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During the metastatic cascade, a tumor cell passes
through several connective tissue barriers which contain
various adhesive molecules.1 Proteolytic degradation of
the extracellular matrix (ECM) is an important part of
the process, and several classes of enzymes have been
implicated, including matrix metalloproteinases, serine
proteinases, and aminopeptidases.2-5 Aminopeptidase
N (APN) (EC 3.4.11.2/CD13) is a Zn2+-dependent exo-
protease that binds to membranes through N-terminal
segments as an ecto enzyme. APN is identical to the
cell surface antigen CD13, which is expressed not only
on myeloid cells but also on many other types of cells.6-8

Anti-APN/CD13 monoclonal antibody suppresses the
process of tumor cell invasion,9 and a potent inhibitor
of APN, bestatin, as well as other inhibitors with
different specificities for aminopeptidases, inhibits inva-
sion and matrix degradation by tumor cells in vitro.5,10,11
It has also been demonstrated that bestatin inhibits
experimental and spontaneous metastasis of leukemia12
and melanoma13 in mice. These findings suggest that
APN plays a crucial role in matrix degradation and
invasion by tumor cells and that APN inhibitors may
be useful for preventing the spread of malignant cells.
Some of the most intriguing APN inhibitors found to

date are natural products such as bestatin14 and acti-
nonin (Figure 1).15 These compounds are pseudodipep-
tides bearing zinc-chelating functionality in the mol-

ecule. In general, peptides have drawbacks for clinical
application, i.e., low bioavailability, proteolytical lability,
rapid biliary excretion, short duration of action, etc.
From a medicinal-chemical point of view, it is therefore
important to discover nonpeptide derivatives. In this
paper, we would like to describe our discovery of
N-phenyl cyclic imide derivatives as nonpeptide APN
inhibitors. Some structure-activity relationships of
these novel compounds are also described.
The compounds listed in Table 1 were prepared in

good yield by condensation of acid anhydride derivatives
and appropriate amine derivatives.16 The structures
and purity were confirmed by elemental analysis and
1H NMR and mass spectroscopy (details will be pub-
lished elsewhere).
Aminopeptidase N inhibitory activity has been evalu-

ated in intact-cell assays by measuring 7-amino-4-
methylcoumarin (AMC) liberated from L-alanine 4-me-
thylcoumaryl-7-amide (Ala-AMC),9,11 or by measuring
p-nitroanilide liberated from L-alanine p-nitroanil-
ide.17,18 In our experiments, we adopted the former
method, using human acute lymphoblastic leukemia
cells, MOLT-4. To confirm the specificity of the inhibi-
tion, the compounds were also assayed for inhibition of
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Figure 1. Chemical structures of bestatin, actinonin, and Pro-
boroPro (DPP-IV antagonist).
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dipeptidyl peptidase IV (DPP- IV) (EC 3.4.14.5/CD26),
a membrane-associated ecto enzyme (serine protease)
of certain subsets of leukocytes, particularly CD4+ T
cells.19,20 The enzymatic activity of intact cells was
determined with glycyl-L-proline 4-methylcoumaryl-7-
amide (Gly-Pro-AMC) as a substrate. The results are
summarized in Table 1.
Structure-Activity Relationships of the Novel

Series of N-Phenylphthalimides. As can be seen
from Table 1,N-(2,6-diisopropylphenyl)phthalimide (3),
a potent inhibitor of TNF-R production,16 did not show
APN inhibitory activity (IC50 >100 µg/mL). Introduc-
tion of an electron-withdrawing nitro group at the fused
benzene ring did not affect the activity. On the other
hand, the compounds that have an electron-donating
group, such as amino (7-10) or hydroxyl (11-15),
showed moderate to potent APN inhibitory activity,
except compound 9. The importance of the steric effect
of the substituent at the imide nitrogen part of the
molecule is clear. In a series of active succinimide
derivatives, the activity increased in the order of 2,6-

dimethylphenyl < 2,6-diisopropylphenyl (although 11
and 13 exhibited almost the same APN inhibitory
activity). Although some of the N-phenylphthalimide
analogues showed moderate APN inhibitory activities,
their specificity was low; i.e., they also showed DPP-IV
inhibitory activities with IC50 values similar to those
for the APN inhibitory activities (Table 1).
Structure-Activity Relationships of the Novel

Series of N-Phenylhomophthalimides. When the
cyclic imide part was changed from a five-membered
ring system to a six-membered one, an extraordinary
enhancement of APN inhibitory activity was obtained.
N-(2,6-Dimethylphenyl)phthalimide (1) lacked APN in-
hibitory activity (IC50 > 100 mg/mL), but its homoph-
thalimide derivative (23) did show APN inhibitory
activity. NonsubstitutedN-phenylhomophthalimide (17)
was almost inactive, but the introduction of a 2-meth-
ylthio group (22) resulted in very potent inhibition. The
steric effect of substituents introduced at the imide
nitrogen of the homophthalimides is also important for
potent activity. In a series of N-(2,6-disubstituted
phenyl)homophthalimides, the activity increased in the
order of unsubstituted phenyl < 2,6-dimethylphenyl <
2,6-diisopropylphenyl. This rank order is the same as
in N-(2,6-disubstituted phenyl)phthalimides. But, to
our surprise, the 2,6-diethylphenyl derivative (28) showed
extremely potent APN inhibitory activity, being more
potent than actinonin, although the steric bulk of the
2,6-diethylphenyl group is less than that of the 2,6-
diisopropylphenyl group (dose-response curves of typi-
cal compounds are shown in Figure 2). A similar
tendency was also observed for monosubstituted N-
phenylhomophthalimides (17-19) [and disubstituted
N-phenylphthalimide (2), though the data are not clear].
This might means that there is a specific steric require-
ment for tight binding of these types of compounds to
APN, although the structure-activity relationships of
the regioisomers of the dimethylated analogues (23-
27) are unclear. Further analysis of the structure-
activity relationships is in progress.
It should be noted that these N-phenylhomophthal-

Table 1. APN and DPP-IV Inhibitory Activity of Cyclic Imide
Derivatives

APNa DPP-IVb

compd n R1 R2 R3

IC50
(µg/mL)

IC50
(µg/mL)

1 0 H 2′-Me 6′-Me >100
2 0 H 2′-Et 6′-Et 84.7 >100
3 0 H 2′-iPr 6′-iPr >100
4 0 5-NO2 2′-Et 6′-Et >100 >100
5 0 5-NO2 2′-iPr 6′-iPr >100
6 0 4-NO2 2′-iPr 6′-iPr >100
7 0 5-NH2 2′-Me 6′-Me 15.0 23.4
8 0 5-NH2 2′-iPr 6′-iPr 5.4 81.0
9 0 4-NH2 2′-Me 6′-Me >100 >100
10 0 4-NH2 2′-iPr 6′-iPr 6.7
11 0 5-OH 2′-Me 6′-Me 10.3 19.8
12 0 5-OH 2′-Et 6′-Et 9.6 12.8
13 0 5-OH 2′-iPr 6′-iPr 15.0 21.3
14 0 4-OH 2′-Me 6′-Me 70.7
15 0 4-OH 2′-iPr 6′-iPr 4.3 14.1
16 0 fused-Phc 2′-iPr 6′-iPr >100
17 1 H H H 93.7 >100
18 1 H 2′-Et H 17.8 >100
19 1 H 2′-iPr H 54.3 >100
20 1 H 4′-iPr H >100 >100
21 1 H 2′-OMe H 29.5 >100
22 1 H 2′-SMe H 0.90 >100
23 1 H 2′-Me 6′-Me 41.7 >100
24 1 H 2′-Me 5′-Me 16.0 >100
25 1 H 2′-Me 4′-Me 49.5 >100
26 1 H 2′-Me 3′-Me 30.0 >100
27 1 H 3′-Me 5′-Me 6.2 >100
28 1 H 2′-Et 6′-Et 0.12 >100
29 1 H 2′-iPr 6′-iPr 3.5 >100
30 1 H 2′-Cl 6′-Cl 44.1 >100
actinonin 0.32 >100
bestatin 0.81 >100
PBP >100 18.3

a Aminopeptidase N inhibitory activity was assayed by the
L-Ala-MCA method. b Peptidyl peptidase inhibitory activity was
assayed by the glycyl-L-Pro-MCA method. c N-(2,6-Diisopropylphe-
nyl)naphthalimide.

Figure 2. Dose-response curves of the typical homophthal-
imides and actinonin for inhibition of APN activity: (0)
actinonin; (4) 2; (2) 17; (O) 23; (9) 28; (b) 29.
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imides seem to be specific inhibitors of APN, because
they are inactive toward another protease DPP-IV
(Table 1).
In conclusion, novel and specific non-peptide APN

inhibitors were found, with some being much more
potent than the naturally occurring APN inhibitors
bestatin and actinonin. These compounds (especially
22 and 28) seem to be specific to APN and should be
superior lead compounds for the development of low-
molecular-weight non-peptide APN inhibitors for inva-
sion-preventing therapy. Structural optimization and
further pharmacological evaluation are in progress.
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