terminal domain (residues 617-931).
Phylogenetic studies using 19 ENPEP mammalian M1 endopeptidase sequences indicated
that the ENPEP gene existed as a distinct family which has apparently evolved from a more
primitive vertebrate ENPEP gene which has been retained throughout monotreme, marsupial
and eutherian mammalian evolution [48-53].

Acknowledgments

Research reported in this manuscript was supported by National Institutes of Health (NIH) RO1 HL118556. This
investigation was conducted in facilities constructed with support from ORIP through grant numbers C06 RR14578,
C06 RR15456, C06 RR013556, and C06 RR017515.

References

1. Li L, Wang J, Cooper MD. cDNA cloning and expression of human glutamyl aminopeptidase
(aminopeptidase A). Genomics. 1993; 17:657-664. [PubMed: 8244382]

2. Rawlings ND, Barrett AJ. Evolutionary families of peptidases. Biochem J. 1993; 290:205-218.
[PubMed: 8439290]

3. Tsujimoto M, Goto Y, Maruyama M, Hattori A. Biochemical and enzymatic properties of the M1
family of aminopeptidases involved in the regulation of blood pressure. Heart Fail Rev. 2008;
13:285-291. [PubMed: 17999179]

4. Luan'Y, Ma C, Wang Y, Fang H, Xu W. The characteristics, functions and inhibitors of three
aminopeptidases belonging to the M1 family. Curr Protein Pept Sci. 2012; 13:490-500. [PubMed:
22954453]

5. Maynard KB, Smith SA, Davis AC, Trivette A, Seipelt-Theimann RL. Evolutionary analysis of the
mammalian M1 aminopeptidases reveals conserved exon structure and gene death. Gene. 2014;
552:126-132. [PubMed: 25234734]

6. Cadel S, Darmon C, Pernier J, Hervé G, Foulon T. The M1 family of vertebrate aminopeptidases:
role of evolutionarily conserved tyrosines in the enzymatic mechanism of aminopeptidase B.
Biochimie. 2015; 109:67-77. [PubMed: 25530263]

7. de Mota N, Iturrioz X, Claperon C, Bodineau L, Fassot C, et al. Human brain aminopeptidase A:
biochemical properties and distribution in brain nuclei. J Neurochem. 2008; 106:416-28. [PubMed:
18410507]

8. Kubota R, Numaguchi Y, Ishii M, Niwa M, Okumura K, et al. Ischemia-induced angiogenesis is
impaired in aminopeptidase A deficient mice via down-regulation of HIF-1a.. Biochem Biophys Res
Commun. 2010; 402:396-401. [PubMed: 20946870]

9. Kato N, Takeuchi F, Tabara Y, Kelly TN, Go MJ, et al. Meta-analysis of genome-wide association
studies identifies common variants associated with blood pressure variation in east Asians. Nat
Genet. 2011; 43:531-538. [PubMed: 21572416]

10. Feliciano A, Castellvi J, Artero-Castro A, Leal JA, Romagosa C, et al. miR-125b acts as a tumor
suppressor in breast tumorigenesis via its novel direct targets ENPEP, CK2-a, CCNJ, and MEGF9.
PLo0S ONE. 2013; 8:76247. [PubMed: 24098452]

11. Yang Y, Liu C, Lin YL, Li F. Structural insights into central hypertension regulation by human
aminopeptidase A. J Biol Chem. 2013; 288:25638-25645. [PubMed: 23888046]

12. Aguirre LA, Alonso ME, Badia-Careaga C, Rollan I, Arias C, et al. Long-range regulatory
interactions at the 425 atrial fibrillation risk locus involve PITX2c and ENPEP. BMC Biol. 2015;
13:26. [PubMed: 25888893]

13. Surendran P, Drenos F, Young R, Warren H, Cook JP, et al. Trans-ancestry meta-analyses identify
rare and common variants associated with blood pressure and hypertension. Nat Genet. 2016;
48:1151-1161. [PubMed: 27618447]

J Data Mining Genomics Proteomics. Author manuscript; available in PMC 2018 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Page 9

Chuang HY, Jiang JK, Yang MH, Wang HW, Li MC, et al. Aminopeptidase A initiates
tumorigenesis and enhances tumor cell stemness via TWIST1 upregulation in colorectal cancer.
Oncotarget. 2017

Mizutani S, Ishii M, Hattori A, Nomura S, Numaguchi Y, et al. New insights into the importance of
aminopeptidase a in hypertension. Heart Fail Rev. 2008; 13:273-284. [PubMed: 17990103]

Chen'Y, Tang H, Seibel W, Papoian R, Oh K, et al. Identification and characterization of novel
inhibitors of mammalian aspartyl aminopeptidase. Mol Pharmacol. 2014; 86:231-242. [PubMed:
24913940]

Speth RC, Karamyan VT. The significance of brain aminopeptidases in the regulation of the
actions of angiotensin peptides in the brain. Heart Fail Rev. 2008; 13:299-309. [PubMed:
18188697]

Forman JP, Fisher ND, Pollak MR, Cox DG, Tonna S, et al. Renin-angiotensin system
polymorphisms and risk of hypertension: influence of environmental factors. J Clin Hypertens
(Greenwich). 2008; 10:459-466. [PubMed: 18550936]

Gao J, Marc Y, lturrioz X, Leroux V, Balavoine F, et al. A new strategy for treating hypertension by
blocking the activity of the brain renin-angiotensin system with aminopeptidase A inhibitors. Clin
Sci (Lond). 2014; 127:135-148. [PubMed: 24697296]

Claperon C, Banegas-Font I, Iturrioz X, Rozenfeld R, Maigret B, et al. Identification of threonine
348 as a residue involved in aminopeptidase A substrate specificity. J Biol Chem. 2009;
284:10618-10626. [PubMed: 19228697]

Altschul F, Vyas V, Cornfield A, Goodin S, Ravikumar TS, et al. Basic local alignment search tool.
J Mol Biol. 1990; 215:403-410. [PubMed: 2231712]

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, et al. BLAST+:architecture and
applications. BMC Bioinform. 2009; 10:421.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, et al. The human genome browser at
UCSC. Genome Res. 2002; 12:994-1006.

Thierry-Mieg D, Thierry-Mieg J. AceView: A comprehensive cDNA-supported gene and
transcripts annotation. Genome Biol. 2006; 7:1-14.

Schwede T, Kopp J, Guex N, Pietsch MC. SWISS-MODEL: An automated protein homology-
modelling server. Nucleic Acids Res. 2003; 31:3381-3385. [PubMed: 12824332]

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane protein topology
with a hidden Markov model: application to complete genomes. J Mol Biol. 2001; 305:567-580.

[PubMed: 11152613]

Gupta R, Brunak S. Prediction of glycosylation across the human proteome and the correlation to
protein function. Pac Symp Biocomput. 2002; 7:310-322.

Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, et al. CDD: a conserved domain
database for the functional annotation of proteins. Nucleic Acid Res. 2011; 39:D225-D229.
[PubMed: 21109532]

Sievers F, Higgins DG. Clustal omega. Curr Protoc Bioinformatics. 2014; 48:1-16. [PubMed:
25501939]

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, et al. Phylogeny.fr: robust phylogenetic
analysis for the non-specialist. Nucleic Acids Res. 2008; 36:W465-W469. [PubMed: 18424797]

Nguyen TT, Chang SC, Evnouchidou I, York IA, Zikos C, et al. Structural basis for antigenic
peptide precursor processing by the endoplasmic reticulum aminopeptidase ERAP1. Nat Struct
Mol Biol. 2011; 18:604-613. [PubMed: 21478864]

Groves MR, Hanlon N, Turowski P, Hemmings BA, Barford D. The structure of the protein
phosphatase 2A PR65/A subunit reveals the conformation of its 15 tandemly repeated HEAT
motifs. Cell. 1999; 96:99-110. [PubMed: 9989501]

Rozenfeld R, Muller L, El Messari S, Llorens-Cortes C. The C-terminal domain of aminopeptidase
A is an intramolecular chaperone required for the correct folding, cell surface expression, and
activity of this monozinc aminopeptidase. J Biol Chem. 2004; 279:43285-43295. [PubMed:
15263000]

J Data Mining Genomics Proteomics. Author manuscript; available in PMC 2018 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Holmes et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 10

Tonna S, Dandapani SV, Uscinski A, Appel GB, Schléndorff JS, et al. Functional genetic variation
in aminopeptidase A (ENPEP): lack of clear association with focal and segmental
glomerulosclerosis (FSGS). Gene. 2008; 410:44-52. [PubMed: 18206321]

Nanus DM, Engelstein D, Gastl GA, Gluck L, Vidal MJ, et al. Molecular cloning of the human
kidney differentiation antigen gp160: human aminopeptidase A. Proc Natl Acad Sci U S A. 1993;
90:7069-7073. [PubMed: 8346219]

Yin Y, Morgunova E, Jolma A, Kaasinen E, Sahu B, et al. Impact of cytosine methylation on DNA
binding specificities of human transcription factors. Science. 2017; 356:eaaj2239. [PubMed:
28473536]

Mayer S, Roeser M, Lachmann P, Ishii S, Suh JM, et al. Chicken ovalbumin upstream promoter
transcription factor 11 regulates renin gene expression. J Biol Chem. 2012; 287:24483-24491.
[PubMed: 22645148]

Rieder CV, Fliegel L. Transcriptional regulation of Na+/H+ exchanger expression in the intact
mouse. Mol Cell Biochem. 2003; 243:87-95. [PubMed: 12619893]

Ogawa D, Eguchi J, Wada J, Terami N, Hatanaka T, Tachibana H, et al. Nuclear hormone receptor
expression in mouse kidney and renal cell lines. PLoS ONE. 2014; 9:e85594. [PubMed:
24465611]

Morishita K, Parganas E, Parham DM, Matsugi T, Ihle JN. The Evi-1 zinc finger myeloid
transforming gene is normally expressed in the kidney and in developing oocytes. Oncogene.
1990; 5:1419-1423. [PubMed: 1699199]

Van Campenhout C, Nichane M, Antoniou A, Pendeville H, Bronchain OJ, et al. Evil is
specifically expressed in the distal tubule and duct of the Xenopus pronephros and plays a role in
its formation. Dev Biol. 2006; 294:203-212. [PubMed: 16574097]

Moore N, Dicker P, O’Brien JK, Stojanovic M, Conroy RM, Treumann A, et al. Renin gene
polymorphisms and haplotypes, blood pressure, and responses to renin-angiotensin system
inhibition. Hypertension. 2007; 50:340-347. [PubMed: 17562974]

Natesh R, Schwager SL, Sturrock ED, Acharya KR. Crystal structure of the human angiotensin-
converting enzyme-lisinopril complex. Nature. 2003; 421:551-554. [PubMed: 12540854]

Li XC, Zhuo JL. Recent updates on the proximal tubule renin-angiotensin system in angiotensin I1-
dependent hypertension. Curr Hypertens Rep. 2016; 18:63. [PubMed: 27372447]

Ramkumar N, Kohan DE. Role of the collecting duct renin angiotensin system in regulation of
blood pressure and renal function. Curr Hypertens Rep. 2016; 18:29. [PubMed: 26951246]

Dalal S, Ragheb DR, Schubot FD, Klemba M. A naturally variable residue in the S1 subsite of M1
family aminopeptidases modulates catalytic properties and promotes functional specialization. J
Biol Chem. 2013; 288:26004-26012. [PubMed: 23897806]

Agrawal N, Brown MA.. Genetic associations and functional characterization of M1
aminopeptidases and immune-mediated diseases. Genes Immun. 2014; 15:521-527. [PubMed:
25142031]

Amberger J, Bocchini CA, Scott AF, Hamosh A. McKusick’s Online Mendelian Inheritance in
Man (OMIM®). Nucleic Acids Res. 2009; 37:D793-D796. [PubMed: 18842627]

Edgar RC. MUSCLE: a multiple sequence alignments method with a reduced time and space
complexity. BMC Bioinformatics. 2004; 5:113. [PubMed: 15318951]

GTEx Consortium. Human genomics. The genotype-tissue expression (GTEX) pilot analysis:
multitissue gene regulation in humans. Science. 2015; 348:648-660. [PubMed: 25954001]
Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate large phylogenies by
maximum likelihood. Syst Biol. 2003; 52:696-704. [PubMed: 14530136]

McGuffin LJ, Bryson K, Jones DT. The PSIPRED protein structure prediction server.
Bioinformatics. 2000; 16:404—405. [PubMed: 10869041]

Tsujimoto M, Hattori A. The oxytocinase subfamily of M1 aminopeptidases. Biochim Biophys
Acta. 2005; 1751:9-18. [PubMed: 16054015]

J Data Mining Genomics Proteomics. Author manuscript; available in PMC 2018 June 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 11

exon 1 al p1 pz a2
—1vcmvcm'nscpsscnc—cpGTuusnLrssmsrscr?aononxcnsznnscoummpnywsmnnumusznnm 117 buman

MNFAEREGSKRYCIQTEHVAILCAVVVGVGLIVGLAMGLTRSCDSGGDGGPGTAPAPSHLPSSTASPSGPPAQDODICPASEDESGQWRNFRLFDFVNPVAYDLEVEPLLEEDTYTG 117 babooa

~=-MNFAEEEPSKEYCIKGKHVAIICGVVVAVGLIVCLSVOLTRSCEQDTTPAPSQPP ~~——== P--EASTALPPQDQNVCPDSEDESCEWENFRLPDFINPVHYDLEVEALMEEDRYTG 109 mouse
~==MNELEYETPKRYCIRKKHVAIICAVVVAVCLIVCGLSVGLTRECNTSEDSGOT-FIVPGETTPGTPGPSALPPPODSPCPASADESCOWTSFRLETY INPVHYDLEVEPLHEEDTYTCG 116 opossum
MEDMDF-EDKKSKEYCIKTKHTAI ICCVVVVVGLAVELGVGLEKPOOSPEYTDOR - -~ — = —m e DOPATSPPTVDAGPCPAKSDESCOWRNFRLEPTYVHPIHYDLEVKPEMETDIYTG 108 chicken

By kg wpwERg kE Ghph wEk bEd skw pEkgp g Bo % 3 . AR kkRkgE kEkE gpkwgErEe bk & hEd

pa B s i3 al B7 oxon 1 p8 i p10 A p11A B o

TVESISIN SAPTRYLWLHLRETRITR-LPELKRPSCDOVOVRRCFEYKKQEYVVVEAREELTPSEGDCLYLL PMEFACWLEGSLVCFYRTTYTENCOQVKSIVATDHEPTDARKSEFPCFDE 236 human
TVEIS I SAPTRYLWLHLRETRITR-LPELKRPECNQVOVRRCFEYRRQEYVVVEAREELTPSSCDELY LI TMEFACWLEGELVCFYRTTYTENCGOVEKS TAATDHEPTDARKEFPCFDE 236 baboon
IVvTIis SKPTRDLWLHIRETKITE-LPELRRPECEQVPIRRCFEYRKQEYVVIQAAEDLAATSCDSVYRLTMEF KCWLECSLVCFYKTTYMEDCQTIRETAATDHEPTDARKSFPCFDE 228 mouse
TV IHIgVTEPTKHLWLHLRETWI TP 2 PVLKKSSCEE I PLKKCFEYKKOEYVVIEAEEELPPTDCCETYHLTMNF OCWLECSLVCFYRTTYTENCITKE TAATDHEPTDARKTFPCFDE 236 opossum
T\rl:lSIRLGOP‘J‘SELH’LHLRETKITEvHPTLRKSSC’DQIJ\LTDCFSYMQKYIVEKRBVKLWTDESDPYILTLKFQGRL GESLVGFYRTTYTENGETKS IAATDHEPTDARKSFPCFDE 227 chicken

B.W g g % hWmkgeEd Rk, 8 Wy kEgpgp g MEREE EEkgaggh gk g, L, 8 Ekggh SkRAeEEeRERREe Sk ek deweBReawseAeRkek
exon 2 P12 p13 p14 exon 3 af p1s Bis B17 exon 4 obf B18 p19

PNEKATYTISITH TFEKSVPMSTYLVCPAVHOFDSVERISNSGKPLTIYVOPEQKHTAEY, ITKSVFDYFEEYFAM] IYSLEKI.!‘I‘I’DFG? 356 human
PNK_KR'I‘YTISI‘J‘HPKE:YEALSHHPVME:EEVDDKHTRTTFEKSVPHSTYLVCPIVHDFHSVKRISNSGKPLTIYVOPEQKHTREY ITESVFDYFEEYFAMBVSLPELDEIAIPDFGT 356 baboon
PNKESTYSISITHPEEY! TFVESVPMSTYLVCFAVHRFTAI PLEVYVQ EY, ITQAVFDYFEDYFAMEYALPELDEIAIPDFGT 348 mouse

PNKKRTYTISIWPFE‘J’S.\LSNHPVQIIHBDLDDKWRWFIKSVPHSTY‘LVCF‘AVROFD!V’SKFEDKCIPLRI\‘VQPLQKHTREY ITETVFDYFEKYFAMDYALPELDEIAIPDFGT 356 opossum
‘PNKKATYTISIIHQD'1“1'GRLSNHPVRE'.WSLGNGWNRTTFOFSVPMSTY‘LVCFAVHOPKWSRRSDSGIP‘&R\?Y&OPOQLHT&EYH ITETVFDFFEEYFNLSYSLPELDEIAIPDFGT 347 chicken

LT LT L L T R L L T T T T T T o

o exon 5 al o exon a a a’ exon 7 all
20 21 a7 ! 22 9 3 10 A 11 12 13

GAMENWGLITYRETNLLYDPRESASSNQQRVATVVAHELVHQWFGNIVTMDWWE DLWLNEGFASFFEFLGVNHAETDWOMRDOMLLEDVLPVQEDDSLMSSHPIIVIVITPDEITSVEDG 476 human
GAMENWGLITYRETNLLYDPEESASSNQQRVATVVARELVHQWFGNIVTMDWWE DLWLNEGFASFFEFLGVNHAETDWQMRDOMLLEDVLFVQEDDSLMSSEPIVVTIVITPDEITSVEDG 476 baboon
CAMENWGLVTYRETNLLYDFPLLSASSNOORVASVVAHELVHQWFCNTVTMDRWD DLWLNECFASFFEFLOVNEAERDWOMLSQVLLEDVFPVQEDDSLMSSEFVVVTIVETPAEITSVFDG 468 mouse
CAMENWGLITYRETNLLYDPEESASSNKQRVATVVAHRELVHEQUWFGNIVTMDRWEDLWLNEGFASFFEFLGVNEAEENWOMRROMLLEDVLPVQEEDSLMSSHRPIVVTVTITPDEITSVFDG 476 opossum
CGAMENWGLITYRETNLLYDP! R JQRVAAVVAHELVHQWFGNIVT WLNEGFASYFEFLOVNIAEPDWOMLEQVLIDDVLFVMEDDSLLSSHPIVVDVSTPAEITSVEDG 467 chicken

R I L I T e TR L T e L e Ll

ald exon 8 alS B22 exon 9 alé al? p23 24 axon 10 - exon 11 B25 r B26

ISYSKGSSILRMLEDWIXPENFQRGCQMYLEKYQF ALEEASRLPVE THWTROMGYP' KRITQERFLLDE PSQFPPSDLCYTWNIPVEWTED

ITSSVLF 596 human

ISYSKGASILR.MLEDWIKPEHFOKGCQHYLEKYQFKNJ\KTBD!'WAALEEhsﬁLPVKEVMDmRQHG!’PVLWNGG ITQERFLLDS PEQPPEDLEYTWNVEVEWTEDRITSSVLE 596 baboon
ISYSKGASILAMLODWITPERFOKCCQIYLEKFQF ANAKTSDFWDSLOEASKLEVE WISQMEYPVVTVECGRORITOKRFLLDSKADPESQPPEELCYTWNIPVAWADKDNSRITVY 588 mouse

ISYSKGASILR.H.I’..ED'HI'1'PONPOLGL‘QR!’LENYKE‘KNAKTDDPHERLKOISGKPVKEVMDMRUHG!’PVLSVQANSLLKO.\IZPLLDPNADPSOPPSBLGYTWIPVRHTEGHEH'I!‘PY 596 opossum
ISYSKGRSILRHLODHITPEL?OKGCQIYLKH!!YFONARTQHFHEJ\LEH‘SN’KP\'SEVHDMRDHGYP\‘IEHGSNS\I’LTQKR_E‘LLDPNRDBSDPPSDLG!KH’NIPVKHGLG.STHYTFY 587 chicken

EEEE kR gk R A R kR k Rk kR kkk Rk F hEkk kR kg dw wE kEkEkky whkwEEg WJE hEEhkE kg gk k R Rk hw ke w ot P
P27 alf 28 exon 12 al? a2l  exon 1: o21 [ «22 a3 exon 14
SEKEGITL FSGN}\FLKIHFDIIIG?!MEUAW‘DBIR’E}\LSLNE“FSSMMSLIDDIFMQLLDYK\H\L TEYLEREENFLPWQRVISAVTYIISMFEDDKELYPMTI 716 human
SEKEGITL| PSGNALLKINPDHIGFYRVNYEVAT IARELSLNHETF LIDDAFALARAQLLDYEVALRLTMY LEKEENFLPWORVISAVTYI ISMFEDDKELYPMT 716 baboon
NRLDEGGITLRA-QLEGDAF LK INPDHIGFYRVNY EGGTHDR IAEAL S SNHTRF SAADRSSFIDDAFALARAQLLN YK AL THY LKSEEDFLPWERVISSVSYI ISMFEDDRELYPMT 707 mouse
TEKEGI ILE"J‘GSSGNI FOKINPDHIGFYRVNYQESAWES IANDLLNNHTIFSSGDRASFFDDAFALSRANLLNYHFPLELTLYL LTWORVISALSYMT EDDRELYPML 716 ocpossum
SDSAGITITS- --SSNSF‘I.HZNPDHI[GFYRVNYDSQMTLSTLLVNNHE!FSMI}RlSILDDAFSMGLUNYSVPLKLTK?‘LIlE"l'DYLPH'FIRVIEJ\V'I"YI[ADHLEDDTNLYLRF 704 chicken

« 3, %W .3 w,5 3 p® ey wg 1p ® we £t IEpEE g, Wi R wE % g W weeegggwg .
ald exon 15 als exon 16 . alé - al? exon 17 all ald a3l
EEYFOGOVEPIADSLGWNDAGDHVTELLRSSVLGFACEMGDREALNNAS SLFEQWL NG TVSLPVNLALLVYRYGMONSGNETS EQYQKTSLAQERERLLYGLASVKEVTLLSRYL 836 human

EE\’I‘QCQVH?IRDSLCHNDRGDHVTKELRSSVLGFACKVCDRERLN IASFLFEQWLREGTVSELPVNLRLLVYRYGMONSGNELS' TLEQYQKTSLAQEREKLLYCLASVE] LLSRYL B36 baboon
ETYFOGOVEPVADLLGWODTGSHITELLRASILGFACKMGDREALCRASOLFDSWLEGSAS IPVNLRLLVYRYCMONSGNEAN ‘TLEQYQKTSLAQERERLLYCLASVEDVELLARYL B27 mouse
KEYLOGRVEPVADALCWKDEGEHLEKLLRASVLGLACKMGDPDALNEASELFEEWQRGD - IQPVNLRLL\F!RYGNOFSGDERSH TLOEYONTILAQEREKLLYCLASVNRITLLSRYL B35 ocpossum

QEYPRYLVKPIVNKLSHSDSGSHLDRLLRABVLDE‘ACSH'ND\?EBLS JASQQFEQWLOGO-TIAVNLRLLVYRY 8E YMFETYQOETSLAQEKEKLLYGLASVNJITLLDRYL 823 chicken
Wy MERg g kR % ey pkEeiwie sek 3 % ppe sek k& e FEARERRRARNRE Rhrh sEEE g2 ek AERSEEREEREARES T
ail exon 18 * a3l o3l exon 19 * ol ald exon 20 a5
DLLEDTNLIKTQDVFTVIRYISYNSYCKNMARNWI QL KWDYLVNRY TLNNRNLGRIVI IAEPFNTELOQLWOMESFFAKY PQACACEKPREQVLETVERNIEWLEQHRNTIRENFFNLLESG- 957 human
DLLEDTRLIKTQDVFTVIRY ISYNSYCKNMANNWI QL WD YLYKRF TLENRKLGRIVI IAEPFNTELOQLWOME SFFARYPOACACERPROQVLETVENNIEWLEQHRNT IREWFLYLLESG~ 957 baboon

EMLEDPRIIKTQDVFTVIRYISYNSYCKTMAWNWIQLKWDYLVSRFTINDRYLGRIVT IAEPFNTELOLWOMOSFFARY PRACACAKPREQVLETVENNIEWLNVNROS IREWFASLP - - -~
ELLEDSKHFIKSQDVFTVIRY ISYNSYCKYMAWDWI RFNWEYLVNRFTLNDRNLGRIVT IAEPFNTEFQLWOIEMFFKKY PEAGACAASROKVLETVENNIKWLKLHREEIXDWLLYATSRND
KYIYNSSLIKSQDVFTVVRY ISYNTYCKTMANDWIRLNWEYLVDRFTINDRTLCRIVTISONFNTDLOLWQ! FEKY ACOSPREQSIEQVENNIQWLEENEEEIRAWLEAWTGP -—

1t LRk REENRR hERRR R AR REE ARk Rk Rk kg d REwkERNgy FhAEggREEkgg RE bkEgEdEs W.p g% kbkwEgEE; ggg kg g

Figure 1.
Amino acid sequence alignments for vertebrate ENPEP sequences. Table 1 for sources of

ENPEP sequences; *Shows identical residues for ENPEP subunits; : Similar alternate

residues;. Dissimilar alternate residues; N-glycosylated and potential N-glycosylated Asn
sites are in red and numbered according to; human ENPEP active site residues are shown:
Zinc binding sites, 393His, 397His, 416Glu; proton acceptor, 394Glu; and transition state

stabilizer 497Tyr; other active site residues are shown as *; a-helices for vertebrate ENPEP

945 mouse
857 opossum
543 chicken

[11] are in shaded yellow and numbered in sequence from the N-terminus end; predicted -
sheets are in grey and similarly numbered in sequence from the N-terminus; turns in the 3D

structure are shown; bold underlined font shows residues corresponding to known or
predicted exon start sites; exon numbers refer to human ENPEP gene exons; four major
domains were identified as cytoplasmic (N-terminal tail) (1-19); signal membrane anchor
transmembrane (for linking ENPEP to the plasma membrane) (20-39; N-terminal domain

(M1 aminopeptidase N) (100-545); and C-terminal domain (ERAP1-like domain) (617-931).

J Data Mining Genomics Proteomics. Author manuscript; available in PMC 2018 June 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Holmes et al.

Page 12

A_ cytosolic
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—NFAEREGSKRYCIQTKHV. 43 chimpanzee
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; 43 marmoset
primate identities
43 mouse
43 rat
z ¥ : 43 guinea pig
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MILEERSSWEGSKRYCIKTK] _ 2 46 bimon
MFLEEGSSWEGSKRYCIKT - ¥ . 46 goat
MFLEEGSSWEGSKRYCIKT : 46 chiru
: - 43 camel
~NFEEGESSKRYCIKTEHVA 43 alpaca
39 pig
—NFAEKEDSKRYCIKAKHV. 43 horse
~NFAEGEDARRYCIRTRHV. 43 dog
—NFAEEEASKRYCIKTKHV. 43 cat
KFAEEEKAKRYCIRGKHV. ¢ GLT R 43 rabbit
LEEGEGSESKRYCIEKREKHVA v 43 dolphin
~—ILEEGEGSKRYCIKRKHV? i CGLSWV 43 whale
~NSLEYETPERYCIRKKHYV. 43 opossum
B. tE Wwg gEEw @, W, . *egeeeggeves; mammal identities

tqactttggaageaaaahTGAACTTTGCGGAGACASRRRRRERRGCG CTCTAGAGATACTECATICARAGAAMCATCTGACCATICTCIGTGCOGTGATCRTCAGT TACGAPTAATAGTGGGACTTGCOTOREC TTGACCAGATCGTGT 129 human

YethsnPhehlaGludrg  GluGlySerlyshogTyrCysleGlanactysiistalalalleleaCysalavaltalvallyValclyleallevalolylestlavalclylenthcacserCys 43 buaae

tgacttoggoggagaazATGAACTTTCAGAGEAN RRRRRERGGC 0CTOC AN GAANTACTECATTAAAGGCARMCAOGTGRCCATCATCTGTGRAGTAGTRTCRCAGTTECATTAATAGTGEGACTTTC TGTGRGTTTGACCAGRTOGTGY 129 mouse

NethorpheAlaGluly  GluproSecLysLystyrCysTlelysGlylyshisvalalaflefletyaclyValvalvalalavalClybestievalClyleaservalolytentirnrssercys 43 mouse

tqacttgatacasaah CATCTIGGACGAGIGATCACTIGGGANGGL CTAAGAGATACTGCAPANGACGAAICATGTGGCATTARCTGOGCAGTUG GO TGGCTGTOGGATIGATAGTAGGACTTICTSTGGGICTGACCIGATCATGY 138 cow
Net Ilelent LoGlubr 1uGlySerlyshrgtyrCysllelysTarlysHistalalarlellecysalavalValValalavaltlyleatlevalclyleaservalClyleatiricsserCys 46 cov
tqactttgqaaacasaeh TCTAAGAGATACTGCATTAAACGAAACATGOGCTATEATC TG TCCAGOGOTAGDGGCTGTORGATAATAGTAGGACTTICTGTGORCTIGCCAGATCARGY 111 pig
NetSerThr AspSerlysarglyrCystleysTarlysBisValAlatlel eyshlalavalValalavalclylesTlevalclyleaservalGlyleatiricsserCys 39 pig
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Figure 2.
N-terminal amino acid sequence alignments (A) and 5’-nucleotide gene sequence

alignments (B) for mammalian ENPEP proteins and genes. A: N-terminal mammalian
ENPEP amino acid sequence alignments; *Shows identical residues for ENPEP subunits; :
Similar alternate residues;. Dissimilar alternate residues; predicted cytosolic and
transmembrane helical residues are shown; Table 1 for details of mammalian ENPEP
proteins and genes; other mammalian ENPEP sequences were derived from NCBI as
described in Methods; sn monkey: short nosed monkey; sq monkey: squirrel monkey; cap
monkey: capucine monkey. B: N-Terminal mammalian ENPEP amino acid sequence
alignments and 5° mammalian ENPEP nucleotide sequence alignments; predicted cytosolic
and transmembrane helical residues are shown; *Shows identical residues for ENPEP
subunits and nucleotide residues; : Similar alternate residues;. Dissimilar alternate residues;
ENPEP gene regions showing areas of deletions are shown.
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based on Yang et al., 2013
4KX7/A residues 76-954

Figure 3.
Tertiary structure for human ENPEP. The structure for human ENPEP is based on the

reported structure [11] and obtained using the SWISS MODEL web site based on PDB
4KXTA (http://swissmodel.expasy.org/workspace/). The rainbow color code describes the 3-
D structure from the N- (blue) to C-termini (red color); a-helices and p-sheets are shown;
note the separation of 2 major domains: N-terminal M1 aminopeptidase N domain (in blue,
with predominantly B-sheets); and C-terminal ERAP1-like domain (multicolored, with
predominantly a-helical structures.
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Figure 4.
Tissue expression for human ENPEP. RNA-seq gene expression profiles across 53 selected

tissues (or tissue segments) were examined from the public database for human ENPEP,
based on expression levels for 175 individuals (Data Source: GTEx Analysis Release V6p
(dbGaP Accession phs000424.v6.p1) (http://www.gtex.org). Tissues: 1. Adipose-
Subcutaneous; 2. Adipose-Visceral (Omentum); 3. Adrenal gland; 4. Artery-Aorta; 5.
Artery-Coronary; 6. Artery-Tibial; 7. Bladder; 8. Brain-Amygdala; 9. Brain-Anterior
cingulate Cortex (BA24); 10. Brain-Caudate (basal ganglia); 11. Brain-Cerebellar
Hemisphere; 12. Brain-Cerebellum; 13. Brain-Cortex; 14. Brain-Frontal Cortex; 15. Brain-
Hippocampus; 16. Brain-Hypothalamus; 17. Brain-Nucleus accumbens (basal ganglia); 18.
Brain-Putamen (basal ganglia); 19. Brain-Spinal Cord (cervical c-1); 20. Brain-Substantia
nigra; 21. Breast-Mammary Tissue; 22. Cells-EBV-transformed lymphocytes; 23. Cells-
Transformed fibroblasts; 24. Cervix-Ectocervix; 25. Cervix-Endocervix; 26. Colon-Sigmoid;
27. Colon-Transverse; 28. Esophagus-Gastroesophageal Junction; 29. Esophagus-Mucosa;
30. Esophagus-Muscularis; 31. Fallopian Tube; 32. Heart-Atrial Appendage; 33. Heart-Left
Ventricle; 34. Kidney-Cortex; 35. Liver; 36. Lung; 37. Minor Salivary Gland; 38. Muscle-
Skeletal; 39. Nerve-Tibial; 40. Ovary; 41. Pancreas; 42. Pituitary; 43. Prostate; 44. Skin-Not
Sun Exposed (Suprapubic); 45. Skin-Sun Exposed (Lower leg); 46. Small Intestine-Terminal
Ileum; 47. Spleen; 48. Stomach; 49. Testis; 50. Thyroid; 51. Uterus; 52. Vagina; 53. Whole
Blood.
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Gene ENPEP § ©——— > 3 encoded on plus strand of chromosome 4 from 111,332,194 to 111,486,445
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Figureb.
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203'UTR

miR-125/351
miR-27ab
miR-320/320abcd
miR-9
miR-335/335-5p
miR-26ab/1297
miR-133

Gene structure and major gene transcript for the human ENPEP gene. Derived from the Ace
View (http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/) [24]; shown with capped 5’-
and 3’-ends for the predicted mRNA sequences; NM refers to the NCBI reference sequence;
coding exons are in pink; the direction for transcription is shown as 5" ? 3”; a large CpG27

island is located at the gene promoter and the first exon; predicted transcription factor
binding sites (TFBS) for human ENPEP are shown; 7 predicted miRNA target sites were
identified within the extended 3"-UTR region of human ENPEP.
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Figure 6.

baboonENPEP
orangutanENPEP
gorillaENPEP
chimpENPEP
humanENPEP

mouseENPEP
[: ratENPEP

chickenENPEP

Phylogenetic tree of mammalian ENPEP amino acid sequences with the chicken ENPEP
amino acid sequence. The tree is labeled with the ENPEP name and the name of the animal

and is ‘rooted” with the chicken (Gallusi gallus) ENPEP sequence, which was used to ‘root

the tree (Table 1). Note the single cluster corresponding to the ENPEP gene family. A
genetic distance scale is shown. The number of times a clade (sequences common to a node
or branch) occurred in the bootstrap replicates are shown. Replicate values of 0.9 or more,
which are highly significant, are shown with 100 bootstrap replicates performed in each
case. A proposed sequence of gene evolution events is shown arising from an ancestral bird

ENPEP gene.
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