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Abstract

The antiproliferative effects of bestatin and actinonin on U937 and K562 cells have been compared with their inhibitory
activity on cell surface aminopeptidases. The results strongly suggest that the inhibition of cell surface aminopeptidases cannot
be the main reason for the inhibition of cell proliferation. This was confirmed by studying the effect of buthionine sulfoximine
(BSO), MK-571 (3-([{3-(2-[7-chloro-2-quinolinyl]-ethenyl)-phenyl }-{ (3-dimethyl-amino-3-oxopropyl)-thio }-methyl]thio)-
propanoic acid) and verapamil on the inhibition of cell proliferation by bestatin and actinonin. BSO and MK-571, which
inhibit the efflux of drugs mediated by multidrug resistance-associated protein (MRP), increased the action of both inhibitors,
indicating that the latter enter the cells and that their export is mediated by MRP in both cell lines. Verapamil significantly
increased the inhibitory activity of bestatin on K562 cells, indicating that the intracellular concentration of bestatin can be
mediated also by P-glycoprotein. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Bestatin, a dipeptide synthesized by Streptomyces
olivoreti [1], has diverse antitumor and immunomo-
dulatory activities [2—12]. It has been used in clinical
trials for the treatment of leukemia [13,14] and was
proposed to be useful as an immunological adjuvant
for DNA vaccination against HIV-1 [15].

The mechanism of action of bestatin is not known.
Muller and co-workers [16] were the first to prove that
it binds to cell surface proteins and suggested that its
biological activity is the consequence of its inhibition
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of cell surface leucine aminopeptidase [17]. Amino-
peptidase W [18] and aminopeptidase N (APN) [5]
were proposed to be the key aminopeptidases respon-
sible for the biological effects of aminopeptidase inhi-
bitors. Additional support for the idea that APN is
involved in regulating cell proliferation is provided
by the facts that increased expression of APN is asso-
ciated with increased proliferation of activated T cells
[19] and CD34 + cord blood cells [20], and that APN
antisense RNA inhibits cell proliferation of H9 and
U937 cells [21]. On the other hand the sensitivity of
different cell lines to bestatin does not correlate with
the expression of APN [11]. Furthermore, amastatin,
an inhibitor of APN [8], and antibodies against APN
that inhibit its enzyme activity did not inhibit cell
proliferation, and anti-APN antibodies also did not
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hinder the inhibitory effect of another inhibitor of
APN, actinonin, on cell proliferation [22]. These find-
ings, supported by the fact that bestatin methyl ester, a
hydrophobic derivative of bestatin, induces apoptosis
at lower concentrations than bestatin [11], suggest that
aminopeptidase inhibitors inhibit cell proliferation by
intracellular activity.

In our study we sought to elucidate the role of inhi-
bition of cell surface aminopeptidases in the antipro-
liferative activity of bestatin, by quantitative
comparison of these two activities on U937 and
K562 cells. For comparison we used actinonin,
another inhibitor of aminopeptidase N [23,24] that
has also been shown to inhibit cell proliferation
[5,19,20,22].

Since we found here that aminopeptidase inhibitors
could not inhibit cell proliferation solely by inhibiting
cell surface aminopeptidases we tested the hypothesis
that actinonin and bestatin act intracellularly. We
measured the antiproliferative effect of these inhibitors
on two leukemia cell lines in the presence of drug efflux
modifiers. K562 and U937 cells have been shown to
express multidrug resistance-associated protein
(MRP) and P-glycoprotein (Pgp) [25-27], both of
which belong to the group of transporter proteins
known to decrease intracellular drug accumulation
and to cause drug resistance of cancer cells (reviewed
in Ref. [28]). As drug efflux modifiers we used buthio-
nine sulfoximine (BSO), an inhibitor of glutathione
synthesis, that impairs the action of MRP, a
glutathione-dependent drug efflux pump [29,30],
MK-571 (3-([{3-(2-[7-chloro-2-quinolinyl]-ethenyl)-
phenyl}-{(3-dimethyl-amino-3-oxopropyl)-thio}-
methyl]thio)propanoic acid), a leukotriene receptor
antagonist that also inhibits MRP-dependent transport
[31] and verapamil, a calcium channel blocker that
impairs the activity of Pgp [32]. If bestatin and actino-
nin inhibit cell proliferation by intracellular activity,
inhibitors of their efflux would be expected to increase
their effect on K562 and U937 cells.

2. Materials and methods
2.1. Materials

Bestatin, actinonin, verapamil and BSO were
purchased from Sigma Chemical Co. (USA),

substrates L-alanine-4-methyl-coumaryl-7-amide
(AlaMCA), L-leucine-4-methyl-coumaryl-7-amide
(LeuMCA), and vr-arginine-4-methyl-coumaryl-7-
amide (ArgMCA) from Bachem (Switzerland), and
MK-571 from Biomol Research Laboratories, USA.

Human histiocytic lymphoma cell line U937 [33]
and human myelogenous leukemia cell line K562
were obtained from ATCC, Rockville, MD, USA.
Cells were cultured in RPMI 1640 medium (Flow
Laboratories Inc.,) supplemented with 10% fetal
bovine serum (South HyClone Road, Logan, UT,
USA) and with 2 mM glutamine (Gibco Ltd, UK)
and incubated at 37 °C in humidified 5% CO, atmo-
sphere.

2.2. Cell growth assay

Cells were suspended at a final concentration of 5 X
10* cells/ml in RPMI 1640 medium supplemented
with 10% fetal bovine serum and with 2 mM gluta-
mine, and seeded in 24-well culture plates. Various
concentrations of aminopeptidase inhibitors were then
added to each well and the plates were incubated for 5
days at 37 °C in a humidified 5% CO, atmosphere.
Cells were counted on the 3rd, 4th and 5th days with a
hemocytometer. Cell viability was estimated by stain-
ing cells in trypan blue solution. The concentrations of
inhibitors in culture media were monitored by
measuring the inhibitory activity of the medium on
aminopeptidase N. The inhibitory activities remained
constant throughout the experiments. The concentra-
tions of inhibitors that caused 50% inhibition of cell
proliferation (ICs,) were determined from a plot of
inhibition of cell proliferation against inhibitor
concentration.

The effect of BSO on the antiproliferative activity
of bestatin and actinonin was tested by pre-incubating
the cells in the presence of 25 M BSO for 20 h before
adding inhibitors. MK-571 and verapamil were added
to cell suspensions at the same time as aminopeptidase
inhibitors. The final concentrations of inhibitors in
cell cultures were 145 wM bestatin and 13 uM acti-
nonin in the experiment with U937 cells and 580 pM
bestatin and 26 wM actinonin in the experiment with
K562 cells. The cells were counted on the third, fourth
and fifth days after the addition of aminopeptidase
inhibitors.
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2.3. Determination of extracellular aminopeptidase
activity

Cells were rinsed twice with ice cold phosphate-
buffered saline (PBS) and suspended in PBS with
0.001 M Ca*" and 0.001M Mg*" ions. Cell suspen-
sions were preincubated with and without each inhi-
bitor for 1 h at room temperature. After the addition of
substrate to a final concentration of 10> M and incu-
bating at 37 °C for 10 min, the reaction was stopped by
centrifugation at 200 X g for 10 min. The concentra-
tion of released products was measured in the super-
natants at 370/460 nm with a fluorescence
spectrometer. The concentration of inhibitors that
caused 50% inhibition of aminopeptidase activity
(ICsp) was determined from a plot of the enzyme
activity against concentration of inhibitor.

Aminopeptidase activity in the culture media was
determined on 0.1 ml of media obtained after the
centrifugation of cell cultures with densities 8 X 10°
cells/ml.

3. Results and discussion

3.1. ICsy for the inhibition of proliferation by bestatin
and actinonin (1Csg,)

ICs, values for bestatin on U937 cells reported in
the literature are 58 M [3], about 150 uM [6,12] and
8 uM [11]. Because of these large differences we
determined ICsq, values for bestatin and actinonin in
our experimental system. ICsq, values determined on
the 3rd day of the experiment are listed in Table 1.
ICsy, for actinonin is similar to values determined for
other leukemia cell lines [22]. ICsq, for bestatin on
U937 cells is within the range of the values obtained
previously, but that for bestatin on K562 cells is ten
times higher than the value reported by Sekine and co-
workers [11].

3.2. Cell surface aminopeptidase activity

Since bestatin is a competitive inhibitor of APN, of
other leucine aminopeptidases and of aminopeptidase
B [1], and since actinonin competitively inhibits APN
[24], we assayed the cell surface aminopeptidase
activity on substrates for these enzymes. U937 cells
showed stronger activity against AlaMCA while

Table 1
Inhibitory activity of bestatin and actinonin on cell proliferation and
cell surface aminopeptidases

ICsp (wWM) Substrate Inhibitor and cell line

Bestatin Bestatin  Actinonin Actinonin

U937 K562 U937 K562

1Cs0p 108 466 11 19
ICsyi AlaMCA 2.47 22 0.16 1.46
ICs0/ICs; AlaMCA 44 212 68 13
ICsy; LeuMCA 627 1.08 0.86 1.19
IC50/ICssi LeuMCA 17 432 13 16
ICsy; ArgMCA  0.03 0.06 >25 >50

ICs0/ICss;  ArgMCA 3597 7768 - -

K562 cells were more active against ArgMCA and
LeuMCA (Table 2). These results agree with the find-
ings of Bauvois and co-workers [34] who showed that
U937 cells exhibit the highest activities on substrates
with hydrophobic amino acid residues, and with those
of Yamada and co-workers [35] who showed that
K562 cells express high levels of aminopeptidase B.
Both cell lines have also been shown to express APN

[11].

3.3. ICsy values for the inhibition of cell surface
aminopeptidases (ICsg;)

ICs(; values (Table 1) are in the micromolar range
and are comparable to the K; constants for bestatin that
are 1.4x107° M, 6x10™° M and 2x 10™* M for
APN [36], aminopeptidase B and leucine aminopepti-
dase [1], respectively. K; for the inhibition of APN by
actinonin is 1.7 X 10~7 M [24]. If bestatin and actino-
nin inhibited cell proliferation only through the inhi-
bition of cell surface aminopeptidases, ICsg, values
would be similar to the corresponding ICsy. The
ICsg, values are seen to be much higher and no corre-

Table 2
Cell surface aminopeptidase activity

Substrate Product (MCA) concentration (nM/10°
cells/10 min)
Cell line U937 Cell line K562
AlaMCA 4.54 +0.49 2.16 £0.17
LeuMCA 3.46 +0.47 5.08 £0.33
ArgMCA 2.18 £0.36 6.30 = 1.04
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Table 3
Soluble aminopeptidase activity in cell culture media

Substrate Product (MCA) concentration (nM/100 w1/10 min)
RPMI + 10% FBS Conditioned medium U937 Conditioned medium K562
AlaMCA 20.9 = 2.1 209+ 1.5 22115
LeuMCA 154+ 0.6 202+ 1.5 27.6 0.6
ArgMCA 14.9 = 0.1 242+04 46.2 +2.0

lation exists between ICsg, and ICs; values for the two
inhibitors or the two cell lines (Table 1).

3.4. Soluble aminopeptidase activity

The reason for the high ICs,/ICs; ratios could be a
high concentration of soluble aminopeptidases in the
cell culture medium. The results shown in Table 3
indicate that most of the activity against AlaMCA
and LeuMCA in the culture medium originated from
fetal bovine serum, while some of the activity against
ArgMCA was released from the cells. The total solu-
ble aminopeptidase activity represents 50-70% of the
total extracellular aminopeptidase activity in the cell
cultures at the beginning of the experiment and only
10-13% after 4 days. This is not high enough to
account for the high ICs, values. Besides, according
to the equation ICsy= Ki(1 + [SV/K,,) + [E]/2 [37],

Table 4

ICsp; would be dependent on enzyme concentration
only in the case where the latter was in the region of
K;, in our case the pM range, which cannot be
expected in cell cultures.

3.5. Effect of BSO, MK-571 and verapamil on the
antiproliferative effect of bestatin and actinonin

The results in Table 4 show that BSO, which inhi-
bits MRP-mediated efflux of drugs, increased the anti-
proliferative effects of both aminopeptidase inhibitors
on both cell lines, indicating that both bestatin and
actinonin must enter the cells and that their interac-
tions inside the cells are involved in the inhibition of
cell proliferation. Zaman and co-workers [30]
observed a 50 to 80% decrease of ICs, values for
anthracyclines, VP-16 and vincristine in presence of
25 puM BSO, which means a 25-40% higher inhibi-

Effect of BSO, MK-571 and verapamil on the antiproliferative activities of bestatin and actinonin®

Drug efflux modifier (M)

% of inhibition of cell proliferation

MK-571 (10 uM) MK-571 (30 uM) BSO (25 pM) Verapamil (30 pM)
U937 + bestatin 71.0+ 8.6 n.d. 39.8+5.0 n.d.
U937 + bestatin + M 874 +4.1 534 +438
P < 0.001 P <0.05
U937 + actinonin 69.3 £5.1 n.d. 3231243 n.d.
U937 + actinonin + M 82.1 £34 48.4 257
P < 0.0005 P < 0.005
K562 + bestatin 47054 47.0*x54 19.6 = 16.0 443 + 135
K562 + bestatin + M 66.0 = 3.7 73.6 34 415+ 17.0 70.5 =5.7
P < 0.0001 P < 0.0001 P <0.05 P < 0.005
K562 + actinonin 76.5 =42 76.5 =42 554+738 71.0 4.2
K562 + actinonin + M 76.7+2.5 86.9 =3.3 779+ 175 78.0 = 6.6
P < 0.0005 P <0.05 P>0.1

* The final concentrations of inhibitors in cell cultures were 145 uM bestatin and 13 uM actinonin in the experiment with U937 cells, and 580
1M bestatin and 26 pM actinonin in the experiment with K562 cells. The antiproliferative effect of BSO, MK-571 and verapamil at the
concentrations used were not statistically significant (P > 0.05). The measurements were made on the 4th day after the addition of drug efflux
modifier. Results are the average of two experiments each performed in quadruplicate. Results were analyzed by paired r-test.
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tion of cell proliferation than the value obtained at
concentrations corresponding to ICsp,. Our results
(Table 4) confirm this effect, leading to the conclusion
that most of the antiproliferative effect of bestatin and
actinonin results from their intracellular action.

MK-571, an inhibitor of MRP, at 10 wM concen-
tration increased the antiproliferative effects of both
aminopeptidase inhibitors on U937 cells and of besta-
tin on K562 cells. At 30 wM concentration it also
increased significantly the effect of actinonin on
K562 cells (Table 4). These results further confirm
the conclusion that bestatin and actinonin enter the
cells and that their intracellular concentration can be
modified by MRP-mediated drug efflux.

Verapamil, an inhibitor of drug efflux mediated by
Pgp, exhibits an antiproliferative effect on U937 cells
at 10 wM concentrations, precluding its use to study
any effect on the action of bestatin and actinonin on
U937 cells. However, it showed a significant effect on
the action of bestatin on K562 cells (Table 4). Further-
more, the ICsy, value of bestatin on K562 cells
increased significantly with time of incubation of
cells in the presence of bestatin (Fig. 1), which can
be explained by the induction of Pgp, an effect that has
been shown for different anticancer drugs on K562
cells by Chaudhary and Roninson [27]. These results
suggest that the intracellular concentration of bestatin
can be mediated by Pgp. Verapamil, on the other
hand, showed no effect on the action of actinonin
(Table 4), suggesting that actinonin is not a good
ligand for Pgp-mediated efflux.

The conclusion that aminopeptidase inhibitors
bestatin and actinonin act intracellularly arises the
question as to how they enter the cells. Possible expla-
nations could be passive transport through the lipid
bilayer, receptor-mediated endocytosis, or transport
mediated by special proteins expressed on cell
surface. Passive transport is implied by the results of
Sekine et al. [11], which showed that a hydrophobic
derivative of bestatin induces apoptosis at lower
concentrations than bestatin, and also by the long
incubation time necessary to detect the antiprolifera-
tive effect of aminopeptidase inhibitors. Receptor-
mediated endocytosis is indicated by the ICs, values
(Table 1), which are lower for both aminopeptidase
inhibitors on U937 cells which exhibit higher expres-
sion of APN, suggesting that endocytosis of bestatin
and actinonin could be mediated by APN. It has

already been shown that APN serves as a receptor
for coronavirus TGEV [38]. Finally, bestatin and acti-
nonin could enter the cells also by special transporter
proteins, as has been shown for HeLa cells transfected
with PepT1 [39].

The synergy between inhibitors of drug efflux and
bestatin constitutes the first report that leukemia cells
can develop resistance to bestatin. The finding that the
biological effects of bestatin and actinonin are the
result of their intra- rather than extracellular activity
points to the need to search for their intracellular
targets and to the possibility of designing better ther-

K562 COU937
bestatin

[
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Fig. 1. ICs values for the inhibition of cell proliferation by bestatin
and actinonin. K562 cells (shaded) and U937 cells (open) were
grown in presence of various concentrations of bestatin or actinonin
and were counted on the 3rd, 4th and 5th days. ICs, values were
determined from a plot of inhibition of cell proliferation against
inhibitor concentration. Results are averages of two independent
experiments and standard errors are indicated.
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apeutic agents. Another important conclusion of this
study is that bestatin and actinonin are not suitable for
investigations of the biological role of cell surface
aminopeptidases.
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