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Inhibition of Aminopeptidase N by Two Synthetic Tripeptides
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MR-387A1 (AHPA-Val-Pro) and A2 (AHPA-Val-Hyp) were prepared as aminopeptidase N inhibitors
through the synthesis of peptide MR-387A and B analogues which contained 3-amino-2-hydroxy-4-phenyl
butanoic acid (AHPA) as a zinc-chelating moiety. They are competitive inhibitors of aminopeptidase N
with inhibition constants(Ki) of 4.1 107 and 1.1 X 10° M, respectively. MR-387A1 also strongly inhibited
aminopeptidase B of human myelogenous leukemia K-562 cell with IC, of 0.35 uM. Inhibitions of ami-
nopeptidase N activity by AHPA-bearing inhibitors of various peptide chain lengths also have been studied.
IC,, values of AHPA-Val (bestatin), AHPA-Val-Pro (MR-387A1) and AHPA-Val-Pro-Leu (MR-387C)
compared against porcine kidney aminopeptidase N were 20.1, 0.60 and 0.08 uM, respectively. These
results support that a multiple interaction between the S,— S'; sites of aminopeptidase N and the P, — P,
of the inhibitor plays a crucial role in stabilizing strongly the enzyme-inhibitor complex.

‘Aminopeptidase N (AP-N, EC 3.4.11.2, or amino-
peptidase M) is a zinc-containing proteolytic ectoenzyme
which removes the N-terminal amino acid of protein
and peptide substrates (24). It is a stalked integral mem-
brane protease, mainly located in the small intestinal
and kidney brush borders but is also found in brain,
lung, liver and primary cultures of fibroblasts and has
been shown to be identical to the myeloid leukemia
marker CD 13 (7, 16).

AP-N plays a functional role in human ovarian fol-
liculogenesis or successful implantation (6, 11). In malig-
nancy, Saiki et al. (22) and Menrad et al. (17) have
found AP-N to play an important role in the invasion of
metastatic tumors in vitro. Recently, Ino et al. (12) re-
ported that bestatin and actinonin, AP-N inhibitors,
suppress the growth or metastasis of cancer. Thus, the in-
hibition of the enzyme could provide a new avenue to de-
velopment of anti-cancer drugs.

Most known aminopeptidase inhibitors are amino acid or
peptide analogues. They include zinc-chelating agents such
as amino acid hydroxamate (9) and aminothiol deri-
vatives (19) and amino acid and peptide analogues ca-
pable of mimicking the tetrahedral adducts, such as,
boronic acid derivatives (24), aminoaldehydes (2), phos-
phorus-containing peptide analogues (15), peptides bear-
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ing o-ketoamides (20) or ketomethylene peptide bond
esters (8), and 3-amino-2-tetralone derivatives (23). Fi-
nally, among the most intriguing inhibitors of this class
of enzyme are naturally occurring compounds such as
bestatin (27) and probestin (3) that have been the most
extensively studied and may have important medicinal
applications.

In our laboratory, two new AP-N inhibitors MR-387A
and B were isolated from the culture filtrate of Strep-
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Fig. 1. Structures of MR-387A1 and AZ2.
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tomyces neyagawaensis SL-387 (4). From the basis of
the structures of both inhibitors, we obtained the novel
synthetic tetrapeptide MR-387C which had the same
molecular weight (MW) as MR-387A, and inhibited AP-
N more strongly than both MR-387A and B (5). We con-
tinued the synthesis of MR-387 derivatives and obtained
two novel tripeptides, named MR-387A1 and A2 (Fig. 1),
having lower MWs than MR-387A, B and C.

In this paper, the synthesis, physico-chemical pro-
perties and biological activities of MR-387A1 and A2
are reported. Additionally, the relationship of the length
of the peptide chain in MR-387 analogues to activity is
also discussed herein.

MATERIALS AND METHODS

Instrumental Analysis

Mass spectra were recorded on a JEOL JMS-HX
110A/110A spectrometer. NMR spectra were recorded
on a Brucker AMX-FT500MHz and a Varian UNITY
300MHz spectrometer. UV spectra and IR spectra were
recorded on a Shimazu UV-260 spectrophotometer and a
Laser Precision Analytical [FX-65S spectrophotometer,
respectively. HPLC analysis used a Hitachi L-6200 in-
tegral pump with a Hitachi L-4000 UV detector system.

Cell Lines and Cultivation

The human fibrosarcoma cell line HT-1080 and the hu-
man myelogenous leukemia cell line K-562 were main-
tained in RPMI 1640 medium (Gibco) supplemented
with 10% fetal calf serum (Gibco) at 37°C in a humi-
dified atmosphere of 5% CO,.

Assay for AP-N and Inhibitory Activities

The inhibitory activity of MR-387A1 and A2 against
AP-N from the microsomal membrane of porcine kidney
(Sigma 1.-0632) was determined as reported previously (4,
5). Percent inhibition was calculated by the formula (A-
B)YA <100, where A is the measured value of the en-
zymatic reaction in the system without an inhibitor, and B
is the value with an inhibitor. The IC,; value is the con-
centration of inhibitor which produced a 50% inhibition
of enzyme activity.

Cell surface AP-N activity in each cell line was de-
tected spectophotometrically as reported by Amoscato et
al (1). In brief, after incubating 5% 10’ cells in the culture
medium in a 96-well microplate for 48 h at 37°C, the
cells were used for enzyme assay. After aspirating off the
medium and washing with phosphate-buffered saline
(PBS), prewarmed 200 pM leucine-p-nitroanilide and 20
pl of water or aqueous solution containing the test com-
pound were added to each well as a substrate (final
volume 200 ul). The plate was then incubated at 37°C for
1 h and the reaction terminated by centrifugation for 3
min. The optical density of the supematant at 405 nm
was measured with a microplate reader (Bio-Rad Model
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3550). Cell surface AP-B activity in K562 cell line was
detected by the same procedure as AP-N activity de-
termination except using lysine-p-nitroanilide as a sub-
strate.

Synthesis of MR-387A1 and A2

MR-387A1 and A2 were automatically synthesized by
the solid phase method (24) using an Applied Biosystems
(Model 431A) peptide synthesizer on HMP-resin(4-hy-
droxy-methylphenoxymethyl copolystyrene-1% di-
vinylbenzene resin). The t-BOC-(2S,3R)-3-amino-2-
hydroxy-4-phenylbutanoic acid (t-BOC-AHPA) used in
peptide synthesis was purchased from Sigma Peptides
and Amino Acids (USA). The amino acid sequences of
MR-387A1 and A2 were designed as AHPA-Val-Pro and
AHPA-Val-Hyp, respectively. Purification of the inhibitor
resulting from a cocktail of synthesis reactions was car-
ried out by HPLC on a YMC-ODS-A column (¢ 4.6 <250
mm, 1.5 ml/min, 17% MeCN-0.1% TFA in H,0). Active
fractions were combined and concentrated under reduced
pressure in a small volume of water, then lyophilized und-
er a freeze dryer to give an amorphous white powder.

RESULTS AND DISCUSSION

Physico-chemical Properties

Physico-chemical properties of MR-387A1 and A2 are
summarized in Table 1. The molecular weights and for-
mula of both inhibitors were determined to be C,jH,,N,O5
(MW 374, M+H) and Cy,H,N.Oy (MW 390, M+H),
respectively based on ESI-MS and NMR studies. Color
reaction with ninhydrin showed positive, suggesting the
presence of an amino group in both molecules. Rf values
of MR-387A1 and A2 on silica gel TLC (Merck Art No.

Table 1. Physico-chemical properties of MR-387A1 and A2.

MR-387A1 MR-387A2
Appearence White powder White powder
ESI-MS (m/z) 374 (M+H)" 390 (M+H)"
Molecular Conngj,Os QOH29N306
UV AMeOH (g) 264 (149), 258 (155), 264 (197), 258 (209),

252 (144), 220 (446) 252 (196), 220 (642)
3200, 2970, 1675, 3200, 2966, 1671,
1446, 1205, 1138, 1444, 1201, 1138,

IR vEBrem-t

840, 800, 723 839, 800, 723
Color reaction  ninhydrin ninhydrin
Rf values* 0.65 053
Solubility
soluble: H,0, MeOH, H,0, MeOH,
EtOH, DMSO, EtOH, DMSO
insoluble: CHCl,, Hexane, CHCl;, Hexane,
EtOAc, Et,O EtOAc, Et,0

*On silica gel TLC plate(Merck Art No. 5715) with BuOH-AcOH-H,0O
(4:1:1).
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5715) developing with BuOH-AcOH-H,0 (4:1:1) were
0.65 and 0.53, respectively.

Structure Identification

The '"H NMR data on MR-387A1 and A2 are present-
ed in Table 2. The assignments of protons were de-
termined by the 'H-"H COSY spectra. These data sup-
ported the presence of the amino acids which were
designed in the synthesis procedure. The amino acid se-
quences were determined by the NOESY data in DMSO-
ds. In DMSO-d,, the protons of NH, (7.90 ppm) and OH
(6.7 ppm) of AHPA and NH (8.10 ppm) of Val were de-
tected in both molecules. As shown in Fig. 2, NOEs of
between 2-CH of AHPA and HN of valine and between
o-CH of valine and 8-CH, of proline or hydroxyproline
were detected. These results supported that the amino
acid sequences of MR-387A1 and A2 are AHAP-Val-
Pro and AHPA-Val-Hyp, respectively.

Biological Activities

Table 2. 'H-NMR data of MR-387A1 and A2 in D,0 at 300
MHz.

Assignment MR-387A1 MR-387A2
AHPA 2-CH 4.28(d, 4.8) 4.26 (d, 5.4)

3-CH 3.80 (m) 3.83 (m)

4-CH, 3.09 (dd, 6.6, 14.4) 3.08 (dd, 4.2, 14.4)

293 (dd, 8.1, 14.4) 2.95(dd, 8.4, 14.4)

Ph-omp 7.29-7.42 (m) 7.28-7.41 (m)
Val  o-CH 441(d,7.5) 438, 7.5)
B-CH ca. 2.10 (m) 2.12 (m)
vCH; 0.98(d, 6.6) 0.99 (d, 6.9)
CH, 094(d, 638) 0.94 (d, 6.9)
Pro o-CH 437 (m) -
B-CH, 2.30 (m), 2.01 (m) -
vCH, ca. 2.05-1.95 (m) -
5-CH, 3.70 (m), 3.18 (m) -
Hyp o-CH - 4.48 (t, 8.7)
B-CH, . 2.38 (br. dd, 7.8, 13.8),
2.15 (m)
y-CH - 4.60 (m)
3-CH, - 3.93(d, 11..7),
: 3.81 (d, <1.0)
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The compounds were tested for inhibition of cell sur-
face aminopeptidases. As shown in Table 3, MR-387A1
and A2 inhibited not only AP-N of porcine kidney mi-
crosome (Sigma, L-0632) with IC, of 0.60 and 0.87 uM,
but also intact AP-N of human fibrosarcoma HT-1080
with ICs, of 1.21 and 1.82 UM, respectively. MR-387A1
also inhibited strongly AP-B of human myelogenous
leukemia K-562 with IC,, of 0.35 uM. As shown in Fig.
3, both synthetic tripeptides are competitive with the sub-
strate. The Ki values of MR-387A1 and A2 are 4.1X 107
M and 1.1X10° M, respectively. The Km value of por-
cine kidney AP-N used in these assays was 1.1x 10" M.

Inhibition of AP-N by Iphibitors of Various Pep-
tide Chain Lengths

Inhibition of AP-N activity was carried out by AHPA-
bearing inhibitors of varous peptide chain lengths. As
shown in Table 4, tripeptides MR-387A1 and A2 are bett-
er inhibitors of AP-N than dipeptide bestatin. Recently,
AHPA-Val, a synthetic derivative of bestatin, was pu-
rified from the culture broth of Streptomyces ney-
agawaensis SL-387 which was cultured in a chemically
defined medium by supplementing 3-amino-3-phenyl-
propionic acid. Inhibitory activity of AHPA-Val against
AP-N is similar to that of bestatin. The production, pu-
rification, physico-chemical and biological activities of
AHPA-Val will be reported in a later paper. Tripeptides
MR-387A1 and A2, which lack one proline found in MR-
387B and A, respectively, were found to be weaker in-
hibitors than tetrapeptides MR-387A. and B. These results
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Fig. 2. The selected 'H-'H COSY (D,0) and 2-D NOESY
(DMSO-d;) data of MR-387A2.

Table 3. Inhibition of aminopeptidases by synthetic peptides MR-387A1 and A2.

ICsy (UM)
Target enzyme Substrate
MR-387A1 MR-387A2
Porcine kidney AP-N Leu-pNA 0.60 0.87
Human fibrosarcoma HT1080 AP-N Leu-pNA 1.21 1.82
Human myelogenous leukemia K562 AP-N Leu-pNA 17.7 19.3
Human myelogenous leukemia K562 AP-B Lys-pNA 0.35 1.83

_A—P-N activities of porcine kidney, fibrosarcoma HT1080 and leukemia K562 for determination of ICy, value were 104.2 nmole/h/test, 37.6 and 36.8 nmole/
h/2 X 10° cells, respectively. AP-B activity of K562 cell was 21.8 nmole/h/2 X 10° cells. Leucine-p-nitroanilide or lysine-p-nitroanilide was used as a sub-
strate of AP-N or AP-B, respectively. Aminopeptidase activity was detected spectrophotometrically by monitoring the increase in optical density at 405 nm.



10 CHUNG ET AL.

; 4007
5 | MR-387A1
[ =
[72]
o § ® |=0ug/ml
¥ 300 m [=0.3ug/ml
; I a (=0.6ug/m
© J
<4 200
N ]
=
£ 100 A
s
-
0 L ) * L v 1§ A L)
0 10 20 30 40
1/[Leu-pNA], mM"
T 400 -
£
A MR-387A2
< 300 4
® ® {=0ug/ml
8 20 m 1=0.3ug/ml
< 200 A 1=0.6ug/ml
” ]
= -
£ 100
2]
0 Y e T T T |
0 10 20 30 40

1/[Leu-pNA], mM~

Fig. 3. Lineweaver-Burk plots of inhibition of porcine kidney
aminopeptidase N by MR-387A1 and A2.

Table 4. Inhibitory activities of various inhibitors against mi-
crosomal AP-N of porcine kidney.

Inhibitor Structure 1Cs, (UM)
Bestatin AHPA-Leu 20.1
MR-387A1 AHPA-Val-Pro 0.60
MR-387A3 AHPA-Val-Hyp 0.87
Valistatin AHPA-Val-Val 1.27
MR-387A AHPA-Val-Pro-Hyp 0.20
MR-387B AHPA-Val-Pro-Pro 0.16
MR-387C AHPA-Val-Pro-Leu 0.08

Bestatin was purchased from Sigma Co. (USA), and valistatin was pu-
rified from the culture broth of Streptomyces sp. SL20209 in our la-
boratory (14).

coincided with the data of Tobe et al. (26) and Rich et al.
(21). They studied the relationship of the length of the
peptide chain in amastatin analogues and their activity,
and suggested that a tetrapeptide had the strongest ac-
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Aminopeptidase N(EC 3.4.11.2)
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Fig. 4. Schematic models for the binding of putative substrate
(A), bestatin(B), MR-387A1(C) and MR-387B(D) to the active
site of aminopeptidase N.

(A) and (B), models proposed by Nishizawa et al. (18), Rich er al. (21)
and Helene ef al. (10) for binding of inhibitor to the active site of am-
inopeptidase N; (C) and (D), possible binding of MR-387 derivatives to
aminopeptidase N.

tivitly towards AP-A and AP-N. The number of amino
acids in the inhibitor affects the tightness of binding
between the inhibitor and AP-N. In addition, inhibition of
AP-N has been postulated to proceed by chelation of the
2(S)-hydroxyl group and the 3-amino group in the APHA
moiety in bestatin to zinc ion in the enzyme active site
(18). IC, values of AHPA-Val (bestatin), AHPA-Val-Pro
(MR-387A1) and AHPA-Val-Pro-Leu (MR-387C) com-
pared against porcine kidney aminopeptidase N were 20.1,
0.60 and 0.08 uM, respectively (Table 4). These results
support that a multiple interaction between the S;—S';
sites of aminopeptidase N and P,— P'; of the inhibitor
plays a crucial role in stabilizing strongly the enzyme-
inhibitor complex as shown in Fig. 4 (21).

Additionally, replacement of proline in MR-387A1 by
hydroxyproline reduced the inhibition of AP-N. MR-
387A bearing hydroxyproline in the C-terminal also
reduced the inhibition of AP-N compared to MR-387B.
These results suggest that in order to inhibit AP-N strong-
ly, hydrophobic amino acid proline as the third or fourth
residue from the amino end is better than hydrophilic am-
ino acid hydroxyproline.
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