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1. INTRODUCTION 

Aminopeptidase N (EC 3.4.11.2, APN) is a monomeric or homodimeric 
type II membrane-bound zinc metallopeptidase initially identified by 
Pfleiderer and coworkers in pig kidney (Pfleiderer and Celliers, 1963; 
Wachsmuth et al1966). 

Several reviews on APN have been published in the last twenty years 
(Kenny and Maroux, 1982; Danielsen et al 1984; McDonald and Barrett, 
1986; Noren et al1986; Semenza, 1986). The most recent (Noren et al1997) 
summarizes studies on the function and biosynthesis of APN and 
incorporates data obtained by recombinant technology, data concerning 
genetic organization and the regulation of APN expression. This review 
focuses on the structural characterization of the active site of APN, the 
design of inhibitors and their possible use in therapeutic approaches. 

Aminopeptidase N is expressed in many tissues and seems to have 
numerous physiological functions. The largest amounts of this enzyme are 
found in the small intestinal and renal microvillar membranes (Maroux et al 
1973) from which APN has been purified by classical chromatographic 
methods. In native conditions, the molecular weight of APN has been shown 
to be about 280 kDa, whereas in denaturing conditions it is about 140 kDa. 
APN is also found in the brain (Gros et al1985; Hersh, 1985; Waksman et 
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al 1985), lung (Jiang et al 1992), liver (Nakanishi et al 1989); breast 
(Atherton et al 1992), placenta (Imai et al 1994), male genital tract (Huang 
et al 1997), skeletal muscle (Mantle et al 1983), pancreas (Sidorowicz et al 
1980); and thyroid epithelium (Feracci et al 1981) of various mammals 
including humans. 

This enzyme is also thought to be involved in the control of growth and 
differentiation in hematopoietic and epithelial cells (Naquet et al 1989). 
APN has also been shown to be a target for the inhibition of tumor 
angiogenesis (Pasqualini et al 2000), a receptor for transmissible 
gastroenteritis virus (Delmas et al 1992) and in humans, a target for 
coronavirus 229E which plays a critical role in upper respiratory tract 
infection (Yeager et al 1992). Feline APN has also recently been shown to 
serve as a receptor for serogroup I coronaviruses (Tresnan et al 1996). 
Finally, APN has been shown to be identical to human leukocyte surface 
cluster of differentiation antigen CDB (Look et al 1989), antigen p146 of 
type II alveolar epithelial cells of rat lung (Funkhouser et al 1991) and p 161, 
a murine protein present on the surface of mast cells and macrophages (Chen 
et al 1986). APN has been shown to be overproduced in microorganisms 
such as Streptococcus thermophilus A (Chavagnat et al 1999), and to be 
equivalent to Bacillus thuringiensis toxin-binding protein 1 (BTBPI ; Gill et 
aI1995). 

In most cases, APN is involved in the cleavage or processing of peptides, 
several have been identified with a reasonable degree of certainty. Thus, in 
the brain, APN is principally involved in the catabolism of enkephalins 
(Waksman et al 1985 ; review in Roques et al 1993), nociceptine (Montiel et 
al 1997; Noble and Roques, 1997) and dynorphin-related peptides (Safavi 
and Hersh, 1995), and participates in the angiotensin cascade by cleaving 
angiotensin III (Shimamura et al 1991; Reaux et al 1999). APN has also 
been reported to hydrolyze Met-Lys and Lys-bradykinin (Bausback and 
Ward, 1988), neurokinin A (Shimamura et al 1991) and neuromedin N 
(Kitabgi et al 1992) and certain immunoactive peptides such as thymopentin, 
splenopentin and tufts in, have also been proposed to be substrates of APN. 

The gene encoding APN has been cloned from various species and 
organs: human and pig intestine (Olsen et al 1988, 1989), rabbit intestine 
(Noren et al 1989) rabbit kidney (Yang et al 1993) and rat kidney (Malfroy 
et al 1989; Watt and Yip 1989) and the primary sequences of the APN 
proteins encoded by these genes are about 80 % identical. The leukemia 
marker gene CD 13 has also been cloned and the resulting cDNA is identical 
to that for APN (Look et al 1989; Noren et al 1989). Aminopeptidase N is 
encoded by a single gene (Olsen et al 1989), located on human chromosome 
15q13-qter (Look et a11986; Kruse et aI1988), recently relocated to 15q25-
q26 (cf. NCBIILocusLinklID290). 
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APN is a transmembrane protein 963 to 967 amino acids long, depending 
on the species, with a small N-terminal cytoplasmic tail (9 or 10 aa), a 23-24 
amino acid transmembrane domain and a small stalk connecting this 
transmembrane domain to the large hydrophilic extracellular region, which 
contains the active site (Scheme 1). 
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This small stalk (Hussain et al 1981), only 5 nm in size, is readily 
cleaved by treatment with proteases such as trypsin or papain (Kenny et al 
1977) generating a soluble form of APN. Another form of APN, anchored in 
the plasma membrane by a glycosyl-phosphatidylinositol (GPI) residue, was 
found in Bombyx mori and this form acts as the receptor for Bacillus 
thuringensis Cry lAa (Yaoi et aI1999). 

APN is a member of the M 1 family of zinc metallopeptidases (Rawlings 
and Barrett 1995) which includes other aminopeptidases such as 
aminopeptidase A (AP A), aminopeptidase B (APB), leucotriene A4 
hydrolase (L T A4 hydrolase), the puromycin-sensitive aminopeptidase 
(PSA), tryptophan-releasing hormone-degrading enzyme (TRHde), the rat 
vesicle protein (VpI65) and E. Coli PepN (Fig. 1). Sequence comparisons 
and site-directed mutagenesis experiments have suggested that the 
aminopeptidases of the Ml family have the same mode of zinc coordination 
as many other zinc metallopeptidases, such as thermolysin (TLN) (Matthews 
1988). All these enzymes possess a consensus sequence HExxH, at a 
position corresponding to amino acids 383-387 in pig APN. The two 
histidines are zinc ligands and the glutamate is involved in the catalytic 
process. The third zinc ligand is another glutamate, 18 residues C-terminal to 
the histidine 387 of this consensus sequence, in a domain highly conserved 
in enzymes of the Ml family. These functional amino acids have not been 
completely characterized in APN but a deletion mutant lacking a 39 amino 
acid segment of the extracellular domain including the putative zinc-binding 
motif HExxH has been shown to have no enzymatic activity (Ashmun et al 
1992). Similar results were obtained by mutation of the sequence encoding 
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the two histidines of the consensus sequence, which resulted in an inactive 
enzyme (Delmas et alI994). 
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Figure 1.- Comparison of the pig APN sequence with those of homologous aminopeptidases : 
Human APN, human APA, rat APB, human LTA4 hydrolase, mouse PSA, rat TRHde, rat 
VpJ65 and E. Coli pepN. 

The residue involved in the N-terminal amine-binding site of APN (the 
anionic site) , responsible for the exopeptidase activity of this molecule, has 
been clearly characterized by site-directed mutagenesis (Luciani et alI998). 
Acidic residues present in the conserved regions of members of the MI 
family (D22o and E350 in pig APN), have been mutated. The E350 ~ A 
mutation completely abolishes enzymatic activity, whereas more 
conservative mutations such as E350 ~ Q and E350 ~ D, result in enzymes 
with lower activity. The kinetic parameters of the substrates and the potency 
of various classes of inhibitors against these mutated enzymes have provided 
insight into the mechanism of action of APN. Other functional residues 
within the active site of APN have been identified following chemical 
modifications (Helene et al1991) : a tyrosine, an arginine and a histidine, all 
involved in the hydrolytic activity of APN, display similarities in 
organization within the active site in this enzyme and in TLN. 

The crystal structure of human leukotriene ~ hydrolase (LT A4 
hydrolase) was recently described (Thunnissen et a1200l). This bifunctional 
protein is the first enzyme of the Ml family of aminopeptidases to be 
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crystallized. The 3D structure of the catalytic domain of hL T Pv. hydrolase 
can be superimposed over that of TLN (Matthews 1988). The observed 
structural similarity extends over the whole domain (245 aa), which consists 
of two lobes, one essentially helical, the other a mixed alB structure, as in 
TLN. Moreover, the positioning of bestatin within the active site of hL T Pv. 
hydrolase is consistent with the conclusions drawn from sequence 
comparisons and mutagenesis experiments. Indeed, in hL T Pv. hydrolase, the 
consensus sequence 295HExxHxlSE31S contains the zinc ligands and the 
catalytic glutamate, E271 (corresponding to E350 in APN (Luciani et al 1998) 
and E352 in APA (Vazeux et al 1998» is responsible for the exopeptidase 
activity of the enzyme, and Tyr373 (an analogue of Tyr471 in AP A (Vazeux et 
al 1997) and Tyr469 in APN), is involved in stabilization of the transition 
state. A hydrophobic pocket accommodates the benzyl moiety of bestatin. 
Based on the structural data obtained for various related peptidases, a 
simplified model of substrate interaction within the active site of APN may 
be proposed (Fig. 2). 

Hydrophobic 
subsite 

Figure 2: Proposed model of substrate-interaction in the active site of APN. 

However, the hydrolytic mechanism of these aminopeptidases has to be 
clarified. Indeed, two modes of interaction between substrates and the 
catalytic Zn ion have been proposed. In the first (Bryce and Rabin, 1964), 
Zn2+ is complexed by both the free amino group and the carbonyl group of 
the peptide bond to be cleaved (Figure 3A-1). In the second mechanism, an 
ionic binding site recognizing the a-amino group has been suggested (Fig. 
3A-2) (Di Gregorio et al 1988; Gordon et al 1988). 

Based on these models, two mechanisms have been proposed for the 
binding of bestatin to the active site of aminopeptidase. In the first 
(Nishizawa et al 1977), both the free amino group and the hydroxyl group of 
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bestatin bind zinc (Fig. 3B-l). In the second (Nishino and Powers, 1979), the 
hydroxyl and carbonyl groups of bestatin chelate the zinc ion (Fig. 3B-2). 
Interestingly, bestatin has been crystallized within the active site of leucine 
aminopeptidase, LAP, a di-zinc metallopeptidase (Burley et af 1991). The 
first of these two mechanisms was observed in this structure, but the free 
amino group was also involved in ionic interaction with an aspartate residue. 
In hL T ~ hydrolase (Thunnissen et af 2001), the structure of the complex 
with bestatin corresponds to the second model (Fig. 3B-2). 

A) Rl~~ 
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~N 

: ~o 
~/ 
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Z~2+ 2) 

..-/ / " 
Figure 3: A, Proposed models of the interaction of a peptide substrate in a Zn-aminopeptidase 
active site: I) Bryce and Rabin, 1964 ; 2) Gordon et al 1988. B, Bestatin binding to the 
aminopeptidase active site: I) in LAP (Burley et al 1991) ; 2) in LTA4 hydrolase 
(Thunnissen et al 200 I ). 

All these data suggest that both mechanisms are possible and that an 
intermediate model may apply, essentially in APN, as suggested by 
comparison of the enzymatic activities of the wild-type and E350 ~ Q(D) 
mutated enzymes (Luciani et af 1998). These mutations of E350 reduced 
essentially the kcat value of the substrate, eH]-Leu-enkephalin but did not 
significantly affect the Km value (Table 1). 
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Table 1. Kinetic parameters for the hydrolysis offHJ-leucine enkephalin by wild-type and 
mutated APNs Q. 

Enzymes K...(M) 

Wild-type 56.7±3.9 1989±14 35.1 
D22<N 210 ± 6 410.6 ± 9.4 1.95 
E350Q 227 ± 38 4.1 ± 1.5 0.018 
E350n 79.3±4.9 14.4±0.04 0.18 
E350A b b b 
E265Q 69.3 ± 7.1 2255 ± 320 32.5 

Q Values are the mean ± SEM from three independent determinations. 
b Not measurable. 

Ki values for various types of inhibitor acting against wild-type and 
mutated enzymes, showed no change in the potency of compounds that did 
not interact with the anionic site (Table 2, compounds 4 and 5), a very large 
decrease in potency for compounds mimicking the transition state of the 
reaction (compounds 2 and 3 in Table 2) and a moderate reduction for 
compound 1 which is a product analogue (Table 2). 

Based on these data a mechanism of hydrolysis has been proposed for 
APN that differs slightly from that proposed for TLN and other 
endopeptidases (Fig. 4) (Luciani et aI1998). 

In the Michaelis complex, the zinc ion should be hexacoordinated by the 
a-amino and carbonyl groups of the substrate, a water molecule and the 
three zinc ligands. There should also be an additional but weak interaction 
between the hydrogen of the a-amino group and E350. In the transition state, 
it seems unlikely, for energetic and geometric reasons, that a constrained 
intermediate in which the Zn2+ ion is hexacoordinated and the carbon of the 
peptide bond is tetracoordinated would be formed. A transition state 
resembling that proposed for TLN seems more likely with the additional 
formation of a stable hydrogen bond between the a-amino group and E350 

This model has the advantage of providing a satisfactory explanation of the 
greater involvement of E350 in the transition state of the reaction than in the 
formation of the Michaelis complex. 

APN has broad specificity and is most efficient in the pH range 7 to 9. 
The enzyme preferentially releases N-terminal hydrophobic amino acids 
from oligopeptides with the exception of proline, hydroxyproline and y
glutamic acid. The favoured order of amino acid recognition has been 
determined from the efficiency of cleavage of substituted B-naphthylamides 
(Lalu et al 1986). Using these compounds as a reference, the order of 
preference for cleavage was: Ala> Met> Phe > Tyr > Leu> Arg > Gln. 
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Figure 4:. Comparison of the mechanism of action ofTLN (top) and the proposed mechanism 
of action of APN (bottom). 
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The assays of APN actiVIty generally used are essentially based on 
chromogenic substrates containing Leu, Ala or Tyr as the N-terminal amino 
acid. This is the case for: i) Leu- or Ala-p.nitroanilide (Wachsmuth et af 
1966) ; ii) various 6-naphthylamides (Leu, Ala, Tyr) with either fluorimetric 
measurement of the released 6-naphthylamine (A,ex 340-360 om; A,em 400-
450 om (Greenberg, 1962) or colorimetric determination after diazotation of 
6-naphthylamine and condensation with N(I-naphthyl)-ethylene diamine 
(Porteous and Clark, 1965) ; iii) various 4-methylcoumaryl-7-amides (Ala, 
Met, Tyr) (Huang et af 1997). Since the discovery that APN is involved in 
the catabolism of enkephalins, a radiolabeled substrate CHJTyrl-Leu
enkephalin has been developed and the quantification of the [3HJtyrosine 
released was obtained by elution of this tritiated amino acid on a porapak 
column (Vogel and Altstein, 1977). 

2. DESIGN OF INHIBITORS 

The design of inhibitors for zinc metallopeptidases must take into 
account the presence of the catalytic zinc ion and the nature and position of 
the various binding subsites of the enzyme surrounding the catalytic domain. 
With the general peptidase active site model proposed by Schechter and 
Berger (1967), APN can be presented as shown in Scheme 2 (top). 

The anionic site and the SI subsite accommodate the amino acid that will 
be released after cleavage of the peptide bond. The prime domain (S I', S2', 
etc) interacts with the other part of the peptide and is involved in both the 
specificity and the affinity of this enzyme for its substrates. 

Based on this schematic representation of the APN active site, and its 
mechanism of peptide hydrolysis (Scheme 2, middle), three large families of 
compounds are potentially able to inhibit APN activity : 

1) Compounds mimicking the amino acid released (interaction with 
the SI subsite) 

2) Compounds mimicking the released peptide (interaction with the 
prime domain SI' and S2') 

3) Compounds acting as substrate analogues and interacting with 
subsites located on both sides of the catalytic domain (Scheme 2, 
bottom), some of which may be transition state analogues. 

In this chapter, we will first deal with the natural inhibitors isolated from 
cultured cells and will then discuss synthetic compounds related to the three 
possible classes of inhibitors. 
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X = zinc ligand; (a) spacer 

Scheme 2: Peptidase active site model 

2.1 Natural inhibitors of APN 

Various compounds isolated from cultures of microorganisms have been 
intensively used as APN inhibitors (Fig. 5). Some are very efficient but they 
are generally not selective, making it difficult to attribute their biological or 
pharmacological effects purely to APN. 

One family of peptide analogues containing a 3-amino-2-hydroxy
alkanoyl moiety at the N-terminus has been described. 

Bestatin 2 was isolated from culture filtrates of the strain MD 976-C7 of 
Actinomycetes (Streptomyces olivoreticuli) and was initially described as an 
inhibitor of APB (Ki = 8.0 x 10,8 M) or LAP (Ki = 2.0 x 10-8 M) (Umezawa 
et al 1976). Further experiments have shown that bestatin also inhibits APN 
(Ki = 1.4 x 10-6 M) (Wilkes and Prescott 1985) and this compound has often 
been used to characterize the pharmacological properties of this enzyme (see 
chapter 4 in this book by Abe and Aoyagi). 
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Figure 5: Structures of natural inhibitors of APN. 
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Amastatin 6 was isolated from Streptomyces strain sp.ME 98-M3 and 
was initially considered to be a specific inhibitor of AP A (IC5o = 1 /lM) 
(Aoyagi et at 1978). However, this compound was shown to be most 
efficient as an inhibitor of APN, with a Ki value of20 nM (Rich et al. 1984). 

Phebestin 7, Probestin 8 and MR 387A and B, 9a and 9b are structurally 
related to bestatin and amastatin and were discovered during a search for 
APN inhibitors in bacterial cultures. Phebestin 7, obtained from 
Streptomyces sp.MJ 716-m3 (Nagai et al 1997) inhibits APN with a Ki value 
of 2.95 x 10-8 M, but also inhibits APA and APB in the 10-5 molar range. 
Probestin 8, isolated from the culture broth of Streptomyces azureus MH 
663-2P6 (Aoyagi et al. 1990) (Ki = 1.9 x 10-8 M on APN), also inactivates 
LAP (IC5o = 1.8 X 10-7 M). MR 387A, 9a and MR 387B, 9b were obtained 
from Streptomyces neyagawaensis SL-387 (Chung et al 1996). These 
inhibitors have Ki values of about 4 x 10-7 M for APN and 1 x 10-6 M and 5 x 
10-7 M, respectively for APB. 
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Leuhistin 10 may be related to this family of inhibitors although it has no 
peptide backbone. This compound, isolated from Bacillus laterosporus BMI 
156-14Fl (Aoyagi et al 1991) efficiently inhibits APN (Ki == 2.3 x 10-7 M) 
and inhibits AP A and APB with lower efficiency (IC5o == 4 x 10-s M and 5 x 
lO-s M, respectively). 

Actinonin 11, which has an hydroxamate function, belongs to a very 
different family of inhibitors. This compound, isolated from the strain MG 
848-hF6 of Actinomycetes (Umezawa et al 1985), is a competitive inhibitor 
of APN (Ki == l.7 x 10-7 M), but also recognizes LAP (IC5o == 2.6 X 10-6 M), 
neprilysin (NEP, neutral endopeptidase 24.11, or CDI0) (ICso == 5.6 x 10-6 M) 
and a zinc-metallodipeptidylaminopeptidase (ICso == 1.1 x 10-6 M) (Hachisu 
et al 1987), which has been shown to cleave enkephalins in vitro (Cherot et 
aI1986). 

Arphamenine A and B, 12a and 12b (Ohuchi et al 1984) were potent 
APB inhibitors (2.5 x 10-9 M and 0.8 x 10-9 M, respectively), as expected 
from the presence of an N-terminal arginine in these molecules. However, 
these two compounds contain the first naturally occurring ketomethylene 
bond, replacing an amide bond. Arphamenine also weakly inhibits APN at a 
concentration of 10-4 M (25 % inhibition). 

Finally, an endogenous heptapeptide isolated from bovine spinal cord 
may also be added to the list of natural inhibitors. This peptide, spinorphin, 
Leu-Val-Val-Tyr-Pro-Thr-Trp (Nishimura et al 1993) is described as a 
complete "enkephalin-degrading enzyme inhibitor" with an ICso value 
forAPN of 3.7 x 10-6 M. However, the primary sequence of this molecule 
suggests that it is likely to be cleaved by various peptidases, including APN. 
It has been suggested that this compound behaves as an inflammatory 
regulator (Yamamoto et aI1998). 

2.2 Derivatives of natural compounds 

The structures of natural inhibitors of aminopeptidases were used as 
templates for the introduction of various chemical modifications expected to 
improve APN recognition. 

To this end, amastatin and bestatin derivatives were synthesized (Rich et 
aI1984) (Table 3). 
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Table 3. Inhibitory potency of be stat in and amastatin analogues on APN activity. 

No. 

2 Bestatin CJ-I5 
13 (CH3)zCH 
14 (CH3)zCH 
6 Amastatin (CH3)zCH 

15 Epiamastatin (CH3)2CH 

(a) from Rich et a/1984. 

Absolute 
configuration 

C2 C3 

S R 
S R 
S R 
S R 
R R 

Leu 
Leu 
Val 
Val 
Val 

Ki(APN)(a) 

/ / 4.1· IO-6 M 
/ / 11.7.10-6 M 

Asp / 9.4.10-7 M 
Val Asp 2·1O-8 M 
Val Asp 2.6 - 10-5 M 

The results reported in Table 3 show that the absolute configuration at C2 

(compare 6 and 15), the nature of the residues (compare 2 and 13) and the 
size of the inhibitors (compare 13, 14 and 6) are crucial for the activity of 
these molecules. 

In addition, as thiol derivatives are known to interact strongly with 
metalloenzymes, sulfur-containing analogues of bestatin were synthesized 
(Ocain and Rich 1988). Taking into account the two proposed mechanisms 
of aminopeptidase inhibition by bestatin (Fig. 3B-l & 2) the introduction of 
a sulfur atom in place of the oxygen of the hydroxyl or carbonyl group was 
expected to increase the potency of APN inhibitors (Table 4). Surprisingly, 
the Ki value of the thiol analogue of bestatin 16 was only marginally better 
(factor of two) than that of the parent compound and the thioamide analogue 
17 was in fact less potent (by a factor of about 6). 

Sulfur-containing analogues of bestatin and diaminothiol derivatives 
were described in the same year (Gordon et al 1988). As previously 
demonstrated (Ocain and Rich 1988), the mercaptoanalogues are about as 
potent as bestatin, but subsequent reduction of the amide bond resulted in 
diaminothiol derivatives, which were reported to have activities in the 
nanomolar range against a "pool" of rat brain aminopeptidases. In our hands, 
SQ-29,945, the most efficient inhibitor reported, inhibits commercially 
available APN with a Ki of 0.2 f.lM. Probestin analogues (Herranz et al 
1992) have also been synthesized with the same goal in mind (Table 5). 
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Table 4: Inhibitory potency ofthiol-containing analogues of be stat in on APN activity. 

No. X Y Ki(APNia) 

2 Bestatin OH 0 7.8' 10-6 M 
16 Thiobestatin SH 0 4.4' 1O-6 M 
17 Bestatin thioamide OH S 40.3' 1O-6 M 

(a) from Ocain and Rich, 1988. 

Table 5: Inhibitory potency of various probestin analogues on APN activity. 

OH 

H2N~ 
) S - CO - AA 1 - AA 2 - AA 3 

R1 

No. R} AA} AAz AA3 Ki{I:!:M)(O) 

Probestin 8 C~s Leu Pro Pro 0.059 

18 (CH2)3NH2 Leu Pro 6.51 

19 (CH2hNH2 Pro / 250 

20 (CH2)3NH2 Ala Pro / 0.98 

21 (CH2)3NH2 Leu 201 

(a) from Herranz et a11992. 

Four of these compounds (18 - 21) were tested on APN and shown to 
have significantly lower activities than Probestin 8. Strikingly, compound 
18, which has a Ki value of 6.9 x 10-6 M against APN, has been reported to 
inhibit "enkephalin-degrading aminopeptidase" with an ICso value of 8.3 
nM. 
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Table 6: Inhibitory potency of keto methylene inhibitors on APN activity. 

No. 
22 
23 
24 
25 

CJISCH2 

CH3 

CJISCH2 

CH3 

AA 
OH 
OH 

Val-1aa 
Val-1aa 

1aa = Isoamylamide; (a) from Harbeson and Rich, 1989. 

79 
660 
8.3 
130 

Another approach used for the design of APN inhibitors is based on the 
isosteric replacement of the amide bond by a ketomethylene function 
(Harbeson and Rich, 1989), as in the highly potent natural APB inhibitor 
arphamenin 12 (Table 6). However, none of the compounds prepared (22-
25) inhibited APN with a high level of efficiency, the highest activity in this 
series being that of 24 (Ki = 8.3 /l-M). The hydroxyethylene analogue of 24 
was a very poor inhibitor (Ki 0.17 mM). This ketomethylene strategy, which 
seems to be a very efficient means of obtaining APB inhibitors, therefore 
seems to be inappropriate for the production of APN inhibitors. 

Similarly ketomethylene dipeptides were prepared (Garcia-Lopez et al 
1992) along with ketomethylene analogues of bestatin (Herranz et al 1993). 
The dipeptide derivatives inhibit APN in the 104 molar range and 
ketomethylene bestatin (ICso = 752 mM) is much less active (by a factor of 
370) than the parent compound. 

In conclusion, some efficient APN inhibitors such as Probestin and 
Phebestin, have been isolated from cultures of microorganisms. However 
none of their synthetic analogues display greater potency than the parent 
molecule, suggesting that the structure of these natural inhibitors has been 
optimized during bacterial evolution. 

2.3 Synthetic inhibitors of APN 

2.3.1 Compounds interacting with the S) subsite. 

These compounds are derived from an a-amino acid, corresponding to 
the N-terminal "cleavage product" generated by the enzyme (Scheme 2). In 
these inhibitors, the a-amino function is maintained but the carboxylate is 
replaced by a group with higher affinity for the zinc ion (Fig. 6). The 
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postulated mode of recognition of the active site of APN by these molecules 
is presented in Figure 6. 

o 
H2N'0 

YLeucin:26 

o OH 

H2N,A' T 'N - H 

R 
(1 -<Imino acid hydroxamales 28 

28a R = OH - CtfJ.CH 2 

28b R = (CH 3),CHCH 2 

28c R = (CH 3),CH 

le 50 

1.910-5 M 

2.010-6 M 

1.910-6 M 

(1 -<lminophosphonates 29 

29a R = (CH,I2CHCH 2 

29b R = (CHJl2CH 

29c R = CeH sCH2 

29d R = CH3(CH,).CH 

2ge R = CeH sCH 20COCH 2 

Ki 

5310-6 M 

2610-6 M 

27.510-6 M 

26.510-6 M 

1510-6 M 

27a 

27b 

27c 

27d 

27e 

(1 -<Imino boronic acids 27 

R=CH 3; )= ~ 
R = CeH sCH 2 ; ) = .:(: 

R = (CH3)2CHCH 2; ) = ~ 
R = CeH sCH 2 ; )= J 
R=(CH3)2CHCH2;)= -H 

-H 

H2N~SH 

R 

&-mercaptoamines 30 

30a 

30b (LI 

30c (01 

R=H 

R = (CHJl2CHCH 2 

R = (CH,I2CHCH 2 

le 50 

4.010-8 M 

2.010-8 M 

2.51O-8 M 

2.510-8 M 

2.01O-8 M 

le 50 

3.010-6 M 

2.210-8 M 

3.610-5 M 

Figure 6: Structures of the synthetic inhibitors of APN interacting with the SI subsite of the 
enzyme (for references, see the text). 

1. a-amino aldehydes 26 (Fig. 6) 

In other families of proteases (e.g. papain, elastase) strongly eiectrophilic 
carbonyl compounds structurally related to efficient substrates, may react 
reversibly with a nucleophile at the active site of a peptidase to form adducts 
mimicking the tetrahedral intermediates formed during substrate cleavage. 
L-leucinal 26 (Fig. 6) has been tested against APN (Andersson et al 1982) 
and a Ki value of 7.6 x 10-7 M has been reported. Various hypotheses have 
been put forward to account for this unusually high affinity for a 
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metallopeptidase. These hypotheses are based on the mechanism of action of 
this type of molecule on thiol- and serine-proteases. It seems most probable 
that the aldehyde binds in the active site of APN as a covalent adduct and 
that the enzyme acts by a double displacement mechanism. 

II a-amino boronic acids 27 (Fig. 6) 

These compounds inactivate APN with Ki values from 20 to 40 nM. In 
these compounds, the boronic function may (27 a-d) or may not (27 e) 
(Shenvi 1986) be protected, indicating that the two oxygen atoms are not 
involved in zinc chelation. However, these molecules are expected to act as 
transition state analogues, by forming tetrahedral boronate ions from trigonal 
boronic acids through the binding of a hydroxyl ion, possibly within the 
catalytic site of the enzyme (Fig. 6). This step, essential for the capacity of 
boronic acids to inhibit metallopeptidases, is thought to be responsible for 
the slow binding exhibited by these molecules. Their selectivity is unknown. 

III a-amino acid hydroxamates 28 (Fig. 6) 

Since the demonstration that hydroxamate-containing derivatives inhibit 
thermolysin very efficiently (Nishino and Powers, 1978), and determination 
of the crystallographic structure of such compounds in the active site of TLN 
(Holmes and Matthews 1981), indicating that hydroxamates bind zinc in a 
bidentate manner, various a-amino acid hydroxamates have been tested on 
various aminopeptidases : APN (Chan et al 1982; Wilkes and Prescott 
1983), Aeromonas aminopeptidase (EC 3.4.11.10), LAP (Wilkes and 
Prescott 1983) and a "human enkephalin-degrading aminopeptidase" 
(Coletti-Previero et al 1982). APN inhibition by hydroxamates remains 
relatively weak (compounds 28 a-c, Ki values 10-5 - 10-6 M). L isomers are 
slightly better inhibitors of APN than are D isomers (factor 10), whereas the 
reverse is true for inhibition of "di-zinc" metallopeptidases (Wilkes and 
Prescott 1983). This may reflect differences in the mode of binding of 
hydroxamate within the active sites of these two families of 
metallopeptidases. The crystallization of p.iodo-D-phenylalanine 
hydroxamate within the active site of Aeromonas proteolytica 
aminopeptidase (Chevrier et al 1996) confirmed the "backward" mode of 
binding proposed for hydroxamates in "di-zinc" peptidases. 

IV. a-aminophosphonates 29 (Fig. 6) 

Various L-a-aminophosphonic acids, derived from natural amino acids 
were tested with both APN and LAP (29 a-d) (Giannousis and Bartlett, 1987; 
Lejczak et al 1989) and were found to inhibit LAP more efficiently, with Ki 
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values in the 10-7 molar range. The compound tested that inhibited APN 
most strongly (29b) has a Ki value of 26 /-lM. Various phosphonic and 
phosphinic acids derived from Asp and Glu have been synthesized and tested 
against APN (Lejczak. et al 1993). As expected, these molecules were weak 
inhibitors of APN unless the side-chain carboxylate was protected by a 
benzyl group, as in 2ge (Ki = 15 I!M). 

V. B-mercaptoamines 30 (Fig. 6) 

B-mercaptoamines such as B-mercaptoethyl amine 30a (Ki = 3 /-lM) and 
its a-substituted analogue leucine thiol 30b (Ki = 22 nM) are very potent 
APN inhibitors (Chan 1983), demonstrating the efficiency of the thiol group 
in these modified amino acids at inhibiting APN. A more precise exploration 
of the structural factors optimizing APN recognition (Pickering et al 1985) 
indicated that an L-configuration of the side chain (compare 30b and 30c) 
and a primary amine, in a B position with respect to the thiol group are 
required. 

VI. Nonpeptide inhibitors of APN 

Two series of nonpeptide inhibitors of APN have been described. Firstly, 
3-amino-2-tetralone derivatives 31 (Figure 7) (Schalk et al 1994). These 
molecules are thought to interact with the catalytic Zn2+, in a bidentate 
manner, via both the amino and carbonyl functions. They have been reported 
to inhibit APN with Ki values between 3 and 0.08 /-lM and to be very 
selective against LAP, APB or AP A. 

o 

H~ 

3-amino-2-tetralone derivativeSJl 

Figure 7: Nonpeptide inhibitors of APN. 

32a PIQ 11 n = 1 R2 = 2'Me, ~ = 6'Me 
32b PIQ 22 n = 1 R2 = 2'Et, ~ = 6'Et 
32c PIQ 33 n = 1 R2 = 2'iPr, ~ = 6'iPr 

Several compounds with a cyclic imide backbone (Fig. 7) (Miyachi et al 
1998; Shimazawa et al 1999), phthalimides (n = 0) and homophthalimides 
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(n = 1) have been shown to be potentially interesting APN inhibitors. Three 
homophthalimide derivatives seem to be particularly promising : 32a PIQ 11 
(IC5o = 8.7 J.l.g/ml, 3.3 x 10-5 M), 32b PIQ 22 (IC5o = 0.12 J.l.g/ml, 4 x 10-7 M), 
and 32c PIQ 33 (3.5 J.tg/ml, 1.1 x 10-5 M). No mechanism of action has been 
described for these molecules. PIQ 22 has been shown to be a strong 
inhibitor of tumor cell invasion. 

3. SEARCH FOR SELECTIVE AND POTENT APN 
INHIBITORS 

With the aim of designing potent and specific aminopeptidase N 
inhibitors, we have explored three possible chemical strategies for the 
production of such molecules : synthesis of analogues of the two "cleavage 
products" (i.e. hydroxamate dipeptides interacting with the prime domain of 
the active site of APN), synthesis of B-aminothiols to recognize both the 
anionic and S, sub sites of the enzyme and preparation of a-amino-phosphino 
compounds to act as transition state analogues (see scheme 2). 

3.1 6-amino thiols 

Some B amino thiols have been reported to be strong inhibitors of these 
enzymes (Chan, 1983; Weiss et al 1988). We have developed this family of 
compounds by introducing various hydrophobic moieties to optimize 
recognition of the APN S, subsite (Fournie-Zaluski et al 1992) (compounds 
33-44, Table 7). 

Various side chains containing an aromatic residue were added to the B
aminothiol backbone. IC50 values of between 25 and 90 nM have been 
obtained, according to the position of the ring in the chain (33-38). The best 
results were obtained for molecules in which the phenyl group was directly 
linked to the backbone (compound 33). The naphthyl group in 38 is too large 
for optimal S, subsite occupancy (IC5o = 130 nM). Aliphatic side chains 
(compounds 39-44) are generally recognized with higher affinity than are 
aromatic side chains. The optimal inhibitor of this series has the linear chain 
of methionine thiol (compound 40) (IC5o = 11 nM). 

Due to the classical instability of these compounds as free sulfides, they 
are prepared under their oxidized disulfide forms. IC50 values were 
determined after prior incubation of the inhibitor for 15 minutes with DTT 
(the concentration of DTT used does not inactivate the enzyme). However, 
the disulfide bond is spontaneously cleaved in brain membranes by 
physiological enzymatic reduction, making possible the i.v. administration of 
these inhibitors for in vivo experiments (Foumie-Zaluski et aI1992). 
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Table 7: Inhibitory potency ofthiol-containing inhibitors on aminopeptidase N activity. 

(£) 
H3N~ 

SH 
R 

No. R 1<:SO (nM) No. R lC;o (nM1a) 

33 IV 25 ± 39 CHT CH(CH3h 22± 

1* CH2-Q 30 ± 40 CH2-CHT SCH3 11 ± 

34 CH2 -o-OH 45± 41 CH2-CH2-S(O)CH3 20± 

35 CH2 -Q 45± 42 CH2-SCH3 20± 

36 CH2OCH2-Q 56 ± 43 CH2 - S(O)CH3 21 ± 

37 CH2SCH2-Q 90 ± 44 CH2-S-C(CH3b 40± 

38 & CH2 ~ /, 130 ± 

(a) from Fournie-Zaluski et at., 1992. 
* see Table 2 

3.2 Hydroxamate peptides 

As indicated in the first part of this review, a-amino acid hydroxamates 
H2N-CH(R)CONHOH are not very efficient as APN inhibitors. We therefore 
investigated the possibility of obtaining efficient inhibitors with compounds 
interacting with the SI' -Sn' domain of the active site and the zinc ion. With 
this approach, potent inhibitors of TLN such as HONH-Bzm-Ala-Gly-NH2 
(Ki = 0.6 ~M) have been obtained (Nishino and Powers, 1978). This high 
affinity was attributed to the bidentation of the zinc ion by the two functional 
groups of the hydroxamate, as shown by the crystallographic structure of the 
TNLlinhibitor complex (Hoimes and Matthews, 1981). 

For APN inhibition, a hydroxamate or a N-acyl-N-hydroxy functional 
group was added to the N-terminus of a pseudopeptide able to recognize the 
SI' and S2' subsites of this exopeptidase. This strategy also has the 
advantage of possibly generating multiple inhibitors of both exo and 
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endopeptidases. As enkephalins are degraded by both NEP and APN, these 
inhibitors have been tested on both enzymes. 

Table 8: Inhibitory potencies ofhydroxamate and N-formyl-N-hydroxy peptides on NEP and 
APN activities. 

X~Hy~H 
Rl 

I" 
/. 

IC so (M) 

No. X n Rl 
NEP APN 

HO 0 
45 (RS) I II 0 H 12± 110-9 1.0 ± 0.5 10-4 

HN-C-

o OH 

46 (RS) II I 0 H -1.510-6 2.5 ± 0.410-5 
HC-N-

o OH 
47 (RS) II I H 10± 110-9 8.5 ± 1.5 10-7 

HC-N-

HO 0 
48 (RS) I II 

HN-C-
H 1.4±0.410-9 2.0 ± 0.210-6 

HO 0 
49 (RS) I II CH3 2.0 ± 0.5 10 -9 7.1 0.210-7 

HN-C-

HO 0 
1.7 ± 0.610-9 3.8 ± 0.5 10-7 50' (R) I II CH3 

HN-C-

51 (S) 
HO 0 

I II CH3 1.8 ± 0.5 10 -9 2.9 ± 0.510-5 

HN-C-

HO 0 
52 (RS) I II CH2Ph 2.5 ± 0.710-9 1.3±0.110-7 

HN-C-

50 corresponds to kelatorphan (Fournil~-Zaluski et al., 1984); 
(a) from Fournil~-Zaluski et aI., 1985. 

As shown in Table 8, the first series of compounds contains a 
hydroxamate or a N-formyl-N-hydroxy derivative, separated or not from the 
PI' residue by a methylene spacer (Foumie-Zaluski et al 1985). They were 
tested on APN and the neutral endopeptidase 24.11, NEP. The data obtained 
showed that i) the methylene spacer is essential for APN inhibition (compare 
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45, 46 with 47, 48) ; ii) hydroxamates and N(formyl)N(hydroxy)-peptides 
were similar in potency (compare 47, 48) ; iii) the PI' residue must be in the 
R configuration (compare 50, 51) ; iv) a hydrophobic residue at the C
terminus significantly increases APN recognition (compare 48,50,52). 

All these molecules are very potent NEP inhibitors. Various 
modifications have been introduced at the C-terminus of the inhibitors to 
improve APN recognition (Xie et al 1989a). The presence of a B-amino acid, 
with aromatic side chains (phenyl and benzyl) resulted in inhibition with a 
Ki in the 10-8 molar range for APN (compounds 53, 54 and 55 in Table 9). 
This suggests that the SI' -S2' domain of APN is highly hydrophobic. In 
contrast, the introduction of a cyclic structure, such as a P2' residue reduces 
APN recognition (Xie et aI1989b). 

Table 9: Inhibitory potencies of hydroxamate peptide analogues on the two 
enkephalin-degrading enzyme activities, NEP and APN. 

No. 
53 
54 
55 

Rl 
HO 

I 
HN-

o ~COOH 
~L:OR CONH- * 1* 

R. R2 
CH2Ph H 

Ph H 
H CH2Ph 

R2 

I' 
/. 

Stereochemistry 
(RS) 
(RS) 
(RS) 

ICso, nM" 
NEp b APN c 

3.0 ± 0.5 22.5 ± 5 
2.9 ± 0.9 32.5 ± 4.5 
1.8 ± 0.2 71.5 ± 6.5 

a Values are the mean ± SEM from three independent experiments computed by log probit of 
five inhibitor concentrations. b Concentration inhibiting 50% ofNEP activity with 20 nM 
[3H]-D-Ala2-Leu-enkephalin as substrate. C Concentration inhibiting 50% of APN activity 
with 10 nM [~Leu-enkephalin as substrate. 

Another chemical modification introduced into the hydroxamate series is 
retro-inversion of the amide bond (Hernandez et al 1988). This modification 
is highly detrimental to APN recognition (Table 10). 

Nevertheless, the introduction of a methylene spacer increases affinity in 
59 (Ki value 2000 nM). In both hydroxamates and retro-inverso 
hydroxamates, stereochemistry has a major effect on APN recognition 
(Tables 8 and 10). Methylation of the hydroxamate functional group (58 and 
61) leads to a total loss of activity for both enzymes. This has been reported 
by Nishino and Powers (1978) and we have demonstrated that this effect is 
due to a conformational change in the hydroxamate functional group, which 
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is in syn confonnation in the unsubstituted fonn and in trans confonnation 
when the molecule is N-methylated (unpublished results). In these retro 
hydroxarnates, in which the C-tenninal malonate is replaced by a mono 
substituted succinyl derivative or a dicarboxycyclohexyl moiety, a nonnal 
activity was recovered: Ki(APN) 20.5 f.1M (Fournie-Zaluski et aI1989). 

Table J 0: Inhibitory potency of the retro-inverso hydroxamates on the two enkephalin
degrading activities. 

No. 

56 
57 

58 
59 
60 

61 
62 

63 
64 

65 

H 
H 

CH3 

H 
H 

CH3 

H 
H 
H 
H 

H 
H 
H 
H 
H 
H 
H H 

CH2<lJ H 
CH2<lJ H 

H CH2<lJ 

n m Stereochemistry 
o 0 R 
o 0 S 
o 0 R 

o R 
o S 
o R 

R 
R 
R 
R 

NEP b APN C 

3350 ± 500 ~ 20,000 

2500 ± 250 ~ 400,000 

6070 ± 225 > 100,000 

0.5 ± 0.05 
2.5 ± 0.5 

1730 ± 225 

1.33 ± 0.07 
0.37 ± 0.03 
0.39 ± 0.10 
0.24 ± 0.12 

2000 ± 500 

150,000 
> 100,000 
1400 ± 335 
510 ± 190 
600 ± 150 
480 ± 80 

a Values are the mean ± SEM from three independent experiments computed by log profit of 
five inhibitor concentrations. b Concentration inhibiting 50% ofNEP activity with 20 nM 
[3HJ-D-Ala2-Leu-enkephalin as substrate. C Concentration inhibiting 50% of APN activity 
with 10 nM fHJLeu-enkephalin as substrate. 

In conclusion, we have demonstrated that hydroxarnate-containing 
peptides inhibit APN with Ki values culminating around 20 nM. These 
molecules are specific for aminopeptidase N, with lower levels of inhibitory 
activity against other aminopeptidases and are structurally related to the 
natural inhibitor actinonin. However, due to their chemical structure, it is 
clear that they should recognize other metallopeptidases such as neutral 
endopeptidase (NEP) and a zinc-dipeptidylaminopeptidase found in the brain 
that cleaves enkephalins in vitro (Cherot et al 1986). This physiological dual 
inhibition of NEP and APN has led to studies of the ability of this type of 
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compound to protect the endogenous opioid peptides Met- and Leu
enkephalin in vivo (Fournie-Zaluski et aI1984). 

3.3 a-amino phosphinic inhibitors of APN as transition 
state analogues 

Phosphinic functional groups were initially integrated into fosinoprilate, 
an ACE inhibitor (Krapcho et al 1988). They have since been introduced as 
surrogate amide bonds (\}Jp02CH2) in a variety of endopeptidase inhibitors : 
inhibitors of bacterial collagenase, endopeptidase 24.15, endopeptidase 
24.16, ACE, matrix metalloproteases and peptide deformylase (review in 
Dive et al 2000). The high potency of these compounds may result from the 
ability of the phosphinic group to mimic the transition state of peptide bond 
hydrolysis. 

We have introduced a free a-aminophosphinic acid at the N-terrninus of 
pseudopeptides to obtain a new series of potent APN inhibitors acting as 
transition state analogues (Chen et al 1999). 

We first compared the inhibitory potencies of a-aminophosphinic acids 
and B aminothiols containing the same RJ side chains (Table 11). The a
aminophosphinic acids inhibit APN in the 10-6_10-7 molar range, the most 
efficient inhibitor in this series has a phenethyl side chain (71) and the least 
active has a methyl side chain (66). The most efficient phosphinic inhibitor 
(71) is only slightly less efficient than the corresponding B-aminothiol (Table 
11), suggesting that the phosphinic moiety is a valuable alternative to the 
thiol group for zinc chelation. 

Table 11. Inhibitory potencies of analogues ofphosphinic acid and 13-amino thiols for APN. 

No. 

66 
67 
68 
69 
70 
71 

Rl 

CH3 

CH2CH(CH3)2 

(CH2)2SCH3 

Ph 
CH2Ph 

CH2CH2Ph 

8.4 ± 0.5xlO-6 

1.2 ± 0.lxlO-6 

4.0 ± 0.5xI0-7 

4.8 ± 0.5xlO-6 

9.6 ± 0.2xlO-7 

1.3 ± 0.lxlO-7 

APN ., Ki(M) b 

2.8 ± O.lxlO-8 

2.2 ± 0.2xlO-8 

1.1 ± 0.lxlO-8 

2.5 ± 0.2xlO-8 

3.0 ± 0.5xI0-8 

2.7 ± 0.7xlO-8 

a APN activity, from pig kidney, was measured using Ala-p.NA as substrate. b Ki values are 
the mean ± SEM from three independent experiments performed in triplicate. Analogues of 
phosphinic acid are racemic mixtures. B-amino thiols are optically pure S isomers. 
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To improve APN binding, a-aminophosphinic acids have been added to 
benzyl acrylate, leading to short compounds with Ki values higher than those 
of the parent molecules (compounds 72 and 73) (Table 12). 

These two compounds 72 and 73 contain two asymmetric carbons which 
have not been resolved, suggesting that Ki values for the best stereoisomers 
could be better (Table l2). Addition of an L-phenylalanine moiety to these 
short inhibitors followed by partial separation of the stereoisomers led, for 
the first time, to APN inhibitors active in the nanomolar range (Table 12, 
compounds 75-79). Two of these compounds 3 (see Table 13) and 78, were 
obtained as pure stereoisomers. 

Table 12. Inhibitory potencies ofphosphinic derivatives for APN. 

R1 0 0 

~II:tO X * ~ AA 

OH " 
I 

""-

No. 
Absolute 

X Rl AA APN b (Ki (nM) a) 
configuration 

72 NH2 CH2CH(CH3)2 OH 370 ± 80 

73 NH2 CH2Ph OH 190 ± 30 

74 R+S NH2 CH3 Phe 2.2± 0.2 

75 R+S NH2 CH2CH(CH3h Phe 3.2 ± 0.5 

76 R+S NH2 CH2CH2SCH3 Phe 6.3 ± 0.3 

77 R+S NH2 Ph Phe 3.8 ± 0.48 

78 R+S NH2 CH2Ph Phe 2.9± 0.8 

79 R+S NH2 CH2CH2Ph Phe 2.3 ± 0.4 

a Ki values are the mean ± SEM from three independent experiments performed in triplicate. 
b APN activity, from pig kidney, was measured using Ala-p.NA as substrate. 

The preferred configuration for the three asymmetric centers corresponds 
to that of natural tripeptides. These molecules showed much higher 
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selectivity for APN than for other aminopeptidases (APB, AP A, LAP) 
(Table 13) and various endopeptidases such as NEP or ACE with selectivity 
factors greater then 100 (data not shown). 

Compound 74 has a high affinity and selectivity for APN. This molecule 
was therefore slightly modified by replacing the C-terminal phenylalanine 
with a tyrosine, which was then radiolabeled with iodine125 (Chen et al 
2000a). This iodinated compound, 1251 RB 129, retains a high affinity for 
APN (Ki = 0.95 nM) and was initially used to determine the binding 
parameters of this new probe in rat brain (Noble et al 2000). An equilibrium 
dissociation constant ko of 3.4 ± 0.3 nM and a Bmax of 722 ± 88 
fmoVmg.prot were obtained with rat brain homogenate. This molecule was 
then used to visualize by autoradiography the discrete distribution of APN in 
rat brain and spinal cord (Noble et af 2001). In the brain, labeling clearly 
shows the presence of APN on microvessels, as previously detected by 
innnunohistochemistry (Hersh et af 1987; Solhonne et af 1987) and in the 
meninges (Zajac et af 1987) demonstrating an important role for APN as a 
clearing system for regulatory peptides. 

Table 13. Inhibitory potencies of optically pur phosphinic derivatives for APN, AP A and 
APB. 

No. 

3 
78 

Rl 

CH3 

CH2Ph 

~ ~~S eONH \)S eOOH H2N R P 
I 
OH , , 

I I 
/. /. 

Ki (M). 

APN b APA c APBd 

0.6 ± 0.05xlO-9 1.3 ± 0.3xlO-7 > 10-5 

1.5 ± 0.lxlO-9 4.0 ± 0.3xlO-5 > 10-5 

a Ki values are the mean ± SEM from three independent experiments perfonned in triplicate. b 

APN activity was measured using Ala-p.NA as substrate. C APA activity was measured using 
GluNA as substrate. d APB activity was measured using Arg p.NA as substrate. 

However, APN labeling was also observed for the first time in various 
brain structures such as cortex, caudate putamen, subthalamic nucleus, 
central periaqueductal gray matter, thalamus and spinal cord which are 
known to contain high concentrations of enkephalins, opioid receptors and 
neutral endopeptidase. This pattern confirms the physiological involvement 
of APN in enkephalin metabolism (Figure 8). 
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Fifr:,re 8. Distribution of aminopeptidase N in the rat brain labeled with the selective inhibitor 
[12 I]RB 129. Labeling is particular dense at the level of the meninges. Olfactory tubercle 
(Tu), pontine nucleus (pn), Inferior colliculus (lC), anterior olfactory nucleus (AO), caudate
putamen (CP), nucleus accumbens (Ac), hippocampus (IIi), interposed cerebellar nuclei 
(Int), facial nucleus (Fa) are significantly labeled. 

Many other brain regions in which APN could be associated with the 
degradation of various neuropeptides are also strongly labeled (Noble et al 
2(01). Due to its great sensitivity, this iodinated probe has been used to 
study the localization of APN in various peripheral tissues, and to determine 
the role of APN in the ontogeny of several organs during pre- and post-natal 
development (data to be published). It could also be used to evaluate the up
or down-regulation of APN in pathological conditions or as probe to 
quantify the binding of inhibitors in various tissues by competition 
experiments, as previously shown for NEP (Soleilhac et a/1992). 

3.4 a-aminophosphinic derivatives as highly potent dual 
inhibitors of APN and NEP. 

The high selectivity of these original aminophosphinic inhibitors for 
APN rather than for NEP was unexpected because the hydrophobic side 
chains in the Ph P t ' and P2' positions correspond to the subsite specificity of 
both APN and NEP. There are two possible explanations for this high 
selectivity : An unfavourable effect of the free amino group on NEP 
recognition ; Incorrect positioning of the side chains in the various subsites 
ofNEP. 

The removal of the free amino group does not change the Ki value for 
NEP but induced a complete loss of activity against APN (Chen et a/1998). 
Consequently new hydrophobic chains were placed in the P t ' position, to 
optimize interaction with the Sl' subsite, the most important subsite for NEP 
recognition. With a biphenyl moiety in position PI" the first highly potent 
true dual NEPf APN inhibitors (one compound recognizing two different 
enzymes) were obtained (Table 14) (Chen et a/1998 ; Chen et aI2000b). 
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Table 14. Inhibitory potencies of the most efficient stereoisomers of a-aminophosphinic 
inhibitors on NEP and APN activities. 

Kb nMS 
No. R! Rz RJ NEp b APN< 

79 CH2Ph CH2Ph(p-Ph) CH3 2.2 ± 0.3 5.3 ± 0.7 
80 Ph CH2Ph(p-Ph) CH3 2.0 ± 0.5 4.8 ± 0.7 
81 CH3 CH2Ph(p-Ph) CH3 1.2 ± 0.2 2.9 ± 0.3 
82 CH3 CH2Ph(p-Br) CH3 4.9 ± 0.4 1.9 ± 0.1 
83 Ph CH2Ph(p-Ph) CH20H 11.8 ± 1.2 4.9 ± 0.3 

a Values are the mean ± SEM from three independent experiments performed in triplicate. 
b NEP activity was measured using DGNPA (Dansyl-Gly-pN02Phe-Ala) as substrate. 
C APN activity was measured using Ala-pNA as substrate. 

In tests in vivo, the most efficient compounds induced antinociceptive 
responses at low doses after intracerebroventricular (i.c.v.) administration 
(ED50 values from 6 to 16 f.1g). However, the bioavailability of these 
compounds after i.v. administration was too low to produce a significant 
effect so they have been transformed into prodrugs in which the two acidic 
functions, the phosphinic and the carboxylate groups, are protected (Chen et 
aI2001). 

These lipophilic prodrugs induce long-lasting antinociceptive responses 
after i.v. or i.p. administration in mice (Figure 9). 

4. BIOLOGICAL, PHARMACOLOGICAL AND 
CLINICAL PROPERTIES OF APN INHIBITORS. 

Most of the effects of APN inhibition have been obtained with bestatin 2 
(see chapter 4 in this book by Abe and Aoyagi) and certain derivatives which 
display a relatively weak affinity for APN and a complete lack of selectivity. 
Thus, bestatin 2 interacts with a large number of cytosolic aminopeptidases 
(LAP, LTA4 hydrolase, APB, APN, etc). 
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Figure 9. Time course of antinociceptive responses induced after i. v. administration of 50 
mglkg of prod rug (6 x 10.5 mol/kg). (A) (0) R, '" CH2Ph; (B) (e) R, '" (CH2)2SCOCH3. 
Percent analgesia is (test latency-controllatency/cut-otrtime-controllatency) x 100. 
Statistical analysis was carried out by Anova followed by Newman-Keuls test; ** P < 0.01 
compared with control. 

Therefore, except for the phannacological responses obtained by 
inhibiting APN-induced inactivation of opioid peptides and enkephalins 
(vide infra), the specific involvement of APN in the various phannacological 
or clinical effects of bestatin 2 and surrogates requires unambiguous 
confinnation by use of the recently developed highly potent and selective 
APN inhibitors reported in this review. The possible involvement of APN in 
the control of immunological processes and in tumor growth are discussed 
only briefly here as they are dealt with in detail in chapters of this book. 

4.1 APN inhibitors and analgesia. 

The dual involvement of NEP and APN has been physiologically 
demonstrated by the intracerebroventricular administration in mice of either 
10 Ilg bestatin 2 or 10 Ilg thiorphan (a selective NEP inhibitor). Low 
antinociceptive responses were obtained with each inhibitor alone, 11% 
analgesia with bestatin and 16% analgesia with thiorphan. However, the 
association of 10 Ilg of each inhibitor led to 39% analgesia. In the same 
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conditions, (10 mg, i.c.v.), the dual inhibitor kelatorphan (compound 50) 
induced 52% analgesia. This demonstrated i) the interdependence of two 
enzymatic systems for enkephalin degradation ; ii) the significant advantage 
of a dual inhibitor over to a mixture of two selective inhibitors. 

Taking into account these results, the antinociceptive properties of each 
family of inhibitors synthesized in the laboratory have been investigated. 

The B-amino thiols (compounds 33-45 in Table 7), administered by the 
i.v. route in mice, have no significant effect on jump and paw lick latency 
times. However, administered with a constant subactive dose (l0 mg/kg) of 
acetorphan, a systemically active prodrug of the NEP inhibitor thiorphan 
(Roques et al 1980), compounds 41 and 42 gave 100% analgesia at 10 
mg/kg (Fournie-Zaluski et al 1992). This experiment demonstrated that the 
disulfide forms of B-amino thiols cross the blood brain barrier efficiently. 

This led to the new concept of "dual prodrug inhibitor" (one molecule 
able to block two different enzymes) to improve passage across the blood 
brain barrier, by associating a B-amino thiol, a potent APN inhibitor, with a 
mercaptoacylamino ester, a potent NEP inhibitor, by means of a disulfide 
bond. One dual inhibitor RB 101, H3W -CH( CH2CH2SCH3)-CHz-S-S-CHz
CH(CH2Ph)-CONH-CH(CH2Ph)-COOCH2Ph, designed from this strategy, is 
a poor inhibitor in vitro but, after i.v. administration at a dose of 20 mg/kg, 
induced 100% analgesia in mice placed on a hot plate (Noble et al 1992a). 
This potent in vivo activity is due to the physiological reduction of the 
disulfide bond in the brain by cerebral reductases (Foumie-Zaluski et al 
1992). 

Figure 10 shows that the dual NEP/APN inhibitor RB 101 induces a 
dose-dependent analgesic response in the hot-plate test in mice whereas 
neither acetorphan nor carbaphethiol, prodrugs selective for NEP and APN 
respectively, induces significant analgesia (Noble et al 1992a). This 
confirms that only dual inhibition of both peptidases induces a large increase 
in endogenous extracellular enkephalins, consistent with III VIVO 

measurements in the spinal cord of rats (Bourgoin et al 1986). 

RB 101 has been shown to be active in all animal models of pain (Figure 
11) (review in Roques et al 1993) without the drawbacks of opioids, i.e. 
tolerance (Noble et al 1992b), physical (Noble et al 1992c) and psychic 
dependence (Noble et al 1993) and respiratory depression (Boudinot et al 
2001). 
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Figure 10. Naloxone (NLX)-reversible, dose-dependent antinociceptive responses in the hot
plate test in mice, following intravenous administration of the dual NEP-APN inhibitor RB 
101. The extracellular levels of enkephalins, resulting from their partial protection by 
selective inhibition ofNEP by acetorphan (Acet) or of APN by carbaphethiol (Carb), are too 
low to induce significant analgesia. Percent analgesia is (test latency-controllatency)/(cut-off 
time-control latency) x 100. Statistical analysis was carried out by ANOVA followed by 
Newman-Keuls test, ** P < 0.01, *** P < 0.001 compared with control [(vehicle not shown)] 
and +++ P < 0.001 compared with RB 101 (20 mg kg-I, i.v.). White bar indicates treatment 
with naloxone alone. Numbers on the x-axis represent doses of compounds used (mg kg-I). 

ANIMAL MODELS OPIATES NSAIDs DUAL INHIBITORS 

SEVERE • Tail flick 
• Hot plate ++ o + 
• Electric stimulation 

INFLAMMATORY • Formalin 
• Arthritic rats ++ :t ++ 

• Carragenin 

NEUROPATHIC • Sciatic nerve compression :t 0 + 

• Sciatic nerve ligature :t 0 + 

• Diabetic rats :t 0 + 
......................................... 

VISCERAL • Writhing ++ + ++ 

Figure 11. Main types of pain and related animal models: Effects of various compounds. 

However, the duration of action ofRB 101 was short (Figure 12). Owing 
to their high efficiency in vitro, two dual phosphinic inhibitors, 80 and 81, 
have been selected for a phannacological study aimed at evaluating the time 
course of their antinociceptive effects. 
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Figure 12. Comparison of the antinociceptive responses induced by i.v. administration of 10 
mglkg (15 fUIlollkg) ofRB 101 (s) and 25 mglkg (30 fUIlollkg) ofRB 3007 (m) in the hot 
plate test (52·C) in mice (n = 10). RB 101, AUC = 970 (0-30 min); RB 3007 (H2N-CH(Ph)
P(O)-(OCHrCH2-SCOCH3)CH2CH(Bip)-CO-Ala Obz1), AUC = 1760 (20-120 min). Results 
are expressed as percentage analgesia ± SEM. * P < 0.05, ** P < 0.01 versus the control 
(Dunnett's t test). 

These compounds induce analgesic responses at low doses after i.c.v. 
administration (ED50 values, 10.5 and 6 j!g, respectively) (Chen et aI2000b). 
After transformation into lipophilic prodrugs by esterification of the two 
acidic functions (Chen et al 2001), these compounds were shown to induce 
long-lasting antinociceptive responses after i.v. or i.p. administration 
(Figures 9 and 12). 

Two hydroxamate-containing inhibitors have been studied in detail. 
Kelatorphan (compound 50) has been shown to protect enkephalins 
efficiently (at least 80%) from the two metabolizing enzymes, APN and NEP 
in vitro (using brain or spinal cord slices) or in vivo following i.c.v. or 
intrathecal administration in rats (Waksman et al 1985 ; Bourgoin et al 
1986). In an animal model of pain, kelatorphan induces potent analgesic 
responses (Fournie-Zaluski et al 1984), after i.c.v. or i.v. administration in 
normal and arthritic rats. In arthritic rats, the response to 2.5 mg/kg, i.v. is 
similar to that produced by 1 mg/kg i.v. morphine (Kayser et al 1989). 
Finally, RB 38A (compound 5, Table 1) has been compared with morphine, 
after i.c.v. administration, on all the classical models of pain used for testing 
new analgesics (Schmidt et al 1991) and has been shown to be very potent 
against all types of pain. 

Moreover, kelatorphan (compound 50 in Table 8) which is almost unable 
to cross the blood brain barrier generates antinociceptive responses similar to 
those of morphine in inflammatory pain, suggesting that its effects may be 
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due to enhancement of the stimulation of peripheral opioid receptors by 
endogenous opioids. This has been confirmed by use of the opioid receptor 
antagonist methylnaloxonium, which is also unable to enter the brain. The 
effects of kelatorphan are antagonized by i.v. administration of 
methylnaloxonium, but not by intracerebroventricular injection of this 
antagonist supporting a peripheral effect of kelatorphan in reducing 
inflammatory pain (Maldonado et aI1994). 

4.2 Inhibition of APN and immunological processes. 

Administration of bestatin to mice increases the numbers of T cells and 
natural killer cells. This may be due to prevention of cytokine inactivation 
(for instance of IL-8 at the surface of neutrophils (Kanayama et al 1995), 
increasing the effectiveness of these molecules. 

In the immune system, APN is mostly produced in macrophages and 
dendritic cells and this peptidase is also found, at least temporarily, on the 
surface of leukemic T cells and lymphocytes infiltrating rheumatoid joints 
and pericardial fluid as well as lung and renal tumors (review in Riemann et 
al 1999). Bestatin has recently been shown to increase the antigenic 
efficiency of epitopes presented at the cell surface by MHC class II 
complexes, by inhibiting their successive N-terminal hydrolysis (Larsen et al 
1996). 

4.3 APN and tumorigenic processes. 

Bestatin (Ubenimex) is an orally active compound and is currently used 
in Japan as an immunomodulator in cancer patients in remission (Abe et al 
1984; see also chapter 4 in this book by Abe and Aoyagi). It is also used in 
the treatment of non lymphocytic leukemia. APN seems to be overexpressed 
on the surface of numerous tumor cells and inhibition of its peptidase 
activity has been reported to reduce the growth of these cells, possibly by 
locally modifying the concentration of peptides. This effect may also result 
from a decrease in extracellular matrix degradation by proteases secreted or 
present at the surface of the tumor cells. Interestingly, this action of bestatin 
seems to be specific to APN inhibition (Saiki et al 1993). The antitumoral 
effects of bestatin may also be due to its ability to increase the size of 
populations of immune cells capable of rejecting the tumor. This may 
account for the lack of ability of bestatin to inhibit tumor cells growth in 
nude mice. 

Finally, it has very recently been demonstrated that APN is 
overexpressed during angiogenesis and particularly in tumoral neo
angiogenesis (Pasqualini et al 2000). This will be discussed in chapter 5 of 
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this book by Shapiro et al. Our work with our recently reported radio
iodinated inhibitor I25I-RB 129 (Chen et al 2000b) has confirmed the 
presence of high concentrations of APN in the vascular endothelium in 
various human tumors grafted into nude mice (unpublished results). 

5. CONCLUSION. 

For many years, APN has been considered to be one of a very large 
number of proteases involved in the digestion of peptides issued from the 
cleavage of proteins in food by gastro-intestinal enzymes. APN is therefore 
produced in large amounts in the intestinal brush borders. This type of 
activity has also been detected in the kidney. However, in recent years, new 
functions have been assigned to APN. It is clear that APN, together with 
NEP, is involved in inactivation of the endogenous opioid peptides, 
enkephalins, in the central nervous system but probably also in the 
periphery, where APN has been detected on lymphocytes recruited to the site 
of inflammation. The design and pharmacological activity of the dual 
inhibitors reported in this review shows that such molecules may offer a 
physiological approach to the development of new analgesics, filling the gap 
between opioids and NSAIDs. Some of these compounds are currently under 
assessment in preclinical trials. The antitumoral activity of bestatin, a non
selective APN inhibitor is thought to be due to the inhibition of this enzyme, 
and bestatin is used in Japan to treat cancer during periods of remission. It 
would be of major interest to investigate the specific role of APN in this 
antitumoral activity of bestatin, using the new highly potent and selective 
inhibitors developed in our laboratory. Indeed, we cannot exclude the 
possibility that the action of bestatin is due to the inhibition, by this 
compound, of several zinc metalloaminopeptidases (such as APN/APB), or 
leucine alninopeptidases, leading to change in the circulating levels of 
cytokines or even growth factors, which are known to participate in 
tumorigenesis. Consistent with this, it was recently found that APN is 
overexpressed in endothelium cells during angiogenesis and the neo
vascularization of tumor cells. We have confirmed these results by direct 
detection, using a recently developed radio-iodinated inhibitor, of APN in 
blood vessels in human tumors grafted into nude mice. These results may 
open up new strategies for the diagnosis and treatment of solid tumors. 

Many other functions of APN, for which evidence of various strengths is 
available, could result in new therapeutic approaches. These functions can 
now be unambigously investigated by means of potent and selective 
inhibitors. Finally, although APN is distributed throughout the body, APN 
inhibitors may be a valuable source of new therapeutic agents, as shown for 



86 FOURNIE-ZALUSKI AND ROQUES 

the two former zinc metalloendopeptidases. The efficiency of APN 
inhibitors can be regulated by i) the tonic or phasic release of endogenous 
substrates ; ii) the clustering of substrate, peptidase and receptor; iii) the 
disease-dependent overproduction of APN, reducing the non-specific effects 
of inhibitors blocking other functions of the peptidase; iv) the well-known 
regulation of physiological functions by different mechanisms, eliminating 
possible side-effects resulting from selective inhibition of a non-pathological 
peptidase-dependent process. 
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