
CHAPTERl ====== 

AMINOPEPTIDASES, 

OccuRRENCE, REGULATION 
AND NOMENCLATURE 

Allen Taylor 

INTRODUCTION 

A minopeptidases (AP) catalyze the hydrolysis of amino acid resi
..t\dues from the amino terminus of peptide substrates. These en
zymes generally have broad specificity, occur in several forms, and 
are widely distributed throughout the plant and animals kingdoms. 
Over 100 APs have been purified and/or studied, and over 50 
genes have been cloned and characterized. Several forms of these 
enzymes have been found in many tissues or cells, on cell surfaces, 
and in soluble cytoplasmic or secreted forms in plants and ani
mals1·7 (see chapters 2-8). In some cells they constitute a substan
tial proportion of enzyme protein.4•8·9 

Several physiological functions of APs have been identified. 
Aminopeptidases are essential for protein maturation, 10 degrada
tion of nonhormonal 11 and hormonal peptides, and, possibly, de
termination of protein stability. 12 Many disease states are associ
ated with impaired proteolytic function. 13- 19 Several APs also 
catalyze reactions in addition to peptide hydrolysis. Recent data 
regarding these subjects will be described below and in the accom
panying chapters. 

Aminopeptidases, edited by Allen Taylor.© 1996 R.G. Landes Company. 
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NOMENCLATURE 
It would appear de rigueur that any text regarding a specific 

group of molecules should begin with a classification of members 
of that group. However, a unique nomenclature system for APs 
remains elusive. Instead, classification of AP has been done prim~
rily according to the interest of the investigator. This results in a 
practical, if labyrinthian, series of nonexclusive names. 1•20-22 The 
following criteria have been used in various classification schemes. 

NUMBER OF AMINO ACIDS CLEAVED FROM THEN-TERMINUS 

OF SUBSTRATES 

Enzymes which sequentially remove the NHrterminal amino 
acid from protein and peptide substrates are called aminopepti
dases. Aminodipeptidases, or diaminopeptidases, remove intact 
NHrterminal dipeptides. Aminotripeptidases catalyze the hydrolysis 
of NHrterminal tripeptides. 1•22 These are given the numbers E.C. 
3.4.11-3.4.13. 

WITH RESPECT TO THE RELATIVE EFFICIENCY WITH WHICH 

NHr TERMINAL RESIDUES ARE REMOVED FROM PEPTIDES 

OR PEPTIDE ANALOGS 

Leucine aminopeptidases (LAP) remove most effectively Leu 
and other hydrophobic residues from peptide substrate analogs, 
although bonds to many other residues are cleaved. Indeed, the 
complete degradation of a protein by LAP has been described. 8 

Arginine-, methionine-, aspartic-, alanine-, glutamic-, proline- and 
cystinyl-APs have also been described. In most instances, the ki
netic tests used for identification were done with amino analogs 
(i.e., amino acyl-p-nitroanilides or ~-naphthylamides) as substrates. 
However, these analogs are rarely hydrolyzed at rates comparable 
to rates of hydrolysis of peptides which bear the same amino ter
minal residue. 23 In some cases the peptidase name includes infor
mation regarding the substrate analog used, i.e., leucyl-~-naphthyl 
amidase, although this is a physiologically irrelevant substrate. In 
addition, metal ion content in many enzymes has rarely been held 
constant. Each of these influences relative activities, making classifi
cation according to the residue cleaved a nettlesome chore23•24 (see 
Table 2.4 in chapter 2). For example, lens LAP in the Zn2+Mg2+ 
form (see metal content below) shows a specific activity for a typi
cal physiological substrate, LeuGlyGly, of 804 11mollmin/mg and 
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a Km of 1 mM. In contrast, for the widely used substrate leucyl-p
nitroanilide (LpNA), the specific activity is 3.9 J..Lmol/min/mg; yet 
Km is similar (approximately 3 mM) to that for the peptide. In 
comparison, AlaGlyGly is also rapidly hydrolyzed (specific activity 
604 J..Lmol/min/mg), although the Km is 50 times as great.23 Analo
gous information regarding porcine kidney LAP was obtained by 
Van Wart and coworkers.25 The difficulty in utilizing substrates 
for characterization is corroborated by Patterson' s26 observation of 
different recovery times for bestatin-inhibited aminodipeptidase uti
lizing different substrates. 

In most cases the aNHTresidue must be of the L-configura
tion. However, Asano et al purified from Ochrobactrum anthropi 
SCRC Cl-38 a dimeric (59 kDa/subunit) aminopeptidase specific 
for D amino acidsY This enzyme is not inhibited by metal-chelat
ing agents, but is inhibited by sulfhydryl reagents. 

LOCATION 

Some peptidases are secreted, 28 but most are not. There are 
cytosolic and microsomal enzymes, and integral-membrane-bound 
or membrane-associated enzymes.20•21 •29 Membrane anchors include 
glycosylphosphatidylinositol.30 Other APs are found in organelles, 
such as lysosomes, nuclei, and mitochondria. A problem with cur
rent nomenclature which uses trivial names is that in some in
stances, different enzymes share the same name. It is not uncom
mon for structurally unrelated enzymes to have the same name 
and yet to be found in different locations within one organism, 
i.e., membrane-bound and methionine aminopeptidases have both 
been referred to as AP-M. Thus, even locations of the enzymes 
could be more clearly described in the name. In addition, aspects 
of the enzyme-membrane interaction that alter activity remain to 
be elucidated. 

INHIBITOR SUSCEPTIBILITY 

Aminopeptidases may be inhibitable by bestatin, amastatin, or 
other transition-state analogs (see chapter 2 for structures and in
hibition constants of these inhibitors). The most commonly used 
aminopeptidase inhibitor, bestatin, is an analog of the dipeptide 
substrate PheLeu (see chapter 2). It contains an a-carbon bearing 
a hydroxyl group which mimics the putative transition state in 
peptide hydrolysis. Incorporation of this functional group enhances 
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binding of the inhibitor ""10 5 (see chapter 2). It is suggested that 
the tighter binding of polypeptide inhibitors such as amastatin, in 
preference to dipeptide analogs, can be used to distinguish mem
brane-bound (i.e., AP-M) from cytosolic enzymes.31 Metal ion che
lators and functional group specific reagents are also effective in
hibitors of various APs. 

METAL ION CONTENT 

There are both metal ion-containing and metal-free APs. For 
those APs which incorporate metal ions, the ions may or may not 
be directly involved in catalysis20•32 (see chapter 2). Metal ions which 
are involved in AP structure and function include Co2+ and Zn2+. 

Residues which bind the metal to the enzyme may also be used to 

describe APs33-35 (see chapters 2 and 3). 

CONDITIONS OF MAXIMAL ACTIVITY 

The pH at which maximal activity is observed has often been 
used to characterize APs. There are acidic, basic, and "neutral" 
peptidases. Some APs are chloride, or other ion, activated. 

SIZE 

Monomeric, polymeric, low-, and high-mass peptidases have 
been documented. Most,20•21 but not all36-38 polymeric APs are ho
mopolymers, i.e., polymers of a given protomer. This is contrasted 
with high mass endopeptidases (proteasomes) which are comprised 
of a myriad of different protomers. 

THERMOSTABILITY 

Aminopeptidases which can withstand elevated temperatures 
have been identified. For example, Aeromonas has a "thermostable" 
AP39 (see Table 2.1 in chapter 2 and descriptions of thermosensitive 
APE2 in chapter 5). However, most other APs do not withstand 
prolonged exposure to elevated temperatures and cannot be classi
fied as thermostable. 

NUMBER OF FUNCTIONS 

While for most aminopeptidases only one function has been 
elucidated, there are now several APs for which two functions have 
been demonstrated (see chapters 5, 6, 8, and below). 
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Obviously, each of these nomenclature or classification systems 
serves to identify the protease with respect to a topic of interest, 
and they are not mutually exclusive. Given the labyrinth of classi
fications, it is not surprising that in recent years several enzymes, 
which were previously thought to be distinct, were shown to be 
identical (see chapter 2). For example, porcine kidney LAP (which 
was described as not able to hydrolyze prolyl bonds) and porcine 
intestinal prolyl AP are indistinguishable.40 The same pertains to 
rat kidney and brain prolyl AP and porcine kidney LAP.23•24·41 .42 

The E. coli xerB gene product, E. coli AP-I, now called AP-A, and 
S. typhimurium aminopeptidase appear to be the same,5 as are APs 
N and M (E.C. 3.4.11.2).1 Perhaps it would be advantageous to 
assay an AP with many peptide substrates prior to choosing a name. 

PHYSIOLOGICAL FUNCTION AND USES 
Some aminopeptidase activities are essential. Others, while not 

essential, affect cells in profound ways. In all living cells, protein 
synthesis is initiated at an AUG codon. This initiation AUG codon 
specifies methionine in the cytosol of eukaryotes, or formyl
methionine in prokaryotes, mitochondria, and chloroplasts. Pro
tein maturational events, including NHrterminal modifications of 
nascent peptides, are by far the most common processing events, 
occurring on nearly all proteins. 10 In this process where formyl
methionine is used to initiate protein synthesis, the formyl group 
is usually removed cotranslationally by a deformylase, leaving me
thionine bearing a free NH2 group. 10•12•43-47 In both eukaryotes and 
prokaryotes, the NHrterminal methionine may be removed by a 
methionine aminopeptidase(s) (MAP) .10•12•47-49 Removal of the 
NHrterminal methionine is required in order to reveal function
ally important NHrterminal residues and/or to allow NH2-termi
nal modification (such as myristoylation) which is required for 
physiologic function. 

Essentiality of certain APs is indicated, since deletion of those 
enzymes is lethal. For example, deletion of methionine AP (pepM 
gene product) is lethal in Salmonella typhimurium.5° Consistent with 
essentiality of some methionine APs is the observation that pepM 
mutants of E. coli or S. typhimurium could not be obtained.49.50 

Since, except in disease states or upon aging, protein fragments 
rarely accumulate, 13•14 a "housekeeping" role for APs is indicated 
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in continuous protein turnover and/or regulation of protein levels, 
selective elimination of obsolete or defective proteins, supply of 
amino acids and energy during starvation and/or differentiation, 
and degradation of transported exogenous peptides to amino acids 
for nutrition. Indeed, experiments using the relatively tight-bind
ing inhibitor, bestatin, indicate that APs are required in mamma
lian tissues and cells for terminal stages of intra- and extracellular 
protein degradation 11 and for EGF-induced cell-cycle control.51 

Proteolytic capabilities also allow cells to adapt to changing envi
ronmental conditions. This is confirmed by the time-related re
duction in viability of some strains mutated for several AP coding 
genes. 52 In E. coli, AP-A (pepA, the xerB gene product) is abso
lutely required for ColEl stabilization of unstable plasmid 
multimers, which occurs via site-specific recombination (at the cer 
locus) into monomer form. 5 This is also identical with the carP 
gene which is involved in pyrimidine-specific regulation of the 
upstream Pl promoter of E. cofi.53 

In contrast with the essentiality of the APs noted above, in 
Saccharomyces deletion of the MAP I gene is associated with re
tarded growth but is not lethal.54 This suggests that alternative 
NHrterminal processing pathways exist for cleaving methionine 
from nascent polypeptide chains in eucaryotic cells.7·55 Redundancy 
of AP activities in procaryotic and eucaryotic cells may provide 
yet another, albeit teleological, support for the important cellular 
functions for APs_?.55 

BLHl codes for a yeast thiol aminopeptidase which is homolo
gous to mammalian bleomycin hydrolase. 56 Whereas deletion of 
the BLHl gene is not lethal under normal growth conditions, blhl 
mutants show hypersensitivity to bleomycin. This indicates that 
bleomycin hydrolase is able to inactivate bleomycin in vivo and to 
protect cells from bleomycin-induced toxicity. 56 

To the extent to which physiological functions which are af
fected by bestatin involve aminopeptidases, it would appear that 
APs are involved in the delayed-type hypersensitivity, 16 murine 
tumor growth rate and enhanced antitumor activity of antibiot
ics,57 DNA metabolism in spleen and thymus T-cells,58 and stimu
lated polysome assembly. 59 Roles for AP in antibiotic activation 
and transport have been documented.29 

Leukotriene hydrolase activity of an aminopeptidase suggests 
roles for APs in inflammation60-62 (see chapter 6). Also suggestive 
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of relations between AP activity and inflammation are observa
tions that AP-P (aminoacylprolyl-peptide hydrolase E.C. 
3.4.11.9) may be involved in hydrolyzing bradykinin63.64 (see 
Table 2.1, chapter 2). 

Recent data indicate that bestatin-inhibitable aminopeptidases 
are involved in the conversion of procollagenase to collagenase.65 · 
In related research it was demonstrated that AP-N/CD13 plays a 
role in degradation and invasion of extracellular matrix since 
A375M melanoma cells transfected with full-length eDNA of 
AP-N/CD13 show enhanced degradation of type IV collagen.66 This 
association between AP activity and tissue invasion is corroborated 
by data which show that monoclonal antibodies to AP-N/CD13 
inhibit invasion of metastatic renal cells into Matrigel-coated fil
ters and degradation of type IV collagen, and that this activity is 
also inhibitable by bestatin.67 Aminopeptidase N from pig con
tains sequences which can act as cellular, virus-binding receptors.68 

Aminopeptidases also participate in the metabolism of secreted 
regulatory molecules including hormones and neurotransmit
ters.6·28·33·42·69·70 This includes partial degradation of enkephalin by 
cerebral pericytic AP-N at the blood-brain interface?' and by mu
rine macrophages. Another function of APs appears to be in modu
lation of cell-cell interactions (for review see reference 4 and refer
ences cited within). 

In the blood clotting cascade, aminopeptidase A appears to lib
erate angiotensin from angiotensin II.72 Aminopeptidase N par
ticipates in inactivation of angiotensin III. This information has 
been exploited for the design of drugs to regulate rates of blood 
clotting. 

Evidence for dual functions or activities of aminopeptidases has 
been mounting. In some cases, mutational analysis has been clev
erly exploited to separate functions in the APs. For example, mu
tation of the PEP A gene which inactivates the hydrolytic activity 
does not eliminate the role of AP-A in the recombination pro
cess.73 Second functions for APs, which are separable from AP ac
tivity, are also reported for leukotriene ~ hydrolase62 (also see 
chapter 6) and 0. anthropi D-aminopeptidase (see chapter 2). Dual 
function may be implied by structural studies of methionine AP 
from Saccharomyces cerevisiae. Whereas a form of MAP missing the 
Zn2+ fingers is as active as the wild type, the truncated form is 
significantly less active in rescuing the slow growth phenotype of 
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the map mutant than wild type MAP 15 (also see chapters 2, 4 and 
5). Thus, initiation factor-associated proteins may include methion
ine aminopeptidases. Another example of a second function for 
aminopeptidases is found in aminopeptidase N which serves as a 
coronavirus receptor.74·75 

The ubiquitin proteolytic pathway is involved in the degrada
tion of normal, obsolete, and damaged proteins.?6-80 In some cases 
the N-end amino acid is involved in determining the rate of pro
teolysis of substrates by this pathway.80 A central role for APs in 
defining the stability of proteins can be envisioned for those pro
teins which are degraded by such an "N-end ubiquitin-dependent 
degradation pathway" (Fig. 1.1 ). A corollary is that retention of 
Met or other stabilizing residues may protect short-lived proteins 
from premature protein degradation. 12·54 

In contrast with the catabolic roles for aminopeptidases, a bio
synthetic or hydrolytic role in peptidoglycan has been suggested. 29 

(See section below.) Further advances regarding physiological func
tions of APs should be possible, since the availability of new 
fluorogenic substrates for aminopeptidases makes it possible to 
detect their activity in vivo. 81 

BIOCHEMICAL AND INDUSTRIAL USES 
FOR AMINOPEPTIDASES 

Aminopeptidases have frequently been used to sequentially re
move amino-terminal amino acids from proteins, i.e., AP-M was 
used for studies of structure-biologic function of peptides that bind 
the thrombin receptor. 82 Pyroglutamate AP has found use in de
termining sequence and content of pyroglutamate in-and for 
deprotection prior to sequencing of-proteins. 83·84 In the dairy in
dustry the terminal degradation of peptides derived from casein is 
accomplished with APs. 29 

Aminopeptidases have also found use in peptide synthesis. 
Prolyldipeptidyl AP from lactococcus lactis (PepX) was used as a 
catalyst in the kinetically controlled synthesis of peptide bonds 
involving proline. 85 Aminopeptidase A was used for reversible pro
tection of the aNH2 group of amino acids. 86 

An unanticipated observation is that aminopeptidase N binds 
concanavalin A and promotes cholesterol crystallization. 87 
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REGULATION OF EXPRESSION 
Several experiments are consistent with regulation of aminopep

tidase expression at the transcriptional level. There is a marked 
enhancement of LAP activity88 and LAP mRNA34 upon removal 
of serum from culture media in which in vitro aged and/or trans
forming lens epithelial cells were grown. Concerted induction of 
LAP mRNA and LAP protein by interferon gamma was also noted 
in human ACHN renal carcinoma, A549 lung carcinoma, HS153 
fibroblasts, and A375 melanoma. 89 Induction of LAP mRNA is a 
secondary response to interferon, blocked by inhibition of protein 
synthesis. 

Membrane-bound AP-N/CD13 is one of several enzymes ex
pressed in a lineage-restricted fashion by subsets of normal and 
malignant cells. Genetic elements involved in expression of both 
transcripts for this protease have been identified, and it appears 
that physically distinct promoters have evolved to regulate expres
sion of this enzyme in different tissues.9° Keller recently demon
strated that a member of the mammalian zinc-dependent mem
brane APs is vesicle protein 165, the cellular distribution of which 
is at least in part insulin regulated. 91 Receptor function for ami
nopeptidase N has also been confirmed by molecular genetic tech
niques in M sexta. 92 

The yeast ysci gene product, APE1, is the vacuolar glycopro
tein AP,55 which appears to facilitate amino acid uptake by hydro
lyzing peptides prior to absorption. APE1 synthesis is subject to 
carbon catabolite levels, i.e., APE1 is repressed in media containing 
more than 1% glucose. But as cells reach the stationary phase, the 
increase in APE1 activity may indicate the release from carbon 
catabolite repression. Other examples of induction by amino acid 
limitation or catabolite repression,93-96 as well as during different 
phases of cell cycle,97-102 have been noted. Studies regarding the 
APE1 promoter are in progress. 103 It is curious that the enzyme 
isolated from stationary cells has four amino acids removed from 
the N-terminusJ Activity is enhanced several fold when ammonia, 
rather than peptone, is used as the sole source of nitrogen. 104 Ex
pression of yscl is dependent upon levels of yscA and PEP4 gene 
product. 105 

Some aminopeptidases are induced by high temperature37,38,106- 110 

and during oxygen limitation. 111-11 5 Thus, deletion analysis was used 
to show transcriptional regulation for the E. coli pepN gene upon 
anaerobiosis and phosphate starvation. 29·113 
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LAP9 and some plant AP 116 levels are also enhanced during 
development and growth. In Lactobacillus one open reading frame 
is cotranscribed with the pepC gene at the exponential phase of 
growth, whereas, at the stationary growth phase, transcripts from 
the pepC promoter were below the detection limit, and the ORF2 
was expressed by its own promoter.99 

Many of the bacterial aminopeptidases display promoter con
sensus sequences characteristic of genes transcribed by an RNA 
polymerase associated with cr70 (see ref. 29 for a more thorough 
treatment regarding bacterial APs). Several genes encoding APs are 
part of operons. Regulation at the post-transcriptional level is re
ported for Aeromonas proteolytica aminopeptidase.35 The enzyme is 
synthesized as a 43 kDa precursor. Maintenance of the organism 
at elevated temperatures results in double cleavages and frees a 
mature and active 32 kDa enzyme which is active at 70°C. The 
precursor is active but is inactivated at 70°C. 

Regulation can also be affected by many inhibitors which are 
in abundant supply in many organisms (see chapter 7). 

Nonlethal flux of UV (<12 Jm2) to HeLa cell cultures are fol
lowed by large increases in cell surface proteolytic activities in
cluding aminopeptidase activities. 117 Administration of cyclohex
imide also resulted in increased AP activity. 117 Indeed, UV and 
cycloheximide can initiate reactions in HeLa cells which result in 
ectopeptidase activation of a global nature, with many analogies 
to-or which may be part of-a genetic stress response. 

SUMMARY AND CONCLUSIONS 
Aminopeptidases play critical roles in protein maturation, regu

lation of hormone levels, selective or homeostatic protein turn
over, and plasmid stabilization. The enzymes have long been used 
for diagnosis of various physiological states and disease conditions, 
and recently they have found industrial use as well. 118 Administra
tion of bestatin, which presumably has its effect by inhibition of 
APs, has also been used to alter physiological status and disease 
progress. The availability of further genetic, structural, and kinetic 
data, as well as substrates which can be used to monitor AP activ
ity in whole cell systems, should aid in elucidating physiological 
functions and mechanisms of action of these enzymes. A uniform, 
simple nomenclature system would avoid confusion and duplica
tion of effort. It would appear that activity assays which employ 
physiologically relevant dipeptides or tripeptides ·as substrates may 
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be more informative for nomenclature and characterization pur
poses than assays which utilize synthetic peptide analogs. 
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