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N-Hydroxy-2-(naphthalene-2-ylsulfanyl)-acetamide, a novel
hydroxamic acid-based inhibitor of aminopeptidase N
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Abstract—In the course of our screening, N-hydroxy-2-(naphthalene-2-ylsulfanyl)-acetamide (1), which contains a metal-chelating
hydroxamate group, has been identified as a potent inhibitor of aminopeptidase N (APN, EC 3.4.11.2). Compound 1 potently inhib-
ited APN activity with a Ki value of 3.5lM. It also inhibited the basic fibroblast growth-factor-induced invasion of bovine aortic
endothelial cells at low micromolar concentrations.
� 2004 Elsevier Ltd. All rights reserved.
Aminopeptidase N (APN/CD13, EC 3.4.11.2) is a mem-
ber of M1 family of zinc metallopeptidases, which is
identical to cell surface molecule, CD13, a lineage mar-
ker for myeloid cell differentiation.1 Functional studies
on APN have revealed that the metallopeptidase mainly
localizes at the cellular membrane and can cleave bioac-
tive proteins on the cell surface including several cyto-
kines and is involved in the down-regulation of signal
peptides such as enkephalines.2 In the brain and periph-
eral organs, APN participates in the enzymatic cascade
of the renin–angiotensin system.3 APN has been also
known to play an important role in metastatic tumor
cell invasion.4–6 These multi-functionalities of APN
seem to be derived from its wide spectrum of tissue dis-
tribution, and each function of the enzyme may be site
dependent. APN is found in the surface of many cells
and tissues, including myeloids, renal tubular epithe-
lium, intestinal epithelium, kidney epithelial cells, and
in synaptic membranes of central nervous system.2,7,8

Recently, APN was identified as an endothelial cell
receptor for NGR (Asn-Gly-Arg) peptide motif, which
is capable of homing selectively to tumor vasculatures.9
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The only vascular structures with detectable APN were
tumor vessels and other types of vessels undergoing
angiogenesis. In addition, several inhibitors of APN
including antibodies capable of inhibiting the enzymatic
activity of APN potently inhibited angiogenesis and tu-
mor growth in mice injected subcutaneously with human
breast carcinoma cells. These studies demonstrate that
the ectoenzyme can be a new therapeutic target for
tumor angiogenesis.9,10

To date, several inhibitors of APN, including bestatin,
amastatin, actinonin, homothalamide, and aminophos-
phinic acid derivatives have been developed and some
of them are currently investigated for clinical uses.6,11–13

Our recent study aimed to develop new APN inhibitors
with anti-angiogenic activity, through the extensive
screening from chemical libraries and natural products.
Experiments were performed through both APN enzyme
assay and endothelial cell invasion assay in parallel. From
the screening, we previously identified curcumin, a potent
chemopreventive agent with strong anti-angiogenic
activity, is an irreversible inhibitor of APN from the
natural products.14 In the present study, a new hydroxa-
mate-containing inhibitor of APN was isolated from the
chemical library and evaluated its biological activities.

The assay of APN activity was performed based on the
detection of the enzymatic degradation products of the
fluorogenic substrate of APN as described previously.14
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Figure 1. The chemical structure of compound 1.
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Total 3000 of natural products and chemical libraries
were used to the high throughput screening. The high
throughput screening identified N-hydroxy-2-(naphthal-
ene-2-ylsulfanyl)-acetamide (1)15 as an inhibitor of
APN from the chemical library (Fig. 1). Compound 1
inhibited the activity of APN with an IC50 value of
3.4lM (Fig. 2a). Bestatin, a transition state analog of
the dipeptide substrate Phe-Leu also inhibited APN
activity at similar concentration ranges to that of com-
pound 1.

Next, we performed the kinetics analysis of the enzyme
inhibition by compound 1. The Lineweaver–Burk plot
of the inhibition showed that compound 1 competitively
Figure 2. Effect of compound 1 on the enzymatic activity of APN. (a)

Dose-dependent inhibition of APN activity by compound 1 and

bestatin is shown. (b) The kinetics analysis of APN inhibition by

compound 1 is shown using Lineweaver–Burk plot.

Table 1. Target specificity of compound 1 on aminopeptidases and several M

Compds APN inhibition

IC50 (lM)a
MMP-2 inhibition

IC50 (lM)

MMP

IC50

1 3.4 (±0.6) na na

BB-94 nd 0.013 (±0.003) 0.025

Bestatin 3.9 (±0.4) nd nd

a Values are means of three experiments, standard deviation is given in pare
inhibited the APN activity (Fig. 2b). The Ki value of the
inhibition was determined as 3.5lM from the Dixon
plot of the inhibition (data not shown).

Compound 1 contains a metal-chelating hydroxamate
functional group, which can interfere with certain metallo-
enzymes, including matrix metalloproteinases (MMPs).
We thus examined the effect of compound 1 on the activ-
ities of both APN and several MMPs, including MMP2,
MMP9, and MMP14 (MT1-MMP).16 As shown in the
Table 1, compound 1 did not inhibit any of MMPs ana-
lyzed in this study, even at 50lM concentration. BB-94
(also known as batimastat) was used as a positive con-
trol compound for the specific MMP inhibitor.17 We
also tested the isotype specificity of compound 1 using
adipocyte-derived leucine aminopeptidase (A-LAP), an-
other member of M1 family of zinc metallopeptidases.18

The enzyme assay of A-LAP was conducted through
same procedures as APN assay with a different fluoro-
genic substrate, leu-7-amido-4-methyl-coumarin.19

Interestingly, compound 1 did not inhibit the activity
of A-LAP at concentration ranges up to 50lM. In con-
trast, a broad-range aminopeptidase inhibitor, bestatin,
inhibited A-LAP activity with an IC50 of 11.2lM (Table
1). These results demonstrate that compound 1 is an
isotype-specific inhibitor of APN.

We, finally, examined the effect of compound 1 on in
vitro angiogenesis of bovine aortic endothelial cells
(BAECs).23 In Figure 3a, control cells grown in serum-
free media showed a basal level invasiveness. The stimu-
lation of BAECs with basic fibroblast growth factor
(bFGF) highly increased the invasion of BAECs. How-
ever, the compound 1 treatment caused dose-dependent
inhibition of bFGF-induced invasion of BAECs. As
shown in Figure 3b, compound 1 specifically inhibited
the invasion of BAECs at the same magnitude of
bFGF-stimulation and did not inhibit the basal level
invasion of the endothelial cells. Compound 1 did not
affect the viability of BAECs up to 10lM treatment
(data not shown). These data demonstrate that com-
pound 1 is a new inhibitor of APN with potent anti-
angiogenic activity.

In summary, a novel hydroxamate inhibitor of APN was
developed and evaluated its biological activities. Com-
pound 1 competitively inhibited APN activity with a
Ki value of 3.5lM. The specificity of the compound
on APN and other metalloproteinases was also demon-
strated. Finally, compound 1 potently inhibited bFGF-
induced in vitro angiogenesis of BAECs without cyto-
toxicity. These excellent biological activities of com-
pound 1 open the possibility to develop more potent
MPs

-9 inhibition

(lM)

MMP-14 inhibition

IC50 (lM)

A-LAP inhibition

IC50 (lM)

na na

(±0.005) 0.047 (±0.004) nd

nd 11.2 (±0.9)

ntheses (na = not active, nd = not determined).



Figure 3. Effect of compound 1 on bFGF-induced invasion of BAECs.

(a) BAECs starved with serum-free media for 12h were treated with

various concentrations of compound 1 in the presence or absence of

bFGF and invasion assay was performed. Figures were selected as

representative results from three independent experiments. (b) Quan-

titative data for the invasion assay is shown. Data represents

mean ± SE from three independent experiments.
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derivatives of the compound. In addition, in vivo effi-
cacy validation of compound 1 is under investigation
for development of new anti-angiogenic agent.
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