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ABSTRACT 

 

 Arginyl aminopeptidase-like 1 (RNPEPL1) was first reported as a 

hypothetical reading frame during various genomic studies to complete 

the human genome.  This study aimed to move the gene from 

hypothetical status to verified, as well as move toward establishing a 

biological role or function in inflammation based on gene family similarity.   

 First, this investigation confirmed the gene was transcribed and the 

transcript encoded a functional enzyme with M1 aminopeptidase 

characteristics.  RNA was expressed in 20 human tissues, with three splice 

variants being identified in the process.  Protein was expressed, purified, 

and characterized.  RNPEPL1 protein did have enzymatic activity with a 

high specificity for cleaving methionine, citrulline, and glutamine N-

terminal residues.  The enzyme also demonstrated a broad pH range and 

similar inhibitor sensitivities to other members of the M1 family.   

 The M1 aminopeptidase family was then studied in depth to identify 

conservations within the gene structures that may indicate potential 

functional role(s) of RNPEPL1.  This study followed the twelve human 

members, eleven mouse members, and eleven rat members of the M1 

aminopeptidase family through multiple alignments, phylogenetic trees, 
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synteny studies, and exon structure analyses.  All members shared the 

conserved HEXXHX18E and G/AMEN domains crucial for inclusion into the 

family.  Phylogenetic analyses at the amino acid level indicated the 

presence of three groups within the M1 family.  The first group contained 

three genes (LTA4H, RNPEP, and RNPEPL1), while the second group 

contained five highly related genes (ENPEP, ANPEP, APQ, TRHDE, and 

NPEPPS), and the final group contained three related genes (LNPEP, 

ERAP1, and ERAP2).  ERAP2, which was only found in humans, resulted in a 

synteny study among the three species.   Results suggested that ERAP2 

may have been destroyed during a chromosomal rearrangement in the 

rat/mouse lineage, among others.  Finally, exon structure analyses showed 

high conservation of most of the second and third groups, with the LTA4H 

group appearing to have diverged earlier.  

 Due to the clustering of RNPEPL1 with the LTA4H family in the above 

studies, it was possible that RNPEPL1, like RNPEP and LTA4H, might have a 

role in inflammation.  To test this, RNPEPL1 expression levels were analyzed 

to determine what changes, if any, were present in cells, blood plasma, 

and tissue sections undergoing an inflammatory response.  Results 

indicated that RNPEPL1 expression does decline between 25% – 30% after 

24 hours of treatment.   



 

 

vi 

 

 In conclusion, RNPEPL1 is a true gene that transcribes a functional 

M1 aminopeptidase.  This family is one of great divergence, indicating 

that it is an old gene family.  RNPEPL1 is best placed within the LTA4H 

group, in which the other members play various roles in inflammation.  

RNPEPL1 does decrease significantly during inflammatory response, 

however the change is slight. 
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CHAPTER ONE: INTRODUCTION 

 

 The M1 family of aminopeptidases consists of 12 members in 

humans to date that are all known to bind a single zinc ion.  These 

members share a common HEXXH(X)18E motif, the zinc binding domain 

that is crucial for inclusion into the family, and GAMEN motif, thought to 

be the substrate binding domain for the majority of the enzymes [1].  

Additionally, all members are believed to have aminopeptidase activity, 

yet some of the members are known to be bifunctional.  Few members of 

this family have been fully characterized; however, what is known has 

allowed them to be grouped into sub-groups by amino acid similarity, 

activity, and/or genomic structure. 

 The first group, the oxytocinases, contains three structurally similar 

members.  Placental leucine aminopeptidase (LNPEP) is reported to be 

the main regulator of oxytocin during pregnancy, degrades vasopressin, 

cleaves angiotensin III [2], and serves as the angiotensin IV receptor in the 

brain [3]. All of these roles are functions of the cleaved, soluble form of the 

protein.  Additionally, a membrane bound form of the protein associates 

with GLUT4 post stimulation with insulin and is involved with various areas 
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of the GLUT4 response pathways.  All three members share functional 

involvement in preparing antigens for presentation to MHC Class I 

molecules [4], however, endoplasmic reticulum aminopeptidase1 (ERAP1) 

and endoplasmic reticulum aminopeptidase 2 (ERAP2) vary in other 

functions and location [2].  ERAP1 and ERAP2 are localized in the 

endoplasmic reticulum, where both are most well-known for cleaving 

antigens for presentation to MHC Class I molecules [2].  In addition, ERAP1 

inactivates angiotensin II and III, whereas the ERAP2 role in the pathway is 

specified to only cleaving angiotensin III [5].  ERAP1 also appears to play a 

role in hypertension and ventricular hypertrophy through the angiotensin 

function [2] and suppresses angiogenesis through VEGF interaction [6]. 

 The second functionally similar set of five M1 proteases shares some 

angiotensin pathway cleavage roles, similar to the oxytocinases, as well as 

roles in the brain regulating blood pressure and apoptosis [7].  Laeverin 

(aminopeptidase Q, APQ) cleaves angiotensin III [7].  It is reported to be 

expressed as a cell-surface protein on human extravillous trophoblasts [8], 

yet RNA is expressed in many tissues (data not published).  Like LNPEP, it is 

believed to play important roles in regulating pregnancy [7].  Puromycin-

sensitive aminopeptidase (NPEPPS) inhibition has been shown to be 

involved with apoptosis inhibition during cell cycle [9], protein catabolism, 
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reproduction, and pain and anxiety regulation in the brain [10].  

Thyrotropin-Releasing Hormone-Degrading Ectoenzyme (THRDE) is 

involved in regulation of the hypothalamic regions of the brain through 

both hormone and neurotransmitter actions [11].  THRDE shares great 

structural similarity with the remaining two members of this group, 

aminopeptidase A and aminopeptidase N.  Aminopeptidase A (ENPEP, 

glutamyl aminopeptidase) hydrolyzes angiotensin II to angiotensin III, 

which is implicated as an important step in blood pressure regulation [12].  

Aminopeptidase N (ANPEP, alanyl (membrane) aminopeptidase) is also 

known as CD13.  Enzymatically, ANPEP plays a major role in the digestion 

of proteins.  In addition to this, it acts as the receptor for corona virus [13].   

 Aminopeptidase O (APO) is the only one of the four members of the 

final group, the ARM group, which shows cleavage in the angiotensin 

pathway, converting angiotensin III to angiotensin IV [10].  APO is classified 

by structure and other activity to the ARM subfamily of M1 peptidases, 

grouped by the presence of an armidillo repeat protein-protein 

interaction domain that is unique to the remaining four members of the 

family [10].  Leukotriene A4 Hydrolase (LTA4H) is known for proinflammatory 

hydrolase activity, converting LTA4 to LTB4 [14] and is critical to the study of 

M1 peptidases, as it has been structurally studied in depth, unlike the other 
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members.  Arginyl aminopeptidase (RNPEP) plays a role in processing 

glucagon to mini glucagon [15], somatostatin-28 to somatostatin-14, and 

other species tissue specific cleavage roles [1].  Previous studies are 

unclear on the ability of RNPEP to perform the LTA4H hydrolysis, with some 

studies reporting that RNPEP is able to perform the hydrolysis [1,16,17], yet 

one reporting that hydrolysis activity is absent [18].  Arginyl 

aminopeptidase like-1 (RNPEPL1, APB-like) is most structurally related to 

RNPEP, yet shows more enzymatic similarity to LTA4H [19].  To date, only 

basic enzymatic characterization has been reported.  This enzyme will be 

the focus of study.   

 The first area of this study confirmed and characterized RNPEPL1.  

RNPEPL1 was initially placed into the last sub-family by computational 

predictions upon gene discovery.  This placement was confirmed in 2008 

when initial characterization reported the transcription, translation, and 

aminopeptidase activity necessary for inclusion in the M1 aminopeptidase 

family.  Enzymatic characterization of RNPEPL1 shows a strong preference 

for citrulline and methionine.  Another interesting kinetic characterization 

of RNPEPL1 lies in the broad pH preference.  This is slightly varied from the 

other members of the M1 family.  These data shows that RNPEPL1 prefers a 

pH range between 6.5 and 8.2 with a maximum specificity at 7.2.  
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Inhibitory kinetics also support the placement into the M1 family, showing 

that RNPEPL1 is inhibited by many of the same protease inhibitors as other 

members.  Along with enzymatic characterization, the preliminary report 

showed 3 normally occurring RNA splice variations, leading to the 

possibility of multiple forms and/or lengths of the protein.  Finally, the initial 

study of the genome indicated that RNPEPL1 encoded a 494 amino acid 

protein.  This information was the basis of the characterization.  However, 

recent comparison with other genomes has led to an updated 

computational prediction that additional upstream coding region in exon 

1 exist, leading to the possibility of a larger RNPEPL1 protein 725 amino 

acids in length [19].  Variation in the protein primary structure, also known 

as splice variation, can influence the function of the protein.  Splice 

variations occur naturally to allow for a large amount of protein variation 

from a smaller gene pool.  Variations include the addition and exclusion 

of exons and introns, yielding insertions and deletions of amino acids [20].   

 The second area of this study completes an in-depth analysis of the 

M1 family to develop better insight into RNPEPL1 and possible activities.  

As previously described, the M1 family appears to subgroup by common 

functions, yet the family as a whole acts in many functional roles.  To 

determine how the family came to be and understand the divergence 
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seen, this study will analyze phylogenetic trees, gene and exon structure, 

and synteny of the members to better understand the relationships with 

the family subgroups and as a family. 

Results from the previous two sections suggested that RNPEPL1 

might play roles in biological processes similar to its most related family 

members.  Therefore, the final goal of this research plan was to gather 

cellular and animal-level evidence as to the expression of RNPEPL1 

changes in inflammation and whether expression changes to a significant 

degree to warrant further investigation. Microarray data showed 

preliminary evidence that RNPEPL1 expression is altered in several different 

inflammatory models.  These preliminary studies showed that expression is 

reduced in inflamed heart and increased in the inflamed liver, but to small 

degrees.   

Together, these research goals provide a more thorough and 

complete biochemical description of RNPEPL1, expand the current 

understanding of its family and divergence, and suggest that RNPEPL1’s 

most significant functional role is unlikely to be in inflammation. 
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ABSTRACT 

 

A previously uncharacterized member of the M1 family of zinc 

metallopeptidases, arginyl aminopeptidase-like 1 (RNPEPL1), was cloned 

and expressed, and the recombinant enzyme characterized. RNPEPL1 

was a broad specificity aminopeptidase with preference for a P1 

methionine, glutamine, or citrulline residue, and exhibited a broad pH 

preference, with maximal activity observed between pH 6.6 and 8.0. The 

enzyme was inhibited by calcium ions but unaffected by chloride ions, 

and was insensitive to specific inhibitors of the closely-related arginyl 

aminopeptidase, indicating similarity to leukotriene A4 hydrolase. RT-PCR 

analysis of RNPEPL1 expression revealed a ubiquitous tissue distribution, 

consistent with a general housekeeping function, but also revealed 

alternative splicing of the mRNA in all tissues examined. The inclusion of 

intron 5 was predicted to result in a truncated protein product, while an 

alternative 3’ splice site of exon 9 of the reference sequence was 

predicted to result in the omission of a conserved eleven amino acid 

stretch from the C-terminal domain. 

Keywords:  aminopeptidase; metallopeptidase; protease; zinc; calcium; 

alternative splicing 
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INTRODUCTION 

 

 The M1 family of zinc metallopeptidases is a family of enzymes that 

utilize Zn2+ as reactive site centers.  Most are aminopeptidases, 

exopeptidases which sequentially hydrolyze one or more amino acid 

residues from the N-terminus of a peptide or protein substrate. Members of 

this family have been implicated in many diverse functions, from the 

breakdown of peptides and recycling of amino acids from general 

cellular proteolysis [1] to the regulation of physiological signaling 

cascades through limited proteolysis of peptide hormones [2], and in the 

processing of peptides displayed on class I MHC molecules [3,4]. 

Accordingly, members of this family have garnered attention as potential 

drug targets. Inhibitors of these enzymes have shown promise in treating 

many conditions, such as hypertension [5], inflammation [6], and even 

some cancers [7,8]. In humans, the M1 family is comprised of at least 

twelve enzymes, and may be further subdivided into three groups, 

according to differences in subcellular localization, catalytic activity, 

sensitivity to various inhibitors, and genomic structure: the membrane-

bound aminopeptidases, the oxytocinase-like enzymes, and the soluble 

leukotriene A4 hydrolase-like enzymes. 
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The membrane-bound members of the M1 family include laeverin 

(LAEV, APQ), thyrotropin releasing hormone-degrading ectoenzyme 

(TRHDE), glutamyl aminopeptidase (APA, ENPEP), and aminopeptidase 

N/alanyl aminopeptidase (APN, ANPEP). These enzymes are type I integral 

membrane proteins, and three of them (TRHDE, ANPEP, and ENPEP) have 

been hypothesized to participate in the breakdown of peptide hormones 

at the cell surface [2,9,10]. The enzymes of this group also exhibit genomic 

structures that are more similar to each other than to the other members 

of the M1 family, especially in the gene regions encoding the 

transmembrane domain. 

The oxytocinase-like members of the M1 family share many 

genomic structural characteristics with the membrane-bound enzymes, 

but most are cytoplasmic and lack transmembrane domains. This group 

includes oxytocinase/insulin-regulated aminopeptidase (LNPEP), 

puromycin-insensitive leucine-specific aminopeptidase (ERAP1), 

puromycin-sensitive aminopeptidase (NPEPPS), and endoplasmic 

reticulum aminopeptidase-2 (ERAP2). While these enzymes are not 

thought to regulate the degradation of peptide hormones, much 

evidence suggests the involvement of at least ERAP1 and ERAP2 in the 

processing of peptide antigens for display on class I MHC [3,11-13]. LNPEP 
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has been implicated in memory and learning via its role as the 

angiotensin IV receptor [14]. It also has the ability to cleave 

neuropeptides, such as vasopressin, oxytocin, and met-enkephalin [15], 

although its involvement in this process remains to be determined.  

Although included with the oxytocinase-like group of the M1 family, 

NPEPPS could theoretically be placed into a group of its own because it 

has a unique genomic structure [1] and an unusual sensitivity to the 

protein synthesis inhibitor puromycin. Like ERAP1 and 2, NPEPPS has been 

implicated in class I MHC antigen presentation [3]; thus, it is possible that 

peptides resulting from cellular proteolysis are processed in the cytoplasm 

by NPEPPS before trimming in the endoplasmic reticulum by ERAP1 and 2, 

in order to generate the proper peptide length and N-terminus for binding 

to class I MHC. Together, it is likely that these enzymes contribute to the 

huge repertoire of antigens that are displayed on class I MHC at the cell 

surface. NPEPPS has also been implicated in sexual development, 

reproduction, and brain function [3,16-18]. 

The enzymes of the third group, the leukotriene A4 hydrolase-like 

enzymes, share a common genomic structural pattern that differs from 

other members of the M1 family. They also show more homology to each 

other at the amino acid level than to the other members of the M1 family, 
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and are thought to have arisen from a single ancestral gene. This group 

includes leukotriene A4 hydrolase (LTA4H), arginyl 

aminopeptidase/aminopeptidase B (RNPEP), aminopeptidase O (APO), 

and aminopeptidase B-like 1 (RNPEPL1), a previously uncharacterized 

member of the M1 family identified through numerous genome-wide 

surveys [19-22]. The enzymes of this subgroup are also catalytically 

different than other M1 family members, as most show a preference for 

basic amino acid residues, and may also possess an unusual epoxide 

hydrolase activity that shares an overlapping active site with the 

peptidase activity. LTA4H, the most well characterized enzyme of this 

subgroup, has been implicated in inflammation, converting leukotriene A4 

into leukotriene B4 [23], and in normal cardiac function [24]. Likewise, 

RNPEP has been implicated in numerous cellular processes, most notably 

the processing of peptide hormones [25-28], but reports differ as to 

whether or not RNPEP possesses an epoxide hydrolase activity analogous 

to that of LTA4H [29,30].  

RNPEPL1 initially attracted interest as a candidate gene for genetic 

predisposition to non-insulin-dependent diabetes mellitus (NIDDM) 

because of its proximity to the calpain-10 gene, but no links were found 

[31]. Thus, despite its close homology to RNPEP and LTA4H and proximity to 
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a disease-associated chromosomal locus, RNPEPL1 has yet to be 

characterized at either the genetic, biochemical, or physiological level.  

In order to characterize RNPEPL1, its cDNA was amplified from a library 

and subcloned into an expression vector, and the recombinant enzyme 

generated. Kinetic studies of recombinant RNPEPL1 indicate that it is a 

broad-specificity aminopeptidase with preference for methionine, 

glutamine, and citrulline residues. Alternative mRNA splicing studies of the 

RNPEPL1 mRNA indicate that the gene is expressed in all tissues examined, 

and that the pre-mRNA is processed into three isoforms in normal tissues: 

one that encodes the full-length protein, one that that generates a 

truncated protein, and one that generates an isoform lacking eleven 

conserved amino acids from the C-terminal domain. 

 

MATERIALS AND METHODS 

 

Reagents 

 

Amino acid 7-amino-4-methylcoumarin substrates were purchased 

from Sigma Chemical Company or Bachem. Imidazole, agarose, glucose, 

galactose, puromycin, and bestatin were purchased from Sigma 
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Chemical Company. Pfx, TEV protease, and nickel-nitrilotriacetic acid (Ni-

NTA) agarose were purchased from Invitrogen. Total human mRNA from 

normal tissues was purchased from Ambion. Reverse-transcriptase 

polymerase chain reaction (RT-PCR) kits and enzymes were purchased 

from Qiagen.  Oligonucleotides were purchased from Midland Certified 

Reagent Company and Integrated DNA Technologies. 

 

Molecular Cloning of RNPEPL1 

 

 The wild-type RNPEPL1 cDNA representing the reference sequence 

available from GenBank (accession number NM_018226) was amplified 

by PCR from the MegaMan human transcriptome cDNA library 

(Stratagene) using Pfx polymerase (Invitrogen) to yield a 1.5 kb PCR 

product consisting of the RNPEPL1 open reading frame (ORF) lacking its 

natural stop codon. The primers used for the PCR reaction were 

ATGAGTGCCACCCGGACTGCATAC (forward) and 

GGCAGACACATTGACGTCCCTGAG (reverse). This PCR product was 

purified by precipitation and used as a template for a second PCR 

reaction utilizing the same forward primer as the first reaction and a 

second reverse primer, 
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GGCCTGAAAATACAGGTTTTCGGCAGACACATTGACGTCCCTGAG, to 

yield an amplimer consisting of the RNPEPL1 ORF fused to a C-terminal 

TEV-protease recognition site. This PCR product was directly ligated into 

pYES2.1-Topo (Invitrogen) to facilitate expression of the encoded protein 

fused to a C-terminal his6 affinity tag in yeast.  All clones were sequenced 

to ensure the correct orientation, to verify that the cDNA matched the 

NCBI reference sequence, and to ensure that the construct was in frame 

with the his6 affinity tag and stop codon of the vector. 

 An RNPEPL1 cDNA for expression in Sf9 cells was generated by PCR 

using the yeast expression construct as a template. The primers used were 

CACCATGGCGAGCGGCGAGCATTCCCCCG (forward) and 

TCAACTGCCCTTGGGTGCCACGATCTG (reverse). A 1.5 kb PCR amplimer 

containing the RNPEPL1 ORF was obtained and ligated into the shuttle 

vector pENTR (Invitrogen). Enzyme-mediated homologous recombination 

was used to generate recombinant baculovirus DNA, which was 

transfected into Sf9 cells using the Baculodirect expression system 

(Invitrogen Corporation).   

Sf9 cells were maintained at 28°C in TNM-FH medium supplemented 

with 10% fetal bovine serum, 0.25 μg/ml amphotericin B, 100 μg/ml 

penicillin, 100 μg/ml streptomycin, and 50 μg/ml gentamycin or 50% 
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supplemented TNM-FH/50% SF 900 II SFM medium (Invitrogen) with 

antibiotics and antifungal agents at the same concentrations. Cells were 

seeded at 20-30% confluence in T25 flasks for stationary cultures, or to 

approximately 3 x 105 cells/ml in plastic Erlenmeyer flasks for shaking 

cultures, which were shaken at 50 RPM. Transfected Sf9 cells were grown 

in TNM-FH supplemented with ganciclovir. Recombinant virus was 

amplified three times in cell culture prior to use in protein expression. 

 

Expression Analysis of RNPEPL1 

 

 The tissue distribution and splicing pattern of the RNPEPL1 transcript 

were determined by RT-PCR. Sequences of mRNAs available at AceView 

(NCBI) allowed identification of potentially alternative regions in the pre-

mRNA. Four alternatively spliced regions were identified along with five 

different polyadenylation sites, including two alternative terminal exons. 

Total mRNAs from normal human adipose, brain, cervix, esophagus, colon, 

kidney, ovary, placenta, prostate, skeletal muscle, small intestine, spleen, 

testes, thymus, thyroid, heart, liver, trachea, and lung tissues (Ambion) 

were used in one-step RT-PCR assays (Qiagen) utilizing three primer sets 

designed to amplify a specific region of the cDNA surrounding the 
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putatively alternatively spliced regions.  Alternative intron and exon 

numbers are noted as in AceView with the corresponding reference 

sequence exon and intron number given in brackets (NM_018226).  

Primers used to assay intron 5 [intron 5] inclusion were: 

GTGGAGCAGTGGCTGAGTG (I-F) and CAGTCTCCAGGCAGGTGAAG (I-

R); primers used to assay exon 11 exclusion [an alternative exon found in 

some cDNAs in intron 6 between exons 6 and 7] and intron 8 exclusion 

[intron 7] simultaneously were: GTCAGCAAACTGCAGGTCAA (II-F) and 

CTCAGGAAGGAGTCCAGCAG (II-R); and the primers used to assay intron 

8 exclusion and alternative 3’ splice site use in exon 17/18 [exon 9] were: 

GCGCTTTGATGACTTTCTCC (III-F) and GCTGGATCCCTGAGACAGGT (III-

R). Products were fractionated on 1.5% agarose gels for size determination 

prior to being ligated into a general cloning vector (pCR4, Invitrogen 

Corporation) to confirm the identity of each PCR product. 

 

Expression and Purification of Recombinant RNPEPL1 

 

 The RNPEPL1-pYES2.1 construct was transformed into 

Saccharomyces cerevisiae 1971 (MAT leu2-3 ura3-52 pep4-3) for 

expression of recombinant protein.  Expression and purification methods 
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were similar to those published previously for LTA4H [32], with a few 

modifications. Briefly, an overnight 4 ml yeast culture was diluted into 50 

ml of yeast SC medium lacking uracil and grown for 4-6 hours at 30°C.  

RNPEPL1 expression was induced by dilution of this culture into 1 l of yeast 

SC medium lacking uracil and containing 1.1% galactose (w/v).  After 60-

72 hours, the cultures were harvested and the cell pellets stored at -80°C 

until ready for use. 

 Yeast cultures were lysed by agitation with glass beads at 4°C for 10 

minutes in lysis buffer (50 mM HEPES, 0.125M NaCl, pH 7.4) on a vortex 

shaker, followed by centrifugation at 2,000 x g for 10 minutes at 4°C to 

remove the glass beads. The supernatant was further clarified by 

centrifugation at 30,000 x g for 30 minutes at 4°C in a Sorvall RC-6 

centrifuge to remove cell debris.  

Amplified RNPEPL1 baculovirus was used to infect a large Sf9 cell 

culture for expression of recombinant protein. Cells were harvested after 

72 hours by centrifugation, and stored at -80°C until ready for use. The 

cells were resuspended in 5 ml lysis/storage buffer (50 mM HEPES, 0.125M 

NaCl, pH 7.4) and lysed by sonication on ice at 30% power for 5 minutes 

with repeating 30 second pulse/30 second rest cycles. The supernatant 
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was clarified by centrifugation at 30,000 x g for 30 minutes at 4°C in a 

Sorvall RC-6 centrifuge to remove cell debris.  

Recombinant RNPEPL1 was purified from the yeast or Sf9 cell 

supernatant by chromatography on a 1 ml Ni-NTA column equilibrated 

with lysis/storage buffer at 4°C. RNPEPL1 was bound to the column by 

passing the lysate over the column three times. The column was 

subsequently washed with 0.5 l wash buffer (50 mM HEPES, 1.0 M NaCl, pH 

7.4), and bound proteins eluted with 50 mM HEPES, 0.3 M NaCl, 0.2 M 

imidazole, pH 7.4. Fractions containing protein were identified by 

absorbance at 280 nm, combined, and dialyzed against 8 L TEV cleavage 

buffer (50 mM Tris-Cl, 0.15 M NaCl, pH 8.0) overnight at 4°C with one buffer 

change.   

 For affinity tag removal, DTT was added to a concentration of 1 mM 

and 5000 units of his6-tagged TEV protease (Invitrogen) added. Digestion 

was conducted for 48-72 hours at 4°C, followed by dialysis against 2 l 

lysis/storage buffer to remove DTT. Recombinant processed RNPEPL1 

(typically 30-40% of the reaction) was subsequently purified by passing the 

reaction mixture over a 2 ml Ni-NTA column and collecting the unbound 

fraction. Repurified enzyme was concentrated to a volume of less than 5 

ml, dialyzed against 2 l lysis/storage buffer, and stored in small aliquots at -
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80°C. Protein concentrations were determined simultaneously by the BCA 

method and by absorbance at 280 nm using an extinction coefficient of 

1.501 ml/mg. Molar concentrations were calculated using a molecular 

weight of 55300 g/mol. 

 

Kinetic Analysis of Recombinant RNPEPL1 

 

 Kinetic analyses of recombinant RNPEPL1 were performed at 37°C 

using the 7-amido-4-methylcoumarin (AMC) derivatives of all twenty 

naturally occurring amino acids, citrulline, and ornithine. A Spectramax 

M2e spectrophotometer (Molecular Devices) was used to measure the 

fluorescence of the free AMC product liberated by enzymatic hydrolysis 

of the substrate in assay buffer (50 mM HEPES, 0.125 M NaCl, pH 7.4). The 

instrument was set to an excitation wavelength of 370 nm and an emission 

wavelength of 460 nm, with both excitation and emission slits set to 9 nm 

and the PMT sensitivity set to medium.  The extinction coefficient of the 

product was determined by measuring the fluorescence of multiple 

concentrations of AMC under the same conditions. The kinetic 

parameters (KM and kcat) were determined by fitting of the Michaelis-

Menten equation to the obtained data sets using Scientist software 
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(Micromath). The pH dependence of enzymatic activity was determined 

by multiple enzyme assays containing 82 nM RNPEPL1, 0.5 mM Met-AMC 

(KM=0.38 mM), and a buffer containing 50 mM HEPES, 125 mM NaCl at 

various pH levels ranging from 3.6 to 8.8.    

 The sensitivity of the enzyme to inhibitors was determined by using 

the compound as an alternate substrate inhibitor in an assay containing 

100 nM RNPEPL1 and 0.15 mM methionine-AMC (KM= 0.38 mM) in assay 

buffer. Enzyme and inhibitor were preincubated for 5 min at 37°C prior to 

addition of substrate. The Ki for each inhibitor was determined by fitting of 

the equation for competitive inhibition to the data using Scientist software 

(Micromath). Similar results for both substrates and inhibitors were 

obtained from at least two experiments utilizing multiple independent 

enzyme preparations. 

 The effects of chloride and calcium ions on RNPEPL1 catalytic 

activity were determined by incubating 82-280 nM enzyme in the 

presence of increasing amounts of NaCl or CaCl2, respectively, in an 

assay mixture containing 100 nM RNPEPL1 and 50 mM HEPES, pH 7.4. The 

mixture was preincubated for 5 minutes, the assay initiated by the 

addition of 0.15 mM Met-AMC or 0.1 mM Cit-AMC, and the initial rates 



22 

 

 

 

determined. The quadratic binding equation was fit to the resulting data 

and a dissociation constant calculated. 

 

RESULTS 

 

Molecular Cloning and Expression of RNPEPL1 

 

The RNPEPL1 cDNA was amplified by PCR from a human cDNA pool 

and ligated into the vector pYes2.1/V5/His/Topo for expression in 

Saccharomyces cerevisiae. Several clones containing the RNPEPL1 cDNA 

in the forward orientation were subjected to sequencing to verify their 

identities; of these, one clone was identical to the reference sequence in 

the NCBI database. This plasmid was subsequently used as a PCR 

template to generate recombinant plasmid DNA for construction of 

recombinant baculovirus and subsequent expression of the protein in Sf9 

cells. 
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Figure 1.  Purification of recombinant human RNPEPL1.   

Histidine-tagged human RNPEPL1 was purified from Sf9 insect cells by 

immobilized metal affinity chromatography (IMAC). Following affinity tag 

removal, the protein was subjected to SDS-PAGE analysis. Identical results 

were obtained from RNPEPL1 purified from both yeast and Sf9 cells. 

 

 

Recombinant RNPEPL1 was expressed and purified from both yeast 

and Sf9 cells as described in Materials and Methods. Typical yields were 
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approximately 0.5 mg/liter culture in yeast and 4 mg per 0.5 l culture in Sf9 

cells. The his6 affinity tag was subsequently removed by the addition of 

TEV protease, and the enzyme further purified over a second Ni-NTA 

column to yield recombinant RNPEPL1 that was >90% homogenous. 

RNPEPL1 exhibited an approximate molecular weight of 55 kDa by visual 

inspection on an SDS-PAGE gel (Fig. 1).  

 

Kinetic Analysis of RNPEPL1 

 

The general kinetic properties of recombinant RNPEPL1 were 

determined using amino acid AMC substrates. Recombinant RNPEPL1 

exhibited a broad substrate specificity with a preference for P1 

methionine and glutamine residues; however, citrulline was also a 

favorable substrate (Fig. 2, Table 1). Even though RNPEPL1 is most similar in 

amino acid sequence to arginyl aminopeptidase (RNPEP), which has 

specificity for arginine and lysine amino termini (Pierotti et al 1995), 

hydrolysis of the AMC derivatives of these two amino acids by RNPEPL1 

was relatively low (Fig. 2). By kcat values alone, RNPEPL1 substrate 

specificity was 

Met>Gln>Cit>Ala>Leu>Phe>His>Arg>Ser>Tyr>Trp>Asn>Ile>Lys, with only 
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minor differences between the seven least favorable substrates (Table 1). 

By kcat/KM values, the preference was 

Met>Cit>Gln>Leu>His>Tyr>Trp>Phe>Ala>Arg>Asn>Ile>Lys (Figure 2).  

 

Figure 2. Substrate specificity of recombinant RNPEPL1. 

The substrate specificity of RNPEPL1 was determined by determining the 

kcat/KM for the aminoacyl AMC derivatives of all twenty naturally-occurring 

amino acids, citrulline, and ornithine. Individual KM and kcat values for 

each substrate are given in Table 2. 
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Table 1. Kinetic parameters for RNPEPL1 for amino acid AMC substrates 

KM, Vmax, and kcat values were determined by fitting of the Michaelis-

Menten equation to experimental data and are reported ± standard 

error.   

 KM  

(mM) 

kcat 

(min-1) 

  KM  

(mM) 

kcat 

(min-1) 

Ala-AMC 1.72 ± 0.09 2.09 ± 0.06 
 

Leu-AMC 0.34 ± 0.09 1.69 ± 0.20 

Arg-AMC 0.91 ± 0.14 0.55 ± 0.04 
 

Lys-AMC 1.72 ± 0.09 0.23 ± 0.02 

Asn-AMC 0.89 ± 0.19 0.23 ± 0.02 
 

Met-AMC 0.37 ± 0.03 5.70 ± 0.20 

Cit-AMC 0.17 ± 0.06 2.45 ± 0.30 
 

Phe-AMC 0.65 ± 0.12 1.11 ± 0.10 

Gln-AMC 0.41 ± 0.06 3.01 ± 0.20 
 

Ser-AMC 1.76 ± 0.22 0.46 ± 0.04 

His-AMC 0.18 ± 0.05 0.69 ± 0.07 
 

Trp-AMC 0.12 ± 0.03 0.27 ± 0.02 

Ile-AMC 1.05 ± 0.21 0.14 ± 0.02 
 

Tyr-AMC 0.12 ± 0.03 0.35 ± 0.04 

 

RNPEPL1 did not hydrolyze the AMC derivatives of glycine, tyrosine, 

aspartate, glutamate, proline, threonine, or valine. The pH dependence 

of the enzyme was relatively broad and slightly alkaline relative to that of 

other M1 metallopeptidases, with maximal activity observed between pH 

6.6 and 8.0 (Fig. 3).  
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Figure 3. pH optimum of RNPEPL1. The pH optimum for hydrolysis of 0.5 mM 

Met-AMC by 82 nM RNPEPL1 was determined by measurement of the 

catalytic rate in 50 mM HEPES, 0.125 M NaCl with a pH ranging from 3.6 to 

8.8. 

 

 

 The sensitivity of RNPEPL1 to various inhibitors of metalloproteases 

and other proteolytic enzymes was also evaluated. RNPEPL1 exhibited a 

high sensitivity to amastatin and a moderate sensitivity to bestatin, similar 
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to most other members of the M1 family (Table 2). RNPEPL1 showed low 

sensitivity to puromycin, and was totally unaffected by the RNPEP-specific 

inhibitors captopril and arphamenine A. Arphamenine B was an 

ineffective inhibitor as well, inhibiting catalysis by 22% at the highest 

concentration tested (3 mM). Inhibitors of serine proteases (PPACK I and II) 

and cysteine proteases (E-64) had no discernable effect on RNPEPL1 

activity (data not shown). 

 

 

Table 2. Affinity of RNPEPL1 for aminopeptidase inhibitors Ki values were 

determined by fitting of the competitive inhibition equation to the data 

and are reported ± standard error. ND=inhibition not detectable 

  Ki (Met) 

Bestatin  5.7 ± 1.2 

Amastatin  0.19 ± 0.04 

Puromycin  800 ± 140 

Captopril  ND 

Arphamenine A  ND1 

Arphamenine B  ND2 

1less than 5% inhibition observed at 0.6 mM 

222% inhibition observed at 3 mM 
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Regulation of RNPEPL1 By Chloride and Calcium Ions 

 

Many members of the M1 family of aminopeptidases are activated 

by halide salts [33,34] and/or regulated by Ca2+ ions [35]. The effects of 

chloride and calcium ions on RNPEPL1 activity were determined by 

examining the effect of increasing concentrations of NaCl or CaCl2 on the 

hydrolysis of Met-AMC. RNPEPL1 activity was unaffected by chloride ions 

at concentrations up to 400 mM (Fig. 4A), but was inhibited by calcium in 

a dose-dependent manner (Fig. 4B).  
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Figure 4. RNPEPL1 is inhibited by calcium ions, but is unaffected by 

chloride ions. The effects of Cl- and Ca2+ ions on the hydrolysis of Met-

AMC were determined by addition of NaCl (A) or CaCl2 (B) to an assay 

containing 0.125 mM Met-AMC and 82 nM (A) or 280 nM (B) RNPEPL1 at 

37°C. Similar results were obtained using 0.1 mM Cit-AMC as substrate 

(data not shown). 
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Similar results were obtained using Cit-AMC as a substrate (data not 

shown). Calcium bound to the enzyme with an approximate KD of 50 mM, 

as determined by fitting of the quadratic binding equation to the data.   

 

Expression Analysis and Alternative mRNA Splicing of RNPEPL1 

 

To determine the extent of alternative splicing of the RNPEPL1 

mRNA, sequence information available from AceView at the National 

Center for Biotechnology Information (NCBI) [36] and from the University 

of California Santa Cruz (UCSC) Genome Browser [37] were examined to 

identify potentially alternative splicing events. Alternative intron and exon 

numbers are given relative to the AceView numbering system with the 

corresponding intron or exon for the reference sequence NM_018226 

given in brackets.  Four possible alternative splice choices were identified: 

region a, inclusion of intron 5 [intron 5]; region b, exclusion of exon 11 [an 

alternative exon within intron 6]; region c, inclusion of intron 8 [intron 7]; 

and region d, an alternative 3’ splice site choice at exon 17/18 [exon 9] 

(Fig. 5A). Three reverse-transcriptase polymerase chain reaction (RT-PCR) 

assays were performed on RNA from nineteen normal human tissues (Fig. 

5B) to examine these possibilities.   
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Figure 5. Human RNPEPL1 is alternatively spliced in normal tissues. 

Alternative splicing events (a-d) within four regions of the RNPEPL1 pre-

mRNA (A) were investigated using three RT-PCR assays. Exons are shown 

as solid boxes and numbered relative to the reference sequence 

NM_018226; alternative exons are shown as hatched boxes. PCR products 

(B) resulting from reaction I (region a using I-F and I-R primers), reaction II 

(regions b and c using II-F and II-R primers), and reaction III (regions c and 

d using III-F and III-R primers) were fractionated on 1.5% agarose gels for 

nineteen normal human tissues (left to right: adipose, brain, cervix, colon, 
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esophagus, heart, kidney, liver, lung, ovary, placenta, prostate, skeletal 

muscle, small intestine, spleen, testes, thymus, thyroid, and trachea). PCR 

products confirmed by sequencing are diagrammed on the right. 

*=nonspecific product due to mispriming; ♦ =potential polyadenylation 

site. Drawings are not to scale. 

 

PCR products were observed in all nineteen tissues in all three 

reactions, indicating a ubiquitous tissue distribution of RNPEPL1 mRNA. 

These reactions also revealed that two of the potential alternative splicing 

choices were utilized, and that these choices were made in all nineteen 

tissues examined. The first reaction revealed PCR products indicating both 

the inclusion (485 bp) and exclusion (319 bp) of intron 5 [intron 5] (Fig 5A 

region a, Fig. 5B reaction I) in all tissues tested. The inclusion of intron 5 

[intron 5] was predicted to produce a truncated protein that lacks 

substantial portions of the catalytic pocket (Fig. 5B reaction I, Fig. 6 I5_inc). 
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Figure 6.  Predicted protein isoforms of RNPEPL1 generated by alternatively 

spliced mRNAs. The predicted mRNAs resulting from alternative splicing 

events observed in normal human tissues were translated in silico. Inclusion 

of intron 5 (I5_inc) is predicted to result in a truncated protein, while usage 

of the downstream 3’ splice site at exon 17/18 (alt_3’ss) was predicted to 

omit 11 amino acids (Gly273-Thr283) from the protein. 

Although neither exclusion of exon 11 [alternative exon within intron 

6] (Fig. 5A region b, Fig. 5B reaction II) nor inclusion of intron 8 [intron 7] 

(Fig. 5A region c, Fig. 5B reaction III) occurred in any of the tissues tested, 

the third reaction indicated that a 3’splice site choice at exon 17/18 [exon 

9] was utilized (Fig. 5A region d, Fig 5B reaction III). PCR products 
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indicating the usage of both the upstream 3’ splice site (205 bp) and the 

downstream 3’ splice site (172 bp) were observed in all tissues examined. 

When the downstream splice site is utilized, an 11 amino acid deletion is 

predicted to result (Fig. 6 alt_3’ss).  

 

DISCUSSION 

 

Large-scale sequencing of the human genome revealed a novel 

gene, RNPEPL1, encoding a protein with extensive sequence homology to 

arginyl aminopeptidase. Although expression of an mRNA from this gene 

has been reported [19-22], no attempt to characterize the gene or 

encoded protein has been made until now. To this end, primers were 

designed to amplify the RNPEPL1 cDNA and subclone it into expression 

vectors. Expression and purification of the recombinant protein from both 

yeast and Sf9 cells, followed by removal of the his6 affinity tag, yielded a 

protein of approximately 55 kDa as predicted from the cDNA sequence 

(Fig. 1). Affinity tag removal was deemed necessary because of previous 

studies with human NPEPPS and yeast LTA4H that demonstrated 

interference of the his6 epitope tag with catalytic activity, raising the KM 

and lowering the kcat for amino acid -naphthylamide substrates [32,38]. 
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This step further purified the recombinant protein to near homogeneity by 

removing impurities that interacted nonspecifically with the affinity resin.   

Like most members of the M1 metallopeptidase family, RNPEPL1 

exhibits a broad substrate specificity, preferring a P1 methionine, 

glutamine, or citrulline residue, although alanine and leucine were also 

suitable substrates (Fig. 2, Table 1). While the closely-related RNPEP shows 

a preference for an N-terminal arginine or lysine residue [39], these amino 

acids were poor substrates for RNPEPL1, indicating that it is catalytically 

distinct despite its close sequence homology. RNPEPL1 activity is more 

similar to that of LTA4H, which preferentially hydrolyzes a P1 alanine or 

arginine residue, but may also cleave proline, leucine, methionine, and 

lysine residues at this position. Unlike LTA4H, however, RNPEPL1 did not 

cleave proline, and arginine and lysine were relatively poor substrates 

(Fig. 2, Table 1). Together, these data indicate that RNPEPL1 is a distinct 

cytoplasmic aminopeptidase with an activity that overlaps significantly 

with that of other peptidases. Redundant peptidase activities likely ensure 

the complete breakdown of peptides in the cytoplasm and indicate a 

possible housekeeping function for RNPEPL1, consistent with its ubiquitous 

tissue distribution (Fig. 5B). 
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The effects of inhibitors on RNPEPL1 activity were also determined to 

further compare RNPEPL1 to other members of the M1 family. Predictably, 

RNPEPL1 was moderately sensitive to bestatin, exhibiting a Ki value in the 

low micromolar range (Table 2). In this regard, RNPEPL1 demonstrated 

similarity to LTA4H, which also exhibits a Ki in the low micromolar range for 

this inhibitor [40], whereas this inhibitor binds much more tightly to RNPEP 

[41]. RNPEPL1 also exhibited similarity to LTA4H in that it was very sensitive 

to amastatin (Ki=0.19 M), unlike RNPEP, which is only weakly inhibited by 

this compound [42]. This is likely due to differences in substrate specificity. 

The first two side chains of the tripeptide analog amastatin are valine, 

which are not well recognized at the P1 or P1’ position by RNPEP [43]. 

Although a P1 valine was not recognized by RNPEPL1, it is likely that a P1’ 

valine may be recognized. 

Reports in the literature indicate that the activities of some members 

of the M1 family are modulated by calcium ions. For example, glutamyl 

aminopeptidase (ENPEP) exhibits a stronger preference for substrates 

containing acidic amino acids in the presence of calcium [35]. This effect 

is due to coordination of the metal between the side chain of Asp221 and 

the P1 side chain of the substrate [44]. Similarly, the catalytic activity of 

the puromycin-sensitive aminopeptidase is accelerated by calcium 
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[45,46], but most likely by a different mechanism since Asp221 is replaced 

by glutamine in this enzyme. To investigate the possibility that RNPEPL1 

catalytic activity is affected by Ca2+, the activity of the enzyme towards 

Met-AMC (Fig. 4B) or Cit-AMC (data not shown) was determined in the 

presence of increasing levels of Ca2+. Surprisingly, RNPEPL1 was inhibited 

by Ca2+ with an apparent Ki of 51.0 mM, indicating that in some instances, 

changes in cytoplasmic calcium levels could possibly modulate the 

activity of this enzyme.  RNPEPL1 activity would be expected to remain 

high under normal circumstances, since the intracellular concentration of 

calcium within most cells is generally around 0.1 M [47], with 

concentrations rising about an order of magnitude as a result of 

intracellular signaling. At these concentrations, it is unlikely that Ca2+ 

concentrations would increase enough to temporarily inhibit RNPEPL1 

activity. However, the occurrence of more intense releases of Ca2+ potent 

enough to inhibit RNPEPL1 in some tissues cannot be ruled out. For 

example, loss of membrane integrity, as observed in synoviocytes of 

rheumatoid arthritis patients [48], may allow Ca2+ levels to rise high 

enough to cause RNPEPL1 inhibition. Furthermore, observations that 

citrullinated peptides are found on class I and II MHC in the cells of 

patients with rheumatoid arthritis, coupled with the finding that RNPEPL1 
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exhibits high activity towards peptides containing an N-terminal citrulline 

residue, suggest that RNPEPL1 and other similar peptidases may trim such 

peptides in the cytoplasm of cells. It is possible that inhibition of this activity 

could contribute to the pathogenesis of the disorder. 

 Recent studies of alternative splicing suggest that more than 60% of 

human genes produce multiple mRNAs, which sometimes encode 

alternative protein isoforms. These isoforms may perform regulatory 

functions in the cell [49] by encoding truncated proteins, as in the case of 

telomerase [50], by encoding non-functional proteins, as in the case of 

hyaluronidase [51], by altering the function of the protein, as in the case 

of bcl-2 gene family members [52-55], or by altering the subcellular 

localization of the protein, as in the case with immunoglobulins [56] and 

aminopeptidase O [57]. Furthermore, gene expression can be regulated 

by producing mRNAs by alternative splicing that are subject to nonsense 

mediated decay, as occurs with the nucleolar protein NOL5 [58]. Within 

the M1 family, alternative mRNA splicing resulting in isoforms of 

aminopeptidase O with altered properties have been reported [57]; thus, 

it is likely that other members of this family are similarly regulated.   

In order to investigate possible alternative splicing of the RNPEPL1 

mRNA, RT-PCR analysis of nineteen normal human tissues was performed. 
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Transcripts were detected in all tissues examined, and two alternative 

splicing events were observed. The first alternative splicing event, inclusion 

of intron 5 [intron 5] (Fig. 5B reaction I), was predicted to produce an 

mRNA isoform containing a premature stop codon at codon 181 (Fig. 6 

I5_inc), which would produce a truncated protein product lacking 

catalytic activity.  Although some tissues may appear to have different 

ratios of the two products, this type of analysis is qualitative, not 

quantitative.  Still, conditions that favor the inclusion of intron 5 could thus 

reduce the amount of catalytically functional RNPEPL1 activity in the cell 

or tissue, or might limit the amount of functional enzyme available to bind 

an interacting protein.   

The second alternative splicing event observed was the utilization of 

an alternative downstream 3’ splice site (Fig. 5B reaction III) that is 

predicted to produce an mRNA isoform encoding a protein lacking 

Gly273-Thr283 (Fig. 6 alt_3’ss). This stretch of amino acids is conserved among 

the enzymes of the leukotriene A4 hydrolase-like group (data not shown) 

and occurs immediately upstream of a region of RNPEPL that is 

homologous to a putative armadillo repeat in aminopeptidase O [59,60].  

Although the effect of omitting these conserved eleven amino acids on 

catalytic activity is still unknown, it is possible that their deletion may alter 
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protein-protein interactions, change the subcellular localization of the 

protein, or even modify the enzyme’s catalytic activity. Recent reports 

that the C-terminal domains of glutamyl aminopeptidase [61] and of 

aminopeptidase N [62] may act as chaperones and regulate enzymatic 

activity favor the latter two conclusions. 
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ABSTRACT 

 

 The M1 aminopeptidase family share conserved domains, yet show 

functional divergence within the family as a whole.  In order to better 

understand this family, this study analyzed the mammalian members in 

depth at exon, gene, and protein levels.  The twelve human members, 

eleven rat members, and eleven mouse members were first analyzed in 

multiple alignments to visualize both reported and unreported conserved 

domains. Phylogenetic trees were then generated for human, rat, mouse, 

and all mammals to determine how closely related the homologs were 

and to gain insight to the divergence in the family members. This 

produced three groups with similarity within the family.  Next, a synteny 

study was completed to determine the present locations of the genes 

and changes that had occurred.  It became apparent that gene death 

likely resulted in the lack of one member in mouse and rat.  Finally, an in-

depth analysis of the exon structure revealed that nine members of the 

human family and eight in mouse, are highly conserved within the exon 

structure.  Taken together, these results indicate that the M1 

aminopeptidase family is a divergent family with three subgroups and that 
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genetic evidence mirrors categorization of the family by enzymatic 

function. 

 

INTRODUCTION 

 

The rapid development of sequencing technologies and the 

subsequent ease and speed of genomic sequence data discovery has 

given researchers the ability to detect large scale differences in the 

genomes of organisms to illuminate both answers and new questions [1].  

The availability of this data has led to an increasing interest in and the 

ability to study genome and gene family evolution.  The evolutionary 

history of a number of gene families have been clarified due to the 

availability of data, such as the calpains [2] and the insulin growth factor 

binding proteins [3].  A gene family is a group of genes that were 

generated by gene and/or genome duplication of an ancestral gene.  

Over time, these duplicate genes underwent additional duplications, 

mutations, or gene rearrangements, creating a family of genes with 

multiple members that retain sequence, structural, and ultimately 

functional similarities.  Genes can also degenerate to pseudogenes due 

to accumulation of mutations or rearrangements.  More recent duplicates 
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will have fewer changes than more distant duplicates, while still retaining 

some features of the ancestral gene, either by amino acid similarity, 

chromosomal context, gene structure, and/or function.  The level of 

divergence among members of the gene family can be utilized to predict 

the relatedness or evolutionary history of its members. For a review of 

genome architecture and the forces that alter it, see Koonin 2009 [4].   

One gene family for which sequencing data has become available 

to study gene family evolutionary history is the M1 metalloproteinase gene 

family.  This gene family has twelve members in the human genome and 

eleven in both mouse and rat genomes.   Three conserved protein motifs 

identify aminopeptidases as part of the M1 aminopeptidase family.  All 

members share a HEXXHX18E motif that participates in zinc-binding, which 

is a hallmark of the metalloproteinase.  Additionally, there is a conserved 

G/AMEN motif that is believed to be the substrate binding domain.  

Finally, all members contain two conserved active site residues.  The first is 

the glutamate (E) residue of the HEXXH zinc binding domain.  The second 

is a distal tyrosine (Y) residue.  The human family members that fulfill these 

requirements are: placental leucine aminopeptidase (LNPEP), 

endoplasmic reticulum aminopeptidase 1 (ERAP1), endoplasmic reticulum 

aminopeptidase 2 (ERAP2), laeverin/aminopeptidase Q (APQ), 
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puromycin-sensitive aminopeptidase (NPEPPS), thyrotropin-releasing 

hormone-degrading ectoenzyme (TRHDE), aminopeptidase A (ENPEP), 

aminopeptidase N (ANPEP), aminopeptidase O (APO), leukotriene A4 

hydrolase (LTA4H), arginyl aminopeptidase B (RNPEP), and arginyl 

aminopeptidase B like-1 (RNPEPL1). Each member is known or predicted 

to have enzymatic activity to remove single amino acids from the amino 

terminal ends of proteins and peptides.  In addition, several are known to 

be bifunctional.  Members of this gene family are known to have 

important roles in the angiotensin system, the immune system, and in 

inflammation.  For example, LNPEP, ERAP1, ERAP2, APQ, ENPEP, and APO 

all have roles in activation or inactivation of various components of the 

angiotensin system [5 - 10].  M1 aminopeptidases play roles in important 

biological processes from pregnancy (LNPEP and APQ) [5, 10], pain and 

apoptosis (NPEPPS) [9, 11], and blood pressure regulation (ENPEP) [8] to 

inflammation (LTA4H) [12] and antigen presentation (LNPEP, ERAP1 and 

ERAP2) [13].  

  In order to examine the evolutionary history of this gene family, a 

detailed comparison of the phylogenetics, chromosomal context, and 

gene structure of the family members in human, mouse, and rat was 

undertaken.  These comparative analyses provide a picture of an old 
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gene family with three distinct groups with multiple members that share 

various aspects of gene structure, amino acid similarity, and genome 

organization. In addition the absence of one family member, ERAP2, in 

both mouse and rat, is likely explained by a chromosomal rearrangement 

event. 

 

METHODS 

 

Multiple Alignment and Phylogenetic Tree Analysis  

Human, mouse, and rat protein and nucleotide reference sequences 

were obtained from NCBI (Table 1). In cases where two or more isoforms 

were found, the most complete and/or extensive isoform was chosen to 

include all possible sequence traits.  Alignments were created using 

ClustalW [14] and visually enhanced with Boxshade to allow for ease of 

analysis and identification of conserved domains.  ClustalW was 

additionally used to align sequences within Molecular Evolutionary 

Genetics Analysis, MEGA 6 for production of phylogenetic trees [15].  

MEGA 6 was then used to create and test multiple phylogenetic trees.  

The phylogenetic reconstructions were completed using maximum 

likelihood with bootstrap values over 500 simulations, with partial gap 
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deletions.  For the protein sequence trees, the Jones-Taylor-Thronton (JTT) 

model was used.  All trees utilized Nearest Neighbor Interchange for tree 

interference with very strong branch swap filters. 

 

 

Table 1: Accession numbers and chromosome locations (NCBI) of the 

twelve human (Hs), eleven mouse (Mm), and eleven rat (Rn) members of 

the M1 aminopeptidase family. 

Gene Name Location Nucleotide # Amino Acid # GI # 

ANPEP_Hs 15q25-26 NM_001150.2 NP_001141.2 GI: 157266299 

ANPEP_Mm 7 NM_008486.2 NP_032512.2 GI: 225637486 

ANPEP_Rn 1q31 NM_031012.1 NP_112274.1 GI: 13591913 

APO_Hs 9q22.32 NM_001193331.2 NP_001180260.1 GI: 308387394 

APO_Mm 13 AJ810420.1 CAH17902.1 GI: 58737214 

APO_Rn 17q14 NM_001012346.1 NP_001012346.1 GI: 59933289 

APQ_Hs 5q23.1 NM_173800.4 NP_776161.3 GI: 194239712 

APQ_Mm 18 NM_029008.1 NP_083284.1 GI: 254588009 

APQ_Rn 18q11 XM_577617.4 XP_577617.3 GI: 564393383 

ENPEP_Hs 4q25 NM_001977.3 NP_001968.3 GI: 132814466 

ENPEP_Mm 3 NM_007934.3 NP_031960.1 GI: 12486800 

ENPEP_Rn 2q42 NM_022251.2 NP_071587.2 GI: 140970580 

ERAP1_Hs 5q15 NM_016442.3 NP_057526.3 GI: 94818900 

ERAP1_Mm 13 NM_030711.4 NP_109636.1 GI: 146149238 

ERAP1_Rn 2q11 NM_030836.1 NP_110463.1 GI: 13540637 

ERAP2_Hs 5q15 NM_022350.3 NP_071745.1 GI: 194306627 

LNPEP_Hs 5q15 NM_005575.2 NP_005566.2 GI: 61742776 

LNPEP_Mm 17 NM_172827.3 NP_766415.1 GI: 146198621 

LNPEP_Rn 1q12 NM_001113403.1 NP_001106874.1 GI: 164663800 

LTA4H_Hs 12q22 NM_000895.2 NP_000886.1 GI: 375331875 

LTA4H_Mm 10 NM_008517.2 NP_032543.2 GI: 116734869 

LTA4H_Rn 7q13 NM_001030031.1 NP_001025202.1 GI: 71795620 

NPEPPS_Hs 17q21 NM_006310.3 NP_006301.3 GI: 158937235 

NPEPPS_Mm 11 NM_008942.2 NP_032968.2 GI: 68226730 

NPEPPS_Rn 10q31 NM_080395.1 NP_536320.1 GI: 158749539 
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Table 1 continued 

Gene Name Location Nucleotide # Amino Acid # GI # 

RNPEP_Hs 1q32 NM_020216.3 NP_064601.3 GI: 40316914 

RNPEP_Mm 1 NM_145417.3 NP_663392.2 GI: 227499102 

RNPEP_Rn 13q13 NM_031097.1 NP_112359.1 GI: 13592046 

RNPEPL1_Hs 2q37.3 NM_018226.4 NP_060696.4 GI: 318065088 

RNPEPL1_Mm 1 NM_181405.4 NP_852070.3 GI: 318065084 

RNPEPL1_Rn 9 NM_001271177.1 NP_001258106.1 GI: 403224984 

TRHDE_Hs 12q15-q21 NM_013381.2 NP_037513.1 GI: 218751879 

TRHDE_Mm 10 NM_146241.2 NP_666353.1 GI: 256542286 

TRHDE_Rn 7q22 NM_001108991.1 NP_001102461.1 GI: 157823372 

 

 

 

Chromosome and Gene Conservation 

Gene order/chromosome conservation for the M1 metalloproteases was 

first investigated by determining the chromosome locations of these 

genes in H. sapiens, M. musculus and R. norvegicus. The GENE tool was 

used to identify genes that flank M1 metalloproteases in human, mouse, 

and rat.  Additionally, this data was used to determine the relative 

positions and direction of transcription of these flanking genes [16].  Gene 

order was visually inspected and resulting summary figure drawn.  Further, 

the NCBI synteny tool was utilized with respect to LNPEP, ERAP1, and 

ERAP2 to gather data in support of a chromosomal rearrangement in 

mouse and rat. 
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Gene and Exon Structure Analysis 

Exon sequences were obtained from UCSC Genome Browser [17] (Table 

1). For genes with more than one isoform, the most extensive reference 

sequence was chosen.  Sequences were obtained with 5’ and 3’ UTRs 

and divided by exons, with introns excluded.  The location of functional 

motifs was obtained from the MEROPS database [18].  Reference 

sequences were kept consistent throughout the various stages of data 

collection.  Exon size, exon reading frame, and alignment of conserved 

amino acids was determined using PERL scripts and manual inspection.  

The exon that encoded sequences of the active site amino acids was 

selected as an anchor exon.  For seven of twelve human genes and six of 

eleven mouse genes, the anchor exon was 155 bp exon (LNPEP, ENPEP, 

ANPEP, APQ, ERAP1, ERAP2, and TRHDE).  Using this exon as an immobile 

base, upstream and downstream exon lengths and reading frames were 

manually compared among the genes.  For two genes in human and 

mouse, the anchor exon was a 236 bp exon (RNPEP, RNPEPL1).  Gene 

structure diagrams were constructed based on conservation of reading 

frame.  PERL scripts are available on request.   
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RESULTS 

 

Phylogenetic Analyses 

To gain a clearer picture of the evolutionary history of the M1 gene family, 

several lines of evolutionary evidence were gathered including multiple 

alignment, phylogenetic analyses, gene order/synteny among three 

species, and gene structure conservation.  Amino acid alignments were 

completed for H. sapiens, M. musculus, and R. norvegicus M1 family 

aminopeptidases to determine the level of identity and similarity among 

the proteins as well as critical motifs necessary for placement into the M1 

family (Figure 1).  As expected from how the family is defined, the active 

site and zinc binding motifs were conserved within nearly all sequences 

aligned.  The G/AMEN motif is a critical part of the active site and is highly 

conserved.  Aminopeptidase O (APO), while still defined as a member of 

the family by function does differ by having a GMAS motif in place of the 

G/AMEN motif.  This difference was found consistently in all APO genes 

that were examined for this study (data not shown).  All aminopeptidases 

also showed conservation of a downstream tyrosine (Y) residue that is 

believed to be involved with the active site [18].   The zinc binding motif 
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(HEXXHX18E) was conserved in all proteins in all species examined, 

including APO.   

 

Figure 1:  Aligned amino acids for M1 aminopeptidases in A. human, B. rat, 

and C. mouse.   The boxed areas highlight the amino acids involved in the 

active site and zinc binding motifs, which characterize this family.  Amino 
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acid sequences were aligned with CLUSTAL W and shaded with 

Boxshade. Red indicates identity and blue indicates similarity. 

 

 

To gain a better view of the relatedness and relationships among the 

individual members of the M1 aminopeptidase group, phylogenetic trees 

were then constructed individually using human, rat, and mouse amino 

acid sequences (Figure 2, A-C).  Additionally,  a more comprehensive tree 

was constructed which included all M1 amino acids sequences found in 

mammals, fish, reptiles, and birds (Figure 2, D).  Within all the trees 

completed, three groups were consistently observed.  The largest group 

contained seven human aminopeptidases and six rat/mouse 

aminopeptidases: APQ, TRHDE, ANPEP, ENPEP, NPEPPS, LNPEP, ERAP1, and 

ERAP2 when present.  The second group contained LTA4H, RNPEP, and 

RNPEPL1.  The third group consistently contained a single aminopeptidase, 

APO, which appeared to be independent.  This is consistent with the 

degree of amino acid dissimilarity from the other aminopeptidases.  The 

large group could be further subdivided into two more closely related 

groups, the first containing ENPEP, NPEPPS, TRHDE, ANPEP, and APQ and 

the second subgroup containing ERAP1, ERAP2, LNPEP.   
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Figure 2:  Phylogenetic analyses of A. human, B. rat, C. mouse amino acid 

sequences for M1 aminopeptidases. Analyses showing these species and 

sequences found for all mammals fish, birds, and reptiles are shown in D. 

Neighbor joining trees were constructed within MEGA6 with bootstrap 

resampling at 500.  Bootstrap values are shown as percentages. 

Homologous proteins are color-matched in D to highlight similarity to the 

pattern observed in the individual species trees. 
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Gene Order/Chromosomal Context Analyses 

Since gene families are known to result from gene and/or genome 

duplication, it was of interest to examine the chromosomal context and 

conservation of each M1 aminopeptidase gene relative to the others in 

human, mouse, and rat.  M1 aminopeptidase family genes and also 

flanking genes within each genome, chromosome locations were 

retrieved from NCBI for all human, rat, and mouse family members.  

Analyses of these maps showed several features.  First, for all individual 

genes studied, most were not found on the same chromosome, indicating 

that if tandem gene duplication occurred, then it occurred in the distant 

past.  Second, at least one conserved gene neighbor was consistently 

present for all three species (Figure 3) indicating the gene duplication 

event included flanking genes as well as the aminopeptidase genes or 

they results from a whole genome duplication event.  Four genes (ANPEP, 

AQPEP, APO, RNPEPL1) showed identical gene order and direction of 

transcription in human, mouse, and rat (Fig. 3 A, B, H, I).  Seven of the 

eleven genes showed a conserved chromosomal context between 

human and rat/mouse, but were directly inverted with respect to both 

gene order and direction of transcription (Figure 3C-G, J, K; ENPEP, 

NPEPPS, LNPEP, TRHDE, ERAP1, LTA4H, RNPEP).  Lastly, in humans, ERAP1, 
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ERAP2, and LNPEP were found together on chromosome 5. However, 

ERAP2 is absent in rat and mouse and LNPEP (Figure 4C) is located on 

another chromosome.  Analysis of syntenic regions of the human, mouse, 

and rat genome suggests that ERAP2 may have been destroyed in a 

chromosomal rearrangement that occurred between the ERAP1 and 

CAST genes (Figure 4A).  This may explain why ERAP2 is absent in mouse 

and rat and present in other species such as monkeys, dogs, cows, and 

zebrafish (Figure 4B). 
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Figure 3: Comparison of the chromosomal context of each M1 

aminopeptidase in human, mouse, and rat.  Aminopeptidase genes are 

noted in black boxes, flanking genes are colored, dashed boxes denote 

genes in reversed orientation and the numbers in the boxes denote 

chromosomal location.  
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To facilitate a clearer understanding of the presence/absence of ERAP2 in 

a variety of species, the M1 aminopeptidases present in species used in 

this study were compared with an evolutionary species tree [19, 20].  

Genomes from human, primates, dog, cow, a fish, and a nematode 

contained ERAP2 (Fig. 4D, solid lines), while other genomes did not 

(rodents, chicken, frog).  The presence of ERAP2 in a variety of divergent 

species suggests it is not a recent addition to these genomes, but that 

ERAP2 absence is due to gene death in a distinct lineage. 
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Figure 4: Syntenic regions of human, mouse and rat chromosomes 

containing ERAP1 (A), ERAP2 (B), and LNPEP (C). Chromosome numbers 

and species are noted at the top and bottom of each chromosomal 

representation as visualized in the synteny tool at NCBI.  D: Tree of species 

highlighting the presence or lack of ERAP2.  Solid lines denote species with 

ERAP2 and dashed lines represent species that are missing ERAP2.  The line 

coloring highlights which members of the family are present, as noted in 

the key.   
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Gene Structure Analysis  

Due to the origin of gene family members through gene and genome 

duplication followed by divergence, members of a gene family should 

also show features of relatedness at the gene structure level.  The more 

similar the gene structure, the more closely related the genes are to each 

other.  A comprehensive analysis of the gene structure of the human M1 

aminopeptidase family was completed to study the relatedness of the M1 

aminopeptidase family.  For the human genes, exon number ranged from 

11 exons (RNPEP and RNPEPL1) to 23 exons (NPEPPS) with a total mRNA 

length ranging from 2060 nucleotides (nt) (LTA4H) to 5682 nt (ERAP2). M1 

family members are found on human chromosomes 1, 2, 4, 5, 9, 12, 15, 

and 17.  Mouse exon number ranged from 11 exons (RNPEP and RNPEPL1) 

to 23 exons (NPEPPS) with the smallest total mRNA at 2,066 nt (LTA4H) and 

largest total mRNA at 5,722 nt (TRHDE).  Mouse M1 genes were found on 

chromosomes 1, 3, 7, 10, 11, 13, 17, and 18. 

 

To examine relatedness among human genes with differing exon 

numbers, the exon containing the functional motif HEXXH was used as an 

anchor exon and exons upstream and downstream from this exon were 
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compared for reading frame conservation.  Exon lengths that maintained 

downstream reading frames were observed through the entire 3’ end and 

most of the 5’ end of two groups of genes.  The largest group consisted of 

seven genes (ANPEP, APQ, TRHDE, ENPEP, LNPEP, ERAP1, and ERAP2) 

(Figure 5A).  A reference number for each exon is noted at the bottom of 

the diagram (1-22) to reduce confusion.  Some important features were 

observed which allow these seven genes to be further subgrouped.  First, 

three instances of exon fusion and/or exon splitting (ERAP1, ERAP2, LNPEP) 

from the main group were observed (reference exons 9/10, 14/15, and 

17/18).  These fused exons maintain the same reading frame and were 

found aligned in a multiple alignment with the individual exons 9 and 10, 

14 and 15, and 17 and 18 respectively.  Of these three genes, two genes 

(ERAP1 and ERAP2) showed insertion of an in frame exon (reference exon 

11) that was not found in any other gene.   The exons in the 5’ ends of all 

seven genes showed more variation, but still maintained the exon reading 

frame conservation in many cases. This analysis showed that ANPEP, APQ, 

TRHDE, ENPEP, LNPEP, ERAP1, and ERAP2 are structurally related with closer 

relationships among ANPEP, APQ, TRHDE, and ENPEP as a group and 

LNPEP, ERAP1, and ERAP2 as a group.   

 



70 

 

 

 

The smaller group of genes with conserved exon structures consisted of 

RNPEP and RNPEPL1 (Figure 5B).  These genes were nearly identical in 

reading frame, but also exon size.  The remainder of genes, APO, LTA4H, 

and NPEPPS appeared to be structurally dissimilar to these prior groups, 

despite amino acid similarity to particular groups of genes, and to each 

other suggesting divergence from each other and/or the prior groups.  

Nearly identical results were observed with mouse exon structure analyses 

except that mouse lacks ERAP2, so only one gene (ERAP1) showed 

insertion of an in frame exon (reference exon 11) not found in any other 

aminopeptidase in that group (Figures 6). 
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Figure 5:  Conserved exon structure/reading frame analyses in human M1 

aminopeptidases.  A. Group 1 and B. Group 2.  Each circle represents an 

exon and the number(s) inside note the exon size.  Circles with solid lines 

represent exons that are exactly the same size in each gene.  Circles with 

dashed lines represent exons that maintain the reading frame, but are not 

exactly the same size.  Each line of a distinct color and solidity represents 

a different gene’s structure (see key for line color/solidity).  A shaded 

circle represents an entirely non-coding exon. 
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Figure 6. Conserved exon structure/reading frame analyses in mouse M1 

aminopeptidases.  A. Group 1 and B. Group 2. Each circle represents an 

exon and the number(s) inside note the exon size.  Circles with solid lines 

represent exons that are exactly the same size in each gene.  Circles with 

dashed lines represent exons that maintain the reading frame, but are not 

exactly the same size.  Each line of a distinct color and solidity represents 

a different gene’s structure (see key for line color/solidity).  A shaded 

circle represents an entirely non-coding exon. 

 

 

DISCUSSION 

 

This study aimed to critically examine the evolutionary history and 

relatedness of the M1 aminopeptidase family, a diverse group of 

conserved metalloproteases, using multiple lines of evidence, including 

multiple alignment, phylogenetic analyses, gene order/synteny, and gene 
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structure.  The family shares critical traits such as a HEXXHX18E zinc binding 

domain that is required for enzymatic activity, a G/AMEN domain that is 

believed to be the active site pocket, and a 3’ tyrosine residue that 

completes the enzymatic site.  Multiple alignment analysis revealed 

conservation of the critical known domains of interest across three chosen 

species; human, rat, and mouse, insure that all proteins being studied 

were in fact true members of the M1 aminopeptidase family.   

The most different and divergent member of the M1 family appears to be 

aminopeptidase O.  Aminopeptidase O contained a GMAS domain 

instead of a G/AMEN domain in all species studied.  This change to the 

most critical domain for an aminopeptidase, along with its overall amino 

acid dissimilarity to other M1 family members, suggests that 

aminopeptidase O is an early member of the family and is long diverged.  

This was supported by phylogenetic analysis, which showed that APO was 

separate from all other members of the family and not within a group for 

all species studied.  Gene structure analysis showed that aminopeptidase 

O was not similar to any other aminopeptidase in exon structure for any 

part of the gene (data not shown).   

Both phylogenetic and gene structure analyses suggest moderately 

recent additions to the M1 gene family are represented by the large 
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group including LNPEP, ERAP1, ERAP2, APQ, ENPEP, ANPEP, TRHDE, and 

NPEPPS with NPEPPS being the most diverged in amino acid sequence 

and exon structure (data not shown).  This large group could be further 

split into two smaller groups with the more diverged group being LNPEP, 

ERAP1, and ERAP2 (when present), due to the exon structure differences 

observed in this group (exon joining and exon insertion).   In addition, 

these three genes encode proteins that are known to share some 

functional characteristics as oxytocinases [5]. The remaining five genes in 

this large group are most similar to each other in amino acid sequence 

and exon structure, suggesting either that they are more recent additions 

or have critical non-redundant roles in cellular processes.   

 

Phylogenetic analyses indicate the last group should consist of LTA4H, 

RNPEP, and RNPEPL1.  The nearly identical exon structure and high amino 

acid similarity of RNPEP and RNPEPL1 suggests these two genes are most 

recent gene duplication.  Biochemical studies indicate that RNPEPL1 is 

more similar in substrate preference to LTA4H [21] than any other M1 

aminopeptidase, supporting the grouping of these three 

aminopeptidases.   
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Lastly, a study of the synteny/gene order for these genes in human, 

mouse, and rat has provided some further evolutionary history for the 

ERAP1, ERAP2, and LNPEP group.  In humans, ERAP2 resides near ERAP1 

and LNPEP on the same chromosome (5q15), and are therefore likely a 

result of gene duplication.  Despite being present in humans, monkeys, 

dogs, cows, zebrafish, and even C. elegans, ERAP2 is absent in rat and 

mouse.  Prior studies suggested that ERAP2 was a very recent gene 

duplication of ERAP1 in humans, however, that explanation is unable to 

account for the seemingly “random” observation within certain species.  

Furthermore, the conservation of ERAP2 within a diverse set of species is 

far too high for this duplication to have happened in each species 

independently without a common precursor gene.  The gene 

order/synteny suggests that a chromosomal rearrangement between the 

ERAP1 and CAST genes occurred somewhere in the mouse/rat lineage 

that effectively bisected ERAP2 sequences and destroyed the gene.   

Taken together, these lines of evidence indicate that the M1 family of 

aminopeptidases is a complex and old gene family with three major 

groups that can be further subdivided.  Some members are more recently 

duplicated as shown by high levels exon structure conservation, while 

other members are long diverged with minimal amino acid conservation.  
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Furthermore, one family member may have been eliminated by a 

chromosomal rearrangement in distinct species lineages.   

 

CONCLUSIONS/HIGHLIGHTS 

 

Phylogenetic analysis of M1 aminopeptidase amino acids shows three 

subgroups that are consistent with subgroups assigned based on 

biological process.  

 

Exon structure is conserved in nine human and eight mouse M1 

aminopeptidases. 

 

Aminopeptidase genes grouped by exon structure conservation mirror 

aminopeptidase functional grouping and phylogenetic analysis. 

 

The absence of ERAP2 in mouse and rat is likely due to gene death due to 

a chromosomal rearrangement in the rat/mouse lineage. 
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CHAPTER FOUR: RNPEPL1 IN INFLAMMATION 

 

INTRODUCTION 

 

Inflammation is a very well characterized physiological response to 

infection or trauma.  The key signs of inflammation include redness, heat, 

swelling, and pain to the injury or infection sight.  Inflammatory response 

can be mediated through several different pathways depending on the 

triggering agent.  Bacterial lipopolysaccharide (LPS) exposure is well 

known to induce inflammatory response [1].  Numerous animal models 

report the use of LPS both locally and systemically to induce inflammation 

for study of the physiological responses that follow.  Namely, 

intraperitoneal injection with LPS is known to induce systemic inflammatory 

response through the NFKB pathway [2].  These pathways are very 

complex and affect numerous cellular components.   

The M1 aminopeptidase family members are known to regulate 

proteins and peptides by exopeptidase activities.  They cleave the N-

terminal residues from small proteins and peptides to activate or 

inactivate the targets.  Many members that have been characterized to 

date are reported to play various roles in inflammatory response.  LNPEP 
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[3,4], ERAP1 [3,5], ERAP2 [5], APQ [6], ENPEP [7], and APO [8] all have 

activity in the angiotensin pathway, which is intertwined with inflammation 

[9]. APQ was reported as one of the three most-highly overexpressed 

genes in rheumatoid arthritis [10], an inflammatory disease.   LTA4H, the 

most similar member to RNPEPL1 (as previously shown) is a major 

proinflammatory enzyme in the leukotriene pathway [11]. Furthermore, 

similarity to LTA4H and RNPEP based on computational predictions 

suggests that it may play a role in inflammation.   

This study intended to further current, limited knowledge of one 

specific M1 aminopeptidase whose function is yet unknown in an 

inflammatory model.  Arginyl aminopeptidase-like 1 (RNPEPL1) was initially 

characterized in 2008 with the cloning of a transcript, expression and 

purification of the protein, as well as characterization of splice variants 

and aminopeptidase activities.  Since that characterization, no further 

information has been published on RNPEPL1 function. Due to the lack of 

information on RNPEPL1’s biological role, this initial study aimed to 

determine whether RNPEPL1 expression changed in a model of the 

inflammatory response, and if so, to what extent at both the cellular and 

systemic levels.  A significant change in RNPEPL1 RNA or protein expression 

level would strengthen support for RNPEPL1’s possible role in inflammation 
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and provide direction for more thorough and mechanistic 

studies.  However, the changes in RNPEPL1 expression at the RNA and 

protein level in all experiments were consistently small, but statistically 

significant.  This suggests that RNPEPL1’s role may not be dramatic in 

inflammation, its activity may be regulated at the protein level, it may not 

have significant a role in this inflammatory model, or it may function in a 

different biological process altogether.  This limited success suggests that 

other avenues should be explored such as testing for LTA4H hydrolase 

activity. 

 

MATERIALS AND METHODS 

 

Cell Culture 

Bone marrow derived macrophages from FVBN/J mice were isolated and 

cultured per standard technique by the James West Lab (Vanderbilt 

University) [12].  Growth conditions were as follows: Standard DMEM 

growth medium with 10% FBS added, temperature was held constant at 

37ºC, and carbon dioxide levels were monitored and held at 

5%.  Inflammatory response was induced with 1ug/ml lipopolysaccharide 

(LPS) (E. coli B, Sigma) added to standard media for the desired 
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incubation time.  A non-inflammatory negative control was achieved by 

retaining one flask of cells that had received only standard media without 

any LPS addition for each replicate.  Cells were then harvested for RNA 

and/or total protein isolation as described below.   

 

RNA Analysis  

Microarray data was obtained through collaboration with the James West 

Lab (Vanderbilt University) [12]. Briefly, inflammatory response was 

induced as noted above with 4 and 24 hour time points.  A non-

inflammatory negative control was prepared as described above.  RNA 

was isolated and processed for microarray analysis via Qiagen RNEasy Kit. 

RNA samples were then prepared for CORE processing per 

instructions.  Microarray results were analyzed using one –way ANOVA.  

 

Protein Analysis 

Total protein was isolated by adding TRIzol Reagent (Ambion, Ref # 

15596026) directly to the cell culture and processed as directed by the 

manufacturer instructions.  The resulting protein solution was then 

analyzed by Mirco BCA Protein Assay Kit (Pierce, Product # 23235) to 

allow for standardization of total protein concentration.  Western blots 
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were achieved by first separating samples by size by gel electrophoresis 

on a SDS-PAGE gel (Genscript Express PAGE Gels (4-20%) Cat. 

#MG420W12) with a prestained molecular weight marker.  Next, the 

separated protein was transferred to a PVDF membrane (Immobilon, Cat 

# IPFL00010)) via a semi-dry transfer machine with cutoff values of 30V, 

90mA, and 300W for 4 hours.  The membranes were then processed for 

visualization.  This began with the membranes being washed once in TBS - 

T (1x TBS with .2% Tween 20) to remove any gel residue and blocked in 10-

15mls of 5% dry milk in TBS for 1 - 2 hours at room temperature or overnight 

at 4C to prevent any non-specific binding. Following removal of the 

blocking buffer, primary antibody incubation was completed by adding  

anti-RNPEPL1 primary antibody (GeneTex, 1:2500) and GAPDH primary 

antibody, a control standard, (GeneTex, 1:2500) for 1 - 2 hours at room 

temperature or overnight at 4C.  All antibodies used were diluted in 

blocking buffer described above. Following the incubation, the primary 

antibodies were decanted and the membrane was washed 3 times for 5 - 

10 minutes each in 10 - 15 mls of TBS – T to remove any antibody 

residue.  Alkaline phosphatase conjugated secondary antibodies (Goat 

pAb to Rabbit IgG AP – abcam, ab6722-1) for RNPEPL1 @ 1:2500, (AKP 

anti-mouse IgG, BD Biosciences Pharmingen, Cat # 553394) for GAPDH @ 
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1:2500 were utilized to allow for color development and 

visualization.  Secondary incubation was processed as described 

above.  Once secondary incubation was completed, the secondary 

antibodies were decanted and the membrane was washed 2 times for 5 – 

10 minutes in TBS – T and 2 times for 5 – 10 minutes each in 10mls alkaline 

phosphatase substrate buffer.  Finally, 33ul of NBT and 66ul of BCIP was 

added to 15mls alkaline phosphatase substrate buffer and added to the 

membrane immediately following the second alkaline phosphatase 

substrate buffer wash.  The solution was allowed to incubate on the 

membrane until color development was achieved to desired 

darkness.  The membrane was then rinsed with diH2O to stop the 

development process.  All blotting washes and incubations were 

completed at room temperature, unless otherwise noted, and shaking at 

30 – 50 rotations per minute.   

 

Blood Samples and Tissues for IHC 

The mouse treatment and sacrifice described below were not done for 

the purpose of this current study.  Unused tissues were generously donated 

post-sacrifice from a previous, unrelated study in the West Lab. 
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Blood plasma samples and tissue slides for IHC from mice with and without 

inflammatory response due to LPS insult were received from the James 

West Lab.  Briefly, FVBN/J mice were randomly divided into two groups, 

control and LPS.  The control animal group received standard care with 

free access to food and water.  The LPS group received standard care 

with the addition of one intraperitoneal injection of 1mg/kg of LPS.  The 

mouse groups were then sacrificed 24 hours post LPS injection.   

 

Mouse Tissues IHC 

Mouse tissues were harvested from sacrificed animals, fixed in 10% 

formalin, and paraffin embedded.  Tissue blocks were then sectioned in 5 

micron slices and baked onto glass slides.   Slides were then prepared for 

staining by deparaffinizing the tissue in two 5 minute washes in 

xylene.  Sections were then rehydrated in a series of alcohol washes.  The 

slides were then processed through antigen retrieval by steaming for 20 

minutes in citrate buffer (pH 6.0).  Slides were then allowed to cool and 

rinsed 2 times in diH2O.  Next, the slides were incubated in 3% H2O2 in 

methanol to eliminate any non-specific peroxidase activity.  Slides were 

withdrawn from the peroxide solution and rinsed three times with diH2O 

and twice with PBS.  Slides were then blocked in 10% Universal Blocking 
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Reagent (Biogenex # HK085-5K) in PBS and incubated in a humid 

chamber for 15 minutes.  Primary antibody (anti-RNPEPL1, GENETEX) was 

added at 1:200 dilution in PBS and left overnight at 4C.  Slides were then 

rinsed three times for 10 minutes each in 0.4% Triton X-100 in PBS to remove 

any unbound antibody.  The secondary antibody was applied and the 

slides were incubated for 30 minutes at room temperature.  After the 

secondary incubation, the slides were rinsed in 0.4% Triton X-100 in PBS 

three times for 10 minutes each.  Next, the Biogenex Stretavidin HRP 

(Innogenex Streptavidin CJ-1005-25) conjugate was applied and left for 

20 minutes at room temperature.  The slides were rinsed in 0.4% Triton X-100 

in PBS three times for 10 minutes each.  To visualize the protein staining, 

Vector Red was applied and the first slide was immediately placed under 

the microscope.  A timer was started.  The Vector Red was allowed to 

develop to desired color intensity.  The time was noted at three 

minutes.  All remaining slides were processed with the Vector Red for the 

same three minutes to ensure that the level of color development was the 

same for each slide.  Finally, the slides were counterstained with Methyl 

Green, which stains the nucleus to aid in identification of the cellular 

components and allow for a positive staining control for the negative 

antibody control slide.  Lastly, the slides were cover slipped with mounting 
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media.  The slides were then analyzed and three pictures, of similar 

physiologically nature and identical microscope and camera settings, 

were taken of each slide, for both the test section and the negative 

control section that was not processed with primary anti-RNPEPL1 

antibody.  The pictures were then uploaded and processed for red color 

intensity through Image J, a standard program for IHC [13].  The results 

were analyzed by averaging the percentage of red staining for all slides in 

each group.   

 

Blood Samples 

Blood samples from sacrificed mice were allowed to clot at room 

temperature for 2-4 hours.  The samples were then centrifuged at 500 rpms 

for 5 minutes to separate the cells from the plasma.  The plasma was then 

snap frozen in liquid nitrogen and stored at -80C for further 

processing.  Upon thawing, TRIzol (Ambion) was added and the samples 

were processed as directed by the manufacturer.  Western blot analysis 

was performed consistently as described above. 
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RESULTS 

 

RNA Expression  

RNA extracted from bone-marrow derived macrophages was processed 

and run on microarray chips for three different conditions.  Condition one 

was control macrophages that were cultured under standard 

protocols.  Condition two contained the same macrophages under the 

same culture conditions with the addition of 1ug/ml of LPS added to the 

media 4 hours before harvest.  This group will be referred to as the LPS 4 

hour group.  The third treatment condition consisted of the same cells 

cultured under identical conditions with LPS treatment occurring 24 hours 

before harvest.  This group will be referred to as LPS 24 hour group.  The 

addition of LPS is to induce inflammatory response as described 

above.  The purpose of testing time points at 4 and 24 hours is to 

distinguish between expression levels of developing inflammatory 

response (early in the insult) and fully developed inflammatory response 

(once inflammatory state has been achieved).   Figure 1 shows the results 

from the microarray comparison for the three different 

conditions.  RNPEPL1 expression is compared to LTA4H expression for a 

reference of a well-characterized and closely related member of the M1 
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family.  RNPEPL1 RNA expression change is not found to be significant at 4 

hours, reporting at a decrease of 2.2%.  RNPEPL1 RNA expression change is 

found to decrease by 25% at 24 hours, which is significant by one-way 

ANOVA with a p-value 0.0017.   

 

Figure 1: Percent change of RNPEPL1 RNA expression levels, quantified by 

microarray, for three conditions: control macrophages, macrophages 

with 4 hours of LPS treatment, and macrophages with 24 hours of LPS 

treatment. Note that the percent change seen for these two specific 

genes are negative, showing a decrease in RNA expression. 
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Protein Analysis – Macrophages 

To determine if protein expression decreased similar to RNA expression, 

Western blots on total protein were run. Bone-marrow derived 

macrophages from FVBN/J mice were isolated and cultured as described 

above.  The cells were then divided into 7 groups.  The control group 

underwent standard treatment.  The remaining six groups underwent LPS 

treatment at a dosage of 1ug/ml with the following time points: 1 hour, 2 

hours, 4 hours, 8 hours, 12 hours, and 24 hours.  The various time points 

allowed for tracking of RNPEPL1 protein throughout the inflammatory 

response.  Each group was run in triplicate with protein samples for each 

time point being combined.  Figure 2A represents a Western blot run with 

the protein harvested for each time point.  Lane 1 shows the molecular 

weight marker used for a size standard.  Lane 2 represents the control cell 

group cultured without any LPS treatment.  Lanes 3-6 show the LPS 

treatment groups with time of treatment noted below each lane.  Lane 7 

represents a RNPEPL1 control from purified protein from the human 

transcript.  The larger band seen at the 67 kDa area is RNPEPL1 

expression.  The smaller band seen at 43 kDa is the GAPDH loading 

standard.  Note the size of the RNPEPL1 band when compared to the 

human standard.  This is due to the mouse gene containing a larger exon 
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one than the human transcript used.  Figure 2B represent the quantitation 

of the intensity of each band as measured by BIO-RAD imaging 

software.  Each band was measured for intensity with a blank from directly 

above or below each sample.  The intensities were then standardized for 

total loaded protein based on the known loading control GAPDH 

standard.  Finally, the change in intensity was determined and graphed, 

represented in Figure 2B.  There is a marked increase in protein 

concentration during the first four hours of inflammatory response, 

followed by a drop off at 8 and 12 hours.  Finally, the 24 hour time point 

shows that RNPEPL1 expression was 25% less than control or non-

inflammatory levels.   
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Figure 2: RNPEPL1 protein expression in macrophages. (A) represents a 

characteristic Western blot from the time point LPS treated macrophages.  

(B) shows the quantification of the ratios observed between RNPEPL1 and 

the GAPDH standard control.  Measurements are in relative intensity units. 

 

 

Immunohistochemistry 

With in vitro studies reporting consistent decreases of RNPEPL1 expression 

of 25%, an in vivo Immunohistochemistry approach was taken. Tissues for 

IHC were obtained from the West Lab.  The tissues were from two 

groups.  Group 1 contained tissues from mice that were given standard 

care.  Group 2 was the LPS group.  These mice were treated with one IP 

injection of bacterial LPS (1mg/kg) and sacrificed 24 hours post 
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injection.  Slides were prepared and processed as described 

above.  Pictures were taken on an Olympus BX-60 microscope with a 100x 

oil immersion objective.  Pictures were then analyzed using Image 

J.  Tissues studied include heart, kidney, liver, lung, and testes.   

 

 

 

Figure 3: Measurement of RNPEPL1 in IHC. (A) represents a tissue sample as 

observed.  (B) shows the same sample with the cell coverage area 

highlighted.  (C) Is the same sample with only the red staining highlighted.   

 

Figure 3 shows the calculation process that was performed.  (A) shows the 

picture as taken. (B) has the total cell area highlighted in red.  (C) 

represents the red staining area highlighted in red.  To calculate the 

percentage of red staining, the red stained area was divided by the total 

cell area.  This was repeated for all pictures in all groups.  This method of 
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calculation was chosen to avoid areas of black space and to ensure that 

each slide had comparable cellular coverage for a true comparison.  

Figure 4 shows the percentages of red staining for all groups (labelled on 

the graph).   

 

 

 

Figure 4: Comparison of RNPEPL1 staining in control and LPS tissues. 
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The most notable tissue studied was the heart tissue.  Figure 5 shows the 

control heart tissue (A), the LPS treated heart tissue (B), and the no-primary 

negative control (C).  You can see a large difference in staining, with the 

control tissue containing 63% red (A) and the LPS treated tissue dropping 

to 20% red (B).  The negative control reported 1.5% red (C), which is 

considered background color.   

 

 

 

Figure 5:  Comparison of control and LPS heart tissue.  This image shows 

the variation found between control and LPS treated heart tissue.  

RNPEPL1 is stained red.  The LPS treated tissue (B) shows 43% less red 

staining than control tissue (A). (C) is an example of the negative staining 

control results.  This was done for each slide to give a measure of any 

background or non-specific staining present. 
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Blood Sample Western 

Since tissue specific changes in RNPEPL1 expression were found during the 

IHC study, it was of interest to test the systemic level changes through 

blood samples.  Blood plasma protein was isolated per TRIzol as described 

above.  The samples were analyzed by Western blot analysis.  Images 

were analyzed via Bio-Rad software.  Results showed that RNPEPL1 protein 

expression decrease from 21% - 33%, with the percentage of decrease 

being significant with all p-values being less than 0.05.  
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Figure 6: RNPEPL1 protein in plasma. RNPEPL1 protein was analyzed in 

plasma samples from control and LPS treated mice.  RNPEPL1 

concentration was found to decrease on average by 27%.  Note the 

presence on RNPEPL1 in the plasma, indicating that it is secreted in the 

blood.  

 

 

DISCUSSION 

 

Many members of the M1 aminopeptidase family play various roles in 

inflammation.  LTA4H is one member that is a known pro-inflammatory 
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enzyme.   Given the similarity of RNPEPL1 and LTA4H, it was of interest to 

determine if RNPEPl1 reacted similarly to LTA4H in inflammatory response.  

This study intended to determine RNPEPL1 RNA and protein expression at 

both the cellular and systemic levels.  Microarray data determined that 

RNPEPL1 RNA expression decreased 25% after 24 hours of inflammatory 

response.  Similarly, Western blot analyses showed that RNPEPL1 protein 

levels decreased on average 25% in the same cellular model.  These 

results led to the continuation of the study at the systemic level.  Blood 

plasma samples and tissue slides were donated from the James West lab 

for control and LPS groups.  The tissue slides showed that RNPEPL1 protein 

expression change was tissue specific.  The greatest change was seen in 

the heart, with an average of 43% decrease.  Lung, kidney, and testes 

reported small decreases less than 10%, which are not considered 

significant at this time.  Interestingly, liver tissue showed a reverse effect.  

The control tissue reported less than 2% red area, while the LPS tissue was 

measured at 21%.  These results should be repeated with more samples. If 

this is in fact a true representation, this may be indicative of a tissue 

specific role that RNPEPL1 plays in the liver under inflammatory conditions. 

Lastly, blood plasma samples were analyzed though Western blots.  

Western were run four times to accommodate for the lack of a loading 
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standard.  Samples were standardized for total protein through a BCA 

assay.  Protein decreases were significant, ranging from 21% - 33%.   

In conclusion, RNPEPL1 expression consistently decreases around 25% after 

24 hours of inflammatory response.  However, the expression appears to 

be tissue specific from the preliminary IHC work conducted.  This, along 

with the initial increase in RNPEPL1 expression seen in the cellular protein 

Western, and the content of RNPEPL1 in the plasma, are areas of future 

study outside of the scope of this project. 
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CONCLUSIONS 

Arginyl aminopeptidase-like 1 was once a hypothetical reading 

frame predicted by the genomics boom.  Through RNA studies, it was 

confirmed as a transcribed gene with three splice variants found 

ubiquitously in humans.  The transcript was cloned into yeast, which 

produced a functional protein.  This protein was purified and 

characterized for enzymatic activity.  Based on conserved functional 

domains, similar genomic structure, and basic enzymatic activity, RNPEPL1 

was placed in the M1 family of aminopeptidases.   

The M1 family of aminopeptidases is made up of 12 human 

members that are all believed to be enzymatically active based on 

conserved active sites and a shared critical zinc binding domain.  Many 

members are functionally characterized, although some are lacking in 

enzymatic role reports.  In order to study this family in depth, various 

genetic studies were completed.  

Multiple alignments allowed visualization of the critically conserved 

domains.  The first was the HEXXHX18E zinc binding domain that contains 

two of the three active site residues, with the third being a downstream 

tyrosine.  The second was the G/AMEN domain believed to be required 

for enzymatic activity.  It was here that one member of the family, 
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aminopeptidase O (APO) began to diverge from the family.  APO 

contains a GMAS domain in place of the G/AMEN domain.   

The second genetic study completed was an analysis of 

phylogenetic trees for human, mouse, and rat.  At this point, it was 

discovered that mouse and rat do not contain endoplasmic reticulum 

aminopeptidase 2 (ERAP2).  The trees were created using MEGA 6 with 

bootstrap values (500 trials) and JTT model substitutions.  The trees resulted 

in nearly identical results.  The trees were divided into 2 distinct groups.  

The first contained LTA4H, RNPEP, and RNPEP.  The second group 

contained all the remaining members, except APO, falling into 2 

subgroups.  Subgroup A, the MHC Presentation Group, contained LNPEP, 

ERAP1, and ERAP2 (in humans).  Subgroup B contained ANPEP, ENPEP, 

NPEPPS, APQ, and TRHDE.  APO initially separated with the first group, but 

then separated itself with no bootstrap value available.   

To dig even deeper into the genetic conservation, an analysis of 

the exon structure for each family member was complete.  This was a new 

approach to better understand the order of divergence and duplication 

that created the gene family found currently.  This study looked at each 

gene’s exons including the length, reading frame, and location of critical 

domains.  Seven of the members aligned very well, with three 
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participating in exon slicing or joining events.  These three are also the 

three found in subgroup A of the family trees.  Subgroup B is also very well 

represented in the exon conservation study, with 4 of the 5 members 

aligning.  The LTA4H group did not fit into the same reading frame or 

contain the functional groups in the same exon.  This is further evidence 

that the LTA4H group was an early divergence of the family.   

While analyzing the genes, it was found that ERAP2 was missing from 

mouse and rat.  An explanation for this is found in the synteny study 

performed.  The results indicate that ERAP2 may have been destroyed 

during a chromosomal rearrangement in a group of species in the mouse 

and rat lineage.   

With the family study completed, all results pointed to RNPEPL1 

being most closely related to LTA4H and RNPEP, both of which are 

involved in inflammation.  The effects of inflammatory response on 

RNPEPL1 expression in both RNA and protein were analyzed.  At the 

cellular level, RNPEPL1 RNA expression decreases 25% and protein 

expression appears to increase early in inflammation (4-8hours) and then 

decrease by about 22% after 24 hours.  Systemically, RNPEPL1 protein 

expression in the blood plasma was found to decreases from 21% – 33%.  It 

is notable that RNPEPL1 is found in the plasma.  This indicates a secretion 
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of RNPEPL1 in the blood, which is a new discovery.  Interestingly, the 

response is now believed to be tissue specific.  Heart tissue shows a 43% 

decrease in RNPEPL1 protein staining, while lung, kidney, and testes 

showed slight decreases.  Liver increased by 20%, contrary to any other 

evidence.  Although these changes are significant, they are not enough 

to continue this line of research.  Other areas of RNPEPL1 research are, 

however, still open to exploration, such as the ability of RNPEPL1 to 

hydrolyze LTA4 to LTB4 similar to LTA4H.   
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