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69. Membrane alanyl

aminopeptidase

Databanks

MEROPS name: Aminopeptidase N

MEROPS classification: clan MA(E), family M1, peptidase
M01.001

IUBMB: EC 34.11.2

CAS registry: 9054-63-1

Species distribution: Chordata

Sequence known from: Bos taurus, Canis familiaris, Felis
catus, Homo sapiens, Mus musculus, Oryctolagus cuniculus,
Pleuronectes americanus, Rattus norvegicus, Sus scrofa

Name and History

The early history of membrane alanyl aminopepti-
dase (mAAP) relates to its role as Cys-Gly dipeptidase or
cysteinyl-glycinase when Binkley and colleagues proposed

that this peptidase activity present in apparently purified RNA
preparations contributed to polypeptide biosynthesis by act-
ing in reverse in a sequential fashion (Binkley, 1952; Binkley
et al., 1957). In 1957, Giorgio Semenza used newly devel-
oped chromatographic procedures to purify, and demonstrate
unequivocally, that cysteinyl-glycinase was a protein distinct
from Binkley’s RNA preparation (Semenza, 1957a) and sub-
sequently developed a convenient assay procedure (Semenza,
1957b). The enzyme has also been referred to in its earlier
days as aminopeptidase M (for microsomal or membrane
aminopeptidase), reflecting its tight association with a micro-
somal membrane fraction in pig kidney from which it was
first purified. The use of the name aminopeptidase M is still
occasionally seen today in the literature and the enzyme has
also been confused with the cytosolic ‘leucine aminopepti-
dase’ because of their overlapping substrate specificities and
similar tissue distributions. In 1980 it was suggested that
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the enzyme should be renamed aminopeptidase N, refiecting
its preference for action on neutral amino acids (Feracci &
Maroux, 1980) and that terminology is still in common use
today. The name membrane alanyl aminopeptidase was intro-
duced to clarify the nature and localization of the enzyme and
to distinguish it from its cytosolic counterpart.

The enzyme is widespread but is particularly abundant
in the brush border membranes of kidney, small intestine
and placenta and is also rich in liver. Much of the original
characterization of mAAP was performed on the renal or
intestinal enzymes. However, the presence of the enzyme in
brain has attracted substantial interest since the discovery
that it can participate in the hydrolysis and inactivation of
the enkephalins by hydrolysis of the Tyr1-Gly2 bond (Gros
et al., 1985; Matsas et al., 1985). mAAP also turns out to
be identical with the human cluster differentiation antigen
CD13 expressed on the surface of myeloid progenitors,
monocytes, granulocytes and myeloid leukemia cells (Look
et al., 1989).

Activity and Specificity

mAAP has a broad substrate specificity removing N-terminal
amino acids (Xaa-Xbb-) from almost all unsubstituted
oligopeptides and from an amide or arylamide. It has usuvally
been assayed with derivatives of alanine, e.g. Ala}NHMec or
the NHPhNO, or NNap derivatives, because Ala is the most
favored residue. Leu+NHMec and other bulky hydrophobic
amino acid derivatives are also good substrates but leuci-
namide is poorly hydrolyzed. For aminoacyl derivatives, the
favored order is reported to be Alat, Phet, Tyrt, Leut,
Argt, Thrt, Trpt, Lys+, Ser, Asp+, Hist and Val4. Pro-
and a-or y-Glu-derivatives are very slowly attacked. When
a prolyl residue is preceded by a bulky hydrophobic residue,
e.g. Leu, Tyr or Trp, unusual secondary reactions can occa-
sionally arise such that the X-Pro} combination is released as
an intact dipeptide (see, for example, McDonald & Barrett,
1986). Dipeptides are readily hydrolyzed, e.g. Cys+Gly, as in
the original studies on this activity (Semenza, 1957a,b). Sub-
site interactions are important and hence chain length greatly
affects the rates, although precise rules governing specificity
have not been defined. The specific recognition by mAAP
of the N-terminal amino acid of its substrate appears to
involve a critical glutamate residue in the active site (Glu350)
(Luciani et al., 1998).

The pH optimum is around 7.0 although the optimum
can rise to 9.0 as the substrate concentration is increased.
However, the Ky, is lowest in the pH range 7.0-7.5. Metal
chelating agents are effective inhibitors, consistent with
the metallopeptidase nature of the enzyme, and sulfhydryl
reagents are without effect. A comparison of the effects of a
range of metallopeptidase inhibitors on membrane aminopep-
tidases has been carried out by Tieku & Hooper (1992).
Amastatin (originally described as an inhibitor of glutamyl
aminopeptidase (aminopeptidase A) (Chapter 72)) is also a
very effective inhibitor of mAAP, with an increase in potency
when preincubated with the enzyme, the K; value decreas-
ing from 20puM to 20nM, i.e. it is a slow, tight-binding
inhibitor which involves a conformational change in the
enzyme—inhibitor complex (Rich et al., 1984). The kinet-
ics of this reaction have been examined in detail by Rich

et al. (1984). Probestin is also a potent inhibitor with a
reported Isp of 50nM (Tieku & Hooper, 1992). Bestatin
is also a well-recognized inhibitor of mAAP although con-
siderably less potent than amastatin or probestin (Stephen-
son & Kenny, 1987; Ticku & Hooper, 1992). Actinonin
(Iso = 2 uM) can be considered a relatively specific inhibitor
of mAAP compared with other membrane aminopeptidases
(Tieku & Hooper, 1992).

The enzyme is only very weakly inhibited by puromycin
(see Distinguishing Features). Based on such inhibitory data,
a selective enzyme assay for mAAP has been devised
(Gillespie et al., 1992). A new range of potent and selective
inhibitors of mA AP have been described based on derivatives
of 3-amino-2-tetralone (Schalk et al., 1994), some of which
exhibit K; values in the nanomolar range. The proposed
mode of binding of these compounds is as bidentate ligands
with the amino and carbonyl functions coordinating to the
active-site zinc. Highly potent and selective mA AP inhibitors
have been designed, which utilize phosphinic compounds
that mimic the transition state of substrates of the enzyme
(Chen et al., 1999). Prodrugs of dual inhibitors of the two
enkephalin-degrading enzymes, mAAP and neprilysin, also
based on a phosphinic acid design, are highly effective as
anti-nociceptive compounds (Chen ez al., 2001).

Structural Chemistry

mAAP is a type II integral membrane protein located on the
plasma membrane as an ectoenzyme. The pl is approximately
5. The native enzyme exists as a homodimer of subunit M;
140000-150000 in most species (Riemann et al., 1999),
although it is reported to be monomeric in the rabbit
(Feracci & Maroux, 1980). It is heavily glycosylated, with
carbohydrate accounting for at least 20% of the mass of the
protein. The polypeptide chain is susceptible to proteolysis,
generating two fragments of M, approximately 90000 and
45000 that have been referred to in the earlier literature as
B and y subunits respectively (the intact chain being the a
subunit). This artifact of preparation led to the suggestion that
the native enzyme may be a trimer (Maroux et al., 1973).

The enzyme was originally cloned from a human intesti-
nal cDNA library (Olsen ez al., 1988) and subsequently from
rat (Watt & Yip, 1989; Malfroy et al., 1989) and rabbit kid-
ney (Yang et al., 1993). The rat enzyme comprises a 966
amino acid polypeptide with a small cytoplasmic domain, a
24 amino acid hydrophobic segment close to the N-terminus
which serves as the membrane anchor region and the bulk of
the polypeptide chain including the active site present as an
ectodomain. The sequence includes nine potential N-linked
glycosylation sites and a typical zinc-binding motif (His-Glu-
Xaa-Xaa-His) in which the two closely spaced histidines
represent two of the zinc ligands. The third zinc ligand is
a glutamate and the protein contains one Zn?>* per subunit.
Chemical modification experiments have been used to iden-
tify arginyl, histidyl, tyrosyl and aspartyl/glutamyl residues
at the active site (Helene et al., 1991). The Lactococcus lac-
tis pepN gene encodes an aminopeptidase homologous to
mAAP with almost 30% identity between the bacterial and
mammalian proteins and with particularly high conservation
around the active-site region (Tan et al., 1992).
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Preparation

In the kidney, mAAP represents as much as 8% of the
brush border membrane protein, thereby providing a conve-
nient and abundant source to initiate purification. It was first
isolated from pig kidney as ‘cysteinyl-glycinase’ (Semenza,

1957a) and subsequently as an aminopeptidase (Wachsmuth °

et al., 1966). The protein can be purified in either hydrophilic
or amphipathic form by proteinase (trypsin, papain) treat-
ment or detergent solubilization respectively. Conventional
chromatographic procedures can then be used to isolate
the enzyme (e.g. Feracci & Maroux, 1980). The pig small
intestinal mA AP has also been purified by immunoadsorbent
chromatography (Sjostrom et al., 1978). A 130kDa glyco-
protein purified from pig kidney brush border membranes
by affinity chromatography on immobilized 4-acetamido-
4'-isothiocyanostilbene-2,2’-disulfonate (SITS) followed by
concanavalin A-Sepharose, turned out serendipitously to be
mAAP (See & Reithmeier, 1990), suggesting that the protein
possesses an anion-binding site. This procedure provides a
convenient purification method for the enzyme, which rep-
resents the major concanavalin A-binding protein in brush
border membranes. mAAP in the larval midgut cell mem-
branes of the silkworm, Bombyx mori, is partially sensitive
to release by phosphatidylinositol-specific phospholipase C,
suggesting that in this species the enzyme may be anchored
through a glycolipid anchor rather than a transmembrane
domain (Takesue et al., 1992).

Biological Aspects

mAAP is widely distributed among species and tissues
although it is of greatest abundance in brush border mem-
branes of the kidney, mucosal cells of the small intestine
and in the liver. It is also present in the lung where it is
identical to the pl146 type II alveolar epithelial cell anti-
gen (Funkhouser ef al., 1991) and is located on endothe-
lial cells in blood vessels. On polarized epithelial cells,
mAAP is localized to the apical domain and is targeted there
through an apical sorting signal thought to be located in
the catalytic head group region of the protein (Vogel et al.,
1992). In the kidney, mAAP contributes to the extracellular
catabolism of glutathione (Curthoys, 1987). The cysteinyl-
glycine generated during the catabolism of glutathione by
y-glutamyltranspeptidase is hydrolyzed by the two ectoen-
zymes mAAP and membrane dipeptidase (Chapter 302)
contributing approximately equally (McIntyre & Curthoys,
1982). In the intestine, the enzyme functions in the final
stages of protein and peptide digestion.

A detailed localization of the enzyme has been carried
out in the brain because of its potential involvement in
terminating the actions of certain neuropeptides, especially
the enkephalins (Solhonne et al., 1987; Barnes et al., 1988,
1994) and angiotensin III, which is a key brain regulator of
vasopressin release (Reaux et al., 1999). In addition to being
present on endothelial cells and synaptic membranes, mAAP
is found on astrocytes and pericytes (Barnes et al., 1994;
Kunz et al., 1994). It is abundant in the choroid plexus and
can therefore also serve to prevent access to the brain of
potentially damaging circulating peptides. On vascular cells,
mAAP may serve to metabolize certain vasoactive peptides
(Ward et al., 1990). An important location of mAAP is in

hematopoietic cells, where it is referred to as CD13 (Look
et al., 1989). Here, its expression is restricted primarily to
myeloid cells, but it is also found on antigen-presenting
cells, melanoma cells and lymphocytes. On granulocytes it
may cooperate with neprilysin (Chapter 108) to downregulate
responses to chemotactic factors such as formyl-Met-Leu-
Phe (Shipp & Look, 1993). More generally in the immune
system it may serve to inactivate certain cytokines (Hoff-
mann et al., 1993; Kanayama et al., 1995; Riemann et al.,
1999). The immunopotentiating and reported antitumor activ-
ities of bestatin may relate to inhibition of mAAP (Leyhausen
et al., 1983). Reduction in expression or activity of mAAP
results in inhibition of growth of T cells, probably through a
mechanism involving glycogen synthase kinase-3 (Lendeckel
et al., 2000). Its roles in the immune system and correlation
with neoplastic transformation are summarized in Riemann
et al. (1999). mAAP itself has been implicated in angio-
genesis (Bhagwat ef al., 2001) and cell motility, and is a
poor prognostic factor in colon cancer (Hashida et al., 2002).
The expression of mAAP has also been explored in human
prostate cancer, for which the enzyme may be a valuable his-
tological marker (Bogenrieder et al., 1997; Ishii et al., 2001).
mAAP appears to regulate the cycle-dependent bioavailabil-

" ity of interleukin 8 in the endometrium and its activity is, in

turn, regulated by estrogen (Seli et al., 2001).

The human mAAP gene, which occupies 35 kb, is localized
on chromosome 15 (Kruse et al., 1988; Watt & Willard, 1990).
Separate promoters control transcription of the human gene in
myeloid and intestinal epithelial cells (Shapiro et al., 1991).
The pig mAAP gene has been cloned and localized to porcine
chromosome 7 (Olsen et al., 1989; Poulsen et al., 1991).

A novel feature of mAAP is its ability to serve as a
receptor for certain viruses, especially coronavirus 229E,
an RNA virus that causes upper respiratory tract infec-
tions in humans (Yeager et al., 1992). Mutagenesis studies
suggest that the virus-binding site lies close to the active-
site region, although enzyme activity is not essential for
virus binding. Human mAAP also appears to mediate human
cytomegalovirus infection although, again, enzyme activity is
not essential for infection (Soderberg et al., 1993). Another
coronavirus, transmissible gastroenteritis virus, which causes
a fatal diarrhea in newborn pigs, uses intestinal mAAP as
its receptor (Delmas et al., 1992). mAAP appears to be the
major receptor for the CrylAc toxin of Bacillus thuringien-
sis in Lymantria dispar (gypsy moth) (Lee et al., 1996; de
Maagd et al. 2001).

mAAP is synthesized in a fully active form. Substance P
and bradykinin, which are not substrates for mAAP, have
been reported as natural inhibitors of the enzyme with
K; values in the low micromolar range (Xu et al., 1995).
However, it is unlikely that they play any physiological role
in regulating enzyme activity and the enzyme is therefore
probably essentially unregulated at the surface of cells.
A recent study has, however, shown that oxidoreductase-
mediated modulation of the thiol status of the cell surface
markedly affects the activity of mAAP (Firla et al., 2002)
and the enzyme is upregulated in response to hypoxia
(Bhagwat et al., 2001). Expression of CD13 may vary during
cell growth and differentiation and certain cytokines, e.g.
interleukin 4 and interferon y, can upregulate levels of
mAAP mRNA and protein (Riemann et al. 1999).
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Distinguishing Features

mAAP can be distinguished from the cytosolic leucine
aminopeptidase by its membrane association and its poor
hydrolysis of leucinamide (see above). It can be distinguished
from another aminopeptidase in brain (aminopeptidase PS;

Chapter 76) capable of hydrolyzing the enkephalins by its

relative insensitivity to puromycin (K; = 78 mM compared
with 1 mM for the puromycin-sensitive activity). Actinonin
is a relatively selective inhibitor. The dipeptidase activity
of mAAP can be distinguished from that of the mammalian
membrane dipeptidase (Chapter 302) by the sensitivity of the
latter to cilastatin (Littlewood et al., 1989).

Related Peptidases

Several mammalian aminopeptidases with homology to
mAAP have been cloned, including the puromycin-sensitive
aminopeptidase PS (Chapter 76), which has been impli-
cated in cell growth and viability (Constam et al., 1995),
and human placental leucine aminopeptidase/oxytocinase
(Chapter 74), which is also a type II integral membrane pro-
tein and may play a role in the degradation of oxytocin and
vasopressin (Rogi et al., 1996). The major protein present
in GLUT4 vesicles in fat and muscle tissues is a glycopro-
tein of M; 160000 that has structural homology to mAAP
and exhibits aminopeptidase activity in vitro (Kandror et al.,
1994). The cytosolic leukotriene A, hydrolase (Chapter 80)
also has aminopeptidase activity and belongs to the mAAP
family (Toh et al., 1990).

Further Reading

For reviews, see Wang & Cooper (1996), Lendeckel et al.
(1999) and Riemann et al. (1999).

References

Barnes, K., Matsas, R., Hooper, N.M., Turner, A.J. & Kenny, A.J.
(1988) Endopeptidase-24.11 is striosomally ordered in pig brain
and, in contrast to aminopeptidase N and peptidyl dipeptidase A
(‘angiotensin converting enzyme’), is a marker for a set of striatal
efferent fibres. Neuroscience 27, 799-817.

Barnes, K., Kenny, AJ. & Turner, A.J. (1994) Localization of
aminopeptidase N and dipeptidy! peptidase IV in pig striatum and
in neuronal and glial cell cultures. Eur. J. Neurosci. 6, 531-537.

Bhagwat, S.V., Lahdenranta, J., Giordano, R., Arap, W., Pasqua-
lini, R. & Shapiro, L.H. (2001) CD13/APN is activated by
angiogenic signals and is essential for capillary tube formation.
Blood 97, 652-659.

Binkley, F. (1952) Evidence for the polynucleotide nature of
cysteinylglycinase. Exp. Cell Res. 2(suppl), 145-157.

Binkley, F., Alexander, V., Bell, R.E. & Lea, C. (1957) Peptidases
and alkaline phosphatases of swine kidney. J. Biol. Chem. 228,
559-567.

Bogenrieder, T., Finstad, C.L., Freeman, R.H., Papandreou, C.N.,
Scher, H.I,, Albino, A.P., Reuter, V.E. & Nanus, D.M. (1997)
Expression and localization of aminopeptidase A, aminopepti-
dase N, and dipeptidyl peptidase IV in benign and malignant
human prostate tissue. Prostate 33, 225-232.

Chen, H., Roques, B.P., Fournié-Zaluski, M.C. (1999) Design of
the first highly potent and selective aminopeptidase N (EC
3.4.11.2) inhibitor. Bioorg. Med. Chem. Lett. 9, 1511-1516.

Chen, H., Noble, F., Roques, B.P., Fournié-Zaluski, M.C. (2001)
Long lasting antinociceptive properties of enkephalin degrading
enzyme (NEP and APN) inhibitor prodrugs. J. Med. Chem. 44,
3523-3530.

Constam, D.B., Tobler, A.R., Rensing-Ehl, A., Kemler, I., Hersh,
L.B. & Fontana, A. (1995) Puromycin-sensitive aminopeptidase.
Sequence analysis, expression, and functional characterization.
J. Biol. Chem. 270, 26931-~26939.

Curthoys, N.P. (1987) Extracellular catabolism of glutathione. In:
Mammalian Ectoenzymes (Kenny, A.J. & Turner, AJ., eds).
Amsterdam: Elsevier, pp. 249-264.

de Maagd, R.A,, Bravo, A. & Crickmore, N. (2001) How Bacillus
thuringiensis has evolved specific toxins to colonize the insect
world. Trends Genet. 17, 193-199.

Delmas, B., Gelfi, J., L'Haridon, R., Vogel, LK., Sjostrém, H.,
Norén, O. & Laude, H. (1992) Aminopeptidase N is a major
receptor for the entero-pathogenic coronavirus TGEV. Nature
357, 417-420.

Feracci, H. & Maroux, S. (1980) Rabbit intestinal aminopeptidase
N. Purification and molecular properties. Biochim. Biophys. Acta
599, 448-463.

Firla, B., Arndt, M., Frank, K., Thiel, U., Ansorge, S., Tager, M. &
Lendeckel, U. (2002) Extracellular cysteines define ectopeptidase
(APN, CD13) expression and function. Free Radic. Biol. Med. 1,
584-595.

Funkhouser, ].D., Tangada, S.D., Jones, M., O, S.J. & Peter-
son, R.D. (1991) p146 type II alveolar epithelial cell antigen is
identical to aminopeptidase N. Am. J. Physiol. 260, 1.274-1.279.

Gillespie, T.J., Konings, P.N., Merrill, B.J. & Davis, T.P. (1992) A
specific enzyme assay for aminopeptidase M in rat brain. Life Sci.
51, 2097-2106.

Gros, C., Giros, B. & Schwartz, J.-C. (1985) Identification of
aminopeptidase M as an enkephalin-inactivating enzyme in rat
cerebral membranes. Biochemistry 24, 2179-2185.

Hashida, H., Takabayashi, A., Kanai, M., Adachi, M., Kondo, K.,
Kohno, N., Yamaoka, Y. & Miyake, M. (2002) Aminopepti-
dase N is involved in cell motility and angiogenesis: its clini-
cal significance in human colon cancer. Gastroenterology 122,
376-386.

Helene, A,, Beaumont, A. & Roques, B.P. (1991) Functional
residues at the active site of aminopeptidase N. Eur. J. Biochem.
196, 385-393.

Hoffmann, T., Faust, J., Neubert, K. & Ansorge, S. (1993) Dipep-
tidyl peptidase IV (CD26) and aminopeptidase N (CD13) cat-
alyzed hydrolysis of cytokines and peptides with N-terminal
cytokine sequences. FEBS Lett. 336, 61-64.

Ishii, K., Usui, S., Sugimura, Y., Yoshida, S., Hioki, T., Tatem-
atsu, M., Yamamoto, H., Hirano, K. (2001) Aminopeptidase N
regulated by zinc in human prostate participates in tumor cell
invasion. Int. J. Cancer 92, 49-54.

Kanayama, N., Kajiwara, Y., Goto, J., el Maradny, E., Maehara, K.,
Andou, K. & Terao, T. (1995) Inactivation of interleukin-8 by
aminopeptidase N (CD13). J. Leukoc. Biol. 57, 129-134.

Kandror, K.V., Yu, L. & Pilch, P.F. (1994) The major protein of
GLUT4-containing vesicles, gp160, has aminopeptidase activity.
J. Biol. Chem. 269, 30777~30780.

Kruse, T.A., Bolund, L., Grzeschik, K.H., Ropers, H.H., Olsen, I.,
Sjostrom, H. & Norén, O. (1988) Assignment of the human
aminopeptidase N (peptidase E) gene to chromosome 15q13-qgter.
FEBS Lett. 239, 305-308.



CLAN MA(E) - M1 69. Membrane alanyl aminopeptidase 293

Kunz, J., Krause, D., Kremer, M. & Dermietzel, R. (1994) The 140-
kDa protein of blood-brain barrier-associated pericytes is identical
to aminopeptidase N. J. Neurochem. 62, 2375-2386.

Lee, MK, You, T.H., Young, B.A., Cotrill, J.A., Valaitis, A.P.
& Dean, D.H. (1996) Aminopeptidase N purified from gypsy
moth brush border membrane vesicles is a specific receptor for
Bacillus thuringiensis CrylAc toxin. Appl. Environ. Microbiol.
62, 2845-2849.

Lendeckel, U., Arndt, M., Frank, K., Wex, T. & Ansorge, S. (1999)
Role of alanyl aminopeptidase in growth and function of human
T cells. Int. J. Mol. Med. 4, 17-217.

Lendeckel, U., Scholz, B., Arndt, M., Frank, K., Spiess, A,
Chen, H., Roques, BP. & Ansorge, S. (2000) Inhibition
of alanyl-aminopeptidase suppresses the activation-dependent
induction of glycogen synthase kinase-3beta (GSK-3beta) in
human T cells. Biochem. Biophys. Res. Commun. 273, 62—65.

Leyhausen, G., Schuster, D.K., Vaith, P., Zahn, R.K., Umezawa, H.,
Falke, D. & Miiller, W.E.G. (1983) Identification and properties
of the cell membrane bound leucine aminopeptidase interacting
with the potential immunostimulant and chemotherapeutic agent
bestatin. Biochem. Pharmacol. 32, 1051-1057.

Littlewood, G.M., Hooper, NM. & Turner, AJ. (1989) Ectoen-
zymes of the kidney microvillar membrane. Affinity purification,
characterization and localization of the phospholipase C-
solubilized form of renal dipeptidase. Biochem. J. 257, 361-367.

Look, A.T., Ashmun, R.A., Shapiro, L. H. & Peiper, S.C. (1989)
Human myeloid plasma membrane glycoprotein CD13 (gp150)
is identical to aminopeptidase N. J. Clin. Invest. 83, 1299-1307.

Luciani, N., Marie-Claire, C., Ruffet, E., Beaumont, A., Roques,
B.P., Fournié-Zaluski, M.C. (1998) Characterization of Glu350
as a critical residue involved in the N-terminal amine binding site
of aminopeptidase N (EC 3.4.11.2): insights into its mechanism
of action. Biochemistry 37, 686—692.

McDonald, J K. & Barrett, A.J. (1986) Mammalian Proteases: A
Glossary and Bibliography, vol. 2: Exopeptidases. London: Aca-
demic Press, pp. 59-71.

Mclntyre, TM. & Curthoys, N.P. (1982) Renal catabolism of
glutathione: characterization of a particulate rat renal dipeptidase
that catalyzes the hydrolysis of cysteinylglycine. J. Biol. Chem.
257, 11915-11921.

Malfroy, B., Kado-Fong, H., Gros, C., Giros, B., Schwartz, J.-C. &
Hellmiss, R. (1989) Molecular cloning and amino acid sequence
of rat kidney aminopeptidase M: a member of a super family
of zinc metallohydrolases. Biochem. Biophys. Res. Commun. 161,
236-241.

Maroux, S., Louvard, D. & Baratti, J. (1973) The aminopeptidase
from hog intestinal brush border. Biochim. Biophys. Acta 321,
282-295.

Matsas, R., Stephenson, S.L., Hryszko, J., Kenny, A.J. & Turner,
AJ. (1985) The metabolism of neuropeptides: phase separation
of synaptic membrane preparations with Triton X-114 reveals the
presence of aminopeptidase N. Biochem. J. 231, 445-449,

Oilsen, J., Cowell, G.M., Kgnigshgfer, E., Danielsen, E.M., Mgller,
J., Laustsen, L., Hansen, O.C., Welinder, K.G., Engberg, J., Hun-
ziker, W., Spiess, M., Sjostrom, H. & Norén, O. (1988) Com-
plete amino acid sequence of human intestinal aminopeptidase N
as deduced from cloned cDNA. FEBS Lett. 238, 307-314.

Olsen, I., Sjostrom, H. & Norén, O. (1989) Cloning of the pig
aminopeptidase N gene. Identification of possible regulatory
elements and the exon distribution in relation to the membrane-
spanning region. FEBS Lert. 251, 275-281.

Poulsen, P.H., Thomsen, P.D. & Olsen, J. (1991) Assignment
of the porcine aminopeptidase N (PEPN) gene to chromo-
some 7cen—q21. Cytogenet. Cell Genet. 57, 44-46.

Reaux, A., de Mota, N., Zini, S., Cadel, S., Fournié-Zaluski, M.C,,
Roques, B.P., Corvol, P. & Llorens-Cortes, C. (1999) PC 18,
a specific aminopeptidase N inhibitor, induces vasopressin
release by increasing the half-life of brain angiotensin III.
Neuroendocrinology 69, 370-376.

Rich, D.H., Moon, B.J. & Harbeson, S. (1984) Inhibition of
aminopeptidases by amastatin and bestatin derivatives. Effect of
inhibitor structure on slow-binding processes. J. Med. Chem. 27,
417-422.

Riemann, D., Kehlen, A. & Langner, J. (1999) CD13 — not just a
marker in leukemia typing. Jmmunol. Today 20, 83-88.

Rogi, T., Tsujimoto, M., Nakazato, H., Mizutani, S. & Tomoda, Y.
(1996) Human placental leucine aminopeptidase/oxytocinase. A
new member of type II membrane-spanning zinc metallopepti-
dase family. J. Biol. Chem. 271, 56—61.

Schalk, C., d’Orchymont, H., Jauch, M.-F. & Tarnus, C. (1994) 3-
Amino-2-tetralone derivatives: novel and potent inhibitors of
aminopeptidase-M. Arch. Biochem. Biophys. 311, 42—46.

See, H. & Reithmeier, R.A. (1990) Identification and characteri-
zation of the major stilbene-disulphonate- and concanavalin A-
binding protein of the porcine renal brush-border membrane as
aminopeptidase N. Biochem. J. 271, 147-155.

Seli, E., Senturk, L.M., Bahtiya, O.M., Kayisli, U.A. & Arici, A.
(2001) Expression of aminopeptidase N in human endometrium
and regulation of its activity by estrogen. Fertil. Steril. 75,
1172-1176.

Semenza, G. (1957a) Chromatographic purification of cysteinyl-
glycinase. Biochim. Biophys. Acta 24, 401-413.

Semenza, G. (1957b) Detection of dipeptides and dipeptidase activ-
ity on paper. Experientia 13, 166.

Shapiro, L.H., Ashmun, R.A., Roberts, W.M. & Look, A.T. (1991)
Separate promoters control transcription of the human aminopep-
tidase N gene in myeloid and intestinal epithelial cells. J. Biol.
Chem. 266, 11999-12007.

Shipp, M.A. & Look, A.T. (1993) Hematopoietic differentiation
antigens that are membrane-associated enzymes: cutting is the
key. Blood 82, 1052-1070.

Sjostrém, H., Norén, O., Jeppesen, L., Staun, M., Svensson, B.
& Christiansen, L. (1978) Purification of different amphiphilic
forms of a microvillus aminopeptidase from pig small intestine
using immunoadsorbent chromatography. Eur. J. Biochem. 88,
503-511.

Soderberg, C., Giugni, T.D., Zaia, J.A., Larsson, S., Wahlberg, J.M.
& Moller, E. (1993) CD13 (human aminopeptidase N) mediates
human cytomegalovirus infection. J. Virol. 67, 6576—6585.

Solhonne, B., Gros, C., Pollard, H. & Schwartz, J.-C. (1987) Major
localization of aminopeptidase M in rat brain. Neuroscience 22,
225-232.

Stephenson, S.L. & Kenny, A.J. (1987) Metabolism of neuropep-
tides. Hydrolysis of the angiotensins, bradykinin, substance P and
oxytocin by pig kidney microvillar membranes. Biochem. J. 241,
237-2417.

Takesue, S., Yokota, K., Miyajima, S., Taguchi, R., Ikezawa, H. &
Takesue, Y. (1992) Partial release of aminopeptidase N from
larval midgut cell membranes of the silkworm, Bombyx mori, by
phosphatidylinositol-specific phospholipase C. Comp. Biochem.
Physiol. B 102, 7-11.



294 CLAN MA(E) - M1 70. Aminopeptidase Ey

Tan, P.S., van Alen-Boerrigter, 1.J., Poolman, B., Siezen, R.J., de
Vos, W.M. & Konings, W.N. (1992) Characterization of the Lac-
tococcus lactis pepN gene encoding an aminopeptidase homolo-
gous to mammalian aminopeptidase N. FEBS Lett. 306, 9-16.

Tieku, S. & Hooper, N.M. (1992) Inhibition of aminopeptidases N,
A and W. A re-evaluation of the actions of bestatin and inhibitors
of angiotensin converting enzyme. Biochem. Pharmacol. 44,
1725-1730.

Toh, H., Minami, M. & Shimizu, T. (1990) Molecular evolution and
zinc ion binding motif of leukotriene A4 hydrolase. Biochem.
Biophys. Res. Commun. 171, 216-221.

Vogel, L.K., Norén, O. & Sjostrom, H. (1992) The apical sorting
signal on human aminopeptidase N is not located in the stalk but
in the catalytic head group. FEBS Lett. 308, 14—17.

Wachsmuth, E.D., Fritze, I. & Pfleiderer, G. (1966) An aminopepti-
dase occurring in pig kidney. I. An improved method of prepara-
tion. Physical and enzymic properties. Biochemistry 5, 169-174.

Wang, J. & Cooper, M.D. (1996) Aminopeptidases: structure and
biological function. In: Zinc Metalloproteases in Health and Dis-
ease (Hooper, N.M., ed.). London: Taylor & Francis, pp. 131—
151.

Ward, P.E., Benter, LF., Dick, L. & Wilk, S. (1990) Metabolism of
vasoactive peptides by plasma and purified renal aminopeptidase
M. Biochem. Pharmacol. 40, 1725-~1732.

Watt, VM. & Willard, H.F. (1990) The human aminopeptidase N
gene: isolation, chromosome localization, and DNA polymor-
phism analysis. Hum. Genet. 85, 651-654.

Watt, VM. & Yip, C.C. (1989) Amino acid sequence deduced
from a rat kidney cDNA suggests it encodes the Zn-peptidase
aminopeptidase N. J. Biol. Chem. 264, 5480-5487.

Xu, Y., Wellner, D. & Scheinberg, D.A. (1995) Substance P and
bradykinin are natural inhibitors of CD13/aminopeptidase N.
Biochem. Biophys. Res. Commun. 208, 664-674.

Yang, X.F., Milhiet, P.E., Gaudoux, F., Crine, P. & Boileau, G.
(1993) Complete sequence of rabbit kidney aminopeptidase N
and mRNA localization in rabbit kidney by in situ hybridization.
Biochem. Cell Biol. 71, 278-287.

Yeager, C.L., Ashmun, R.A., Williams, R.X., Cardellichio, C.B.,
Shapiro, L.H., Look, A.T. & Holmes, K.V. (1992) Human ami-
nopeptidase N is a receptor for human coronavirus 229E. Nature
357, 420-422.

Anthony J. Turner
School of Biochemistry and Molecular Biology,
University of Leeds,
Leeds LS2 9JT, UK
Email: a.j.turner@leeds.ac.uk

Handbook of Proteolytic Enzymes 2" Edn
ISBN 0-12-079610-4

Copyright © 2004 Elsevier Ltd

All rights of reproduction in any form reserved

70. Aminopeptidase Ey

Databanks

MEROPS name: Aminopeptidase Ey

MEROPS classification: clan MA(E), family M1, peptidase
MO1.016

IUBMB: EC 34.11.20

Species distribution: Gallus gallus

Name and History

The introduction of a sensitive fluorogenic substrate, Leu-
NHMec, and a chromogenic substrate, Leu-NHPhNO,, at
pH7.5 led to the discovery of aminopeptidase Ey in hen’s
egg yolk (Ichishima et al., 1989). The enzyme has a broad
specificity for N-terminal amino acid residues at the P1
position (Tanaka & Ichishima, 1993b).

Activity and Specificity

Aminopeptidase Ey has a broad specificity for amino acid
residues at the P1 position of substrates (Tanaka & Ichishima,
1993b). The enzyme degrades a variety of peptides
having various N-terminal amino acids: hydrophobic, basic

and acidic amino acids including proline (Tanaka &
Ichishima, 1993b). It rapidly degrades Leu-enkephalin
[Tyr}Gly4Gly{Phe{Leu] to the C-terminus (Tanaka &
Ichishima, 1993b). Tyrosine sulfate, a post-translationally
modified amino acid, is easily liberated from cholecystokinin
octapeptide: Asp+Tyr(SOsH){Met{Gly+}Trp|+Met-Asp-Phe-
NH, (Tanaka & Ichishima, 1993b).

Aminopeptidase Ey hydrolyzes N-terminal Xaa-Pro bonds
in a chicken brain pentapeptide (Leu{Pro-Leu-Arg-Phe-
NH,), substance P fragment 1-4 (Arg}Pro-Lys-Pro) and
bradykinin fragment 1-5 (Arg{Pro-Pro-Gly-Phe), but does
not hydrolyze substance P (Arg-Pro-Lys-Pro-Gln-Gln-Phe-
NH,) (Tanaka & Ichishima, 1993b).

The enzyme releases proline from Pro{PhetGly-Lys
(Tanaka & Ichishima, 1993b), while it is unable to release pro-
line from melanocyte-stimulating hormone release-inhibiting
factor (Pro-Leu-Gly-NH;) (MSH-release inhibiting factor),
or from schisto FMRE-amide (Pro-Asp-Val- Asp-His-Val-Phe-
Leu-Arg-NH;) (Tanaka & Ichishima, 1993b).

The pH optimum of the enzyme for LeufLeufTyr,
LeuNHMec and Leu+NHPhNO, hydrolysis is about pH7.5
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