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Recently we discovered a bacterial strain (MS-02-063) that produces large amounts of red pigment (PG-L-
1). Among the cell lines tested, U937 cells showed the highest susceptibility to PG-L-1 toxicity. PG-L-1 induced
typical apoptotic nuclear morphological changes, and single cell gel electrophoresis revealed that PG-L-1 caused
DNA fragmentation in U937 cells. In PG-L-1 treated U937 cells, the acidic compartment such as lysosomes dis-
appeared, suggesting that PG-L-1-induced disorder of intracellular pH compartmentalization might trigger
apoptotic signal. Since p38 MAP Kkinase inhibitor specifically prevented the PG-L-1 mediated cell death, p38
MAP kinase may be involved in the cytotoxic mechanism. In fact, immunoblot analysis of p38 MAP kinase re-
vealed that phosphorylation of p38 MAP kinase occurred in PG-L-1-treated U937 cells. In addition to the activ-
ity to induce apoptotic cell death as reported in several PG family members, our chemiluminescence analysis
suggested that PG-L-1 inhibited superoxide generation by 12-O-tetradecanoylphorbol-13-acetate (TPA)-stimu-
lated U937 cells in a dose-dependent manner. Since PG-L-1 had no effect on the chemiluminescence response
caused by xanthine oxidase/hypoxanthine system, PG-L-1 acts on the enzyme system responsible for O, genera-
tion rather than direct scavenging toward O;. Our results suggest that PG-L-1 causes multiple biochemical ef-
fects on the target cells such as increase in pH in acidic intracellular compartment, activation of p38 MAP ki-
nase, inhibition of O; generation, and eventually induces apoptotic cell death.
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A bacterial strain (MS-02-063), which produces red pig-
ment, was discovered from our library established with more
than 20000 microorganisms isolated from coastal area of Na-
gasaki prefecture, Japan. Comparison of 16S rDNA gene se-
quence of strain MS-02-063 with sequences from GenBank
demonstrated that this strain belongs to the y-proteobac-
terium species. Recent our study has demonstrated that the
highly purified red pigment showed potent antimicrobial ac-
tivity against pathogenic microorganisms such as Staphylo-
coccus aureus and dermatophytes."

Prodigiosin (PG) analogues belonging to a family of nat-
ural red pigments are characterized by a common pyrroly-
dipyrrolylmethene skeleton structure with a C-4 methoxy
group, and several PG-like pigments have been isolated from
certain microorganisms®>—* including some genera of actino-
mycetes, Pseudoalteromonas denitrificans, and Serratia
marcescens. Representative members of PG analogues are
prodigiosin, undecylprodigiosin, cycloprodigiosin hydrochlo-
ride, metacycloprodigiosin, and nonylprodigiosin.” Some of
PG analogues have been reported to have several biological
activities such as immunosuppressive, antimalarial, antimi-
crobial and cytotoxic activities.> 'V Although the exact cyto-
toxic mechanisms of PG family members are not fully clari-
fied yet, apoptotic mechanism has been proposed for some
PG analogues. For instance, it has been reported that cyclo-
prodigiosin hydrochloride induces apoptosis in cancer cells
both in vitro and in vivo, with high efficiency in liver cancer,
breast cancer cell lines, and colon cancer cells,> ' with no
apparent toxicity to normal cells.'¥ PG produced by S.
marcescens also induces apoptosis in haematopoietic and
gastrointestinal cancer cell lines, but no marked toxicity to
non-malignant cell lines.”'>!® Considering the high selectiv-
ity of PG family members to cancer cells, these pigments
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may be promising candidates for new anticancer drugs with
unique action mechanism. Regarding the structure—activity
relationship, it has been reported that a nitrogen-containing
heterocyclic A-pyrrole ring with the lone-pair nitrogen elec-
trons in conjugation with the tricyclic frame and a C-4
alkoxy are important for the biological activities of PG ana-
logues.!”

Although there are extensive studies on the cytotoxicities
of PG analogues produced by S. marcescens and P denitrifi-
cans,*'® only limited information on the bioactivities of PG
analogues produced by y-proteobacterium is available. In this
study, we examined the cytotoxic effects of PG analogue
(PG-L-1), produced by y-proteobacterium (strain MS-02-
063) on various cultured cell lines. Since U937 cells showed
the highest susceptibility to PG-L-1 cytotoxicity, we con-
ducted detailed analysis of cytotoxic mechanism of PG-L-1
in U937 cells especially in terms of apoptotic cell death.
To search for new aspect of biochemical activity of PG-L-1,
we also examined the effect of PG-L-1 on the O, generation
by 12-O-tetradecanoylphorbol-13-acetate (TPA)-stimulated
U937 cells.

MATERIALS AND METHODS

Materials A specific p38 MAPK inhibitor (SB203580),
extracellular signal-regulated kinase (ERK) inhibitor,
PD98059, and xanthine oxidase (buttermilk, 10 U) were ob-
tained from Calbiochem (La Jolla, CA, U.S.A.). INK MAPK
inhibitor, SP-600125, was obtained from Funakoshi Co., Ltd.
(Tokyo, Japan). H33258 (Hoechst 33258), Cu/Zn superoxide
dismutase (SOD, bovine erythrocytes), and hypoxanthine
were purchased from Wako Chemical Co. (Tokyo, Japan),
and acridine orange was purchased from Sigma Chemical
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Co. (St. Louis, MO, U.S.A)).

Preparation of Red Pigment (PG-L-1) and Prodigiosin
Produced by Serratia marcescens JCM 1239 PG-L-1 was
purified from strain MS-02-063 as described by Nakashima
et al.” The pigment was dissolved in methanol to give a
stock solution of 10mg/ml, and was stored in dark at
—80°C. Serratia marcescens JCM 1239 that produces prodi-
giosin (PG*") was obtained from Riken Cell Bank (Tsukuba,
Ibaragi, Japan). S. marcescens JCM 1239 was cultivated in
yeast extract-peptone-glucose (YPG) agar medium contain-
ing 12.5 g of yeast extract, 12.5 g of peptone, 30 g of glucose,
and 15g agar per liter at 28 °C for 48 h because this strain
did not produce pigment when it was cultured in broth
medium. S. marcescens cells grown on the agar surface were
then harvested with a scraper. PG*" was extracted by shaking
the S. marcescens cells with a mixture of methanol/1 N HCI
(24: 1), and purified as previously described.'® In reversed-
phase high performance liquid chromatography (HPLC),
ODS C-18 column (4.6X250 mm, Finepak SIL 300C18T-7
JASCO, Tokyo, Japan) was used with the following mobile
phase; buffer A was 0.01 M ammonium acetate, buffer B was
100% methanol. After a 5-min flow with 100% buffer A, a
30-min linear gradient to 100% buffer B was run at a flow
rate of 1 ml/min. Analysis of PG-L-1 and PG*" were per-
formed with 3 dimensional (3D) chromatogram by Millen-
nium*? PDA Software (Waters, Co., Milford, MA, U.S.A.).

Cell Culture Madin-Darby canine kidney (MDCK), chi-
nese hamster ovary (CHO), human epithelial carcinoma
(HeLa), green monkey kidney (Vero), human myeloid
leukemia (U937) cells were obtained from Riken Cell Bank
(Tsukuba, Ibaragi, Japan). Rat sarcoma (XC) and potoroo rat
kangaroo kidney (PtK,) cells were obtained from the Ameri-
can Type Culture Collection (Rockville, MD, U.S.A.). These
cells except U937 cells were grown as monolayer in o-mini-
mum essential medium (o-MEM) containing 10% fetal
bovine serum (FBS), penicillin G (100 ug/ml), and strepto-
mycin (100 tg/ml). The cells were subcultured 1 d before use
by treatment with 0.1% trypsin—0.05% EDTA in phosphate-
buffered saline (PBS). U937 cells in suspension culture were
routinely maintained in RPMI 1640 supplemented with 10%
FBS, penicillin G (100 pg/ml), and streptomycin (100 ug/
ml).

Cytotoxicity Assays The cytotoxicity of PG-L-1 against
adherent cell lines was determined by colony formation
assay. In this assay, cells were inoculated at a density of
200 cells/well in 200 ul of medium on 48-well plates. One
day later, various concentrations of PG-L-1 were added to the
cells followed by incubation for 5d at 37 °C. After removal
of the medium containing PG-L-1, 1% methylene blue in
50% methanol was added to each well and incubated for 5
min at room temperature. Numbers of colony stained with
methylene blue were counted. In the case of U937 cells, ala-
mar blue assay was employed. U937 cells (100 ul) were inoc-
ulated into each well of 96-well plates at a density of 2X10*
cells/well. Various concentrations of samples were added to
the cells followed by incubation at 37 °C for 24 h. Alamar
blue reagent was added to the medium at 10% final concen-
tration. After 1h incubated at 37 °C, the differences in ab-
sorbance at 570nm and 600 nm were measured by MPR-
A4i2 microplate reader (Tosoh Co., Tokyo, Japan).

Nuclear Staining Nuclear morphological changes were
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examined by staining with the DNA-binding fluorochrom
bisbenzimide (Hoechst 33258) as described previously.'®
PG-L-1 (0.1, 1.5, and 50 ug/ml as final concentrations) was
added to U937 cells growing in 35 mm dishes and incubated
in RPMI 1640 containing 10% FBS. After 3 h incubation at
37 °C, the cells were stained with Hoechst 33258 (40 um) for
10 min at room temperature, and observed with a fluores-
cence microscope (Axiovert 200; Carl Zeiss, Inc., Jena, Ger-
many).

Single Cell Gel Electrophoresis Assay (Alkaline Comet
Assay) The alkaline comet assay was performed according
to methods described previously.'*?® U937 cells (2X10°
cells/dish, 35 mm) in RPMI 1640 containing 10% FBS were
treated with PG-L-1 (0.1, 1.5, and 50 yg/ml as final concen-
trations) at 37 °C. Each microscope slide was precoated with
a layer of 0.75% normal melting point agarose (Nacalai
Tesque, Inc., Kyoto, Japan) and thoroughly dried at room
temperature. Next, 100 ul of 0.5% low melting point agarose
at 37 °C was mixed with 10 ul of the PG-L-1-treated cell sus-
pension or untreated cell suspension. Seventy-five microliters
of the agarose-cell mixture was dropped on top of the slide
with normal melting point agarose layer. The slides were al-
lowed to solidify for 2 min on ice and were then immersed in
lysis solution (2.5m NaCl, 100mm EDTA, 10mwm Tris, 1%
Na sarcosinate, 1% Triton X-100, 10% dimethylsulfoxide,
pH 10.0) at 4 °C for 1 h. After lysis, the slides were placed in
a horizontal gel electrophoresis chamber filled with fresh,
chilled electrophoresis buffer (300mmM NaOH and 1mm
EDTA, pH 13.0) to a level of approximately 2.5 mm above
the slides. To allow the unwinding of the DNA, the slides
were exposed to high pH buffer for 20 min. Electrophoresis
was then carried out for 20 min at 25 V. Then the slides were
rinsed three times with neutral solution (0.4m Tris—HCI
buffer, pH 7.5) each for S5min and stained with 50 ul of
ethidium bromide (20 ug/ml) and covered with a coverslip
for immediate analysis. A total of 100 cells per a slide were
observed at each dose point by Comet Imager™ V 1.2 (Carl
Zeiss, Inc.). Observations were made at a magnification of
200 using a fluorescence microscope (Carl Zeiss, Inc.). The
extent of DNA migration in each cell was determined using
the software package, and tail moment was calculated as the
parameter.

Effect of MAPK Inhibitors on the Cytotoxicity of PG-
L-1 in U937 Cells To study the effects of SAPK/INK,
ERK and p38 MAPK inhibitors on the cytotoxicity of PG-L-
1, U937 cells grown in 96 well plate (2 10* cells/well) were
incubated in RPMI 1640 containing 10% FBS and 10 um
each inhibitor for 2h, and then cells were treated with vari-
ous concentrations of PG-L-1. The viability of each treated
cells was measured by alamar blue assay as described above.

Immunoblot Analysis of Phosphorylated and Total p38
MAP Kinase in PG-L-1-Treated U937 Cells Cells (2X
10° cells/dish, 35 mm) in RPMI 1640 containing 10% FBS
were treated with PG-L-1 (0.1, 1.5, and 50 ug/ml as final
concentrations) at 37 °C. After 30 min or 3 h incubation, the
cells were washed twice with PBS and pelleted by centrifu-
gation. The pelleted cells were resuspended in 100 ul of ex-
traction buffer (10 mm HEPES, 150 mm NaCl, 1 mm NacCl,
1 mm EGTA, 1% CHAPS, 1 mm phenylmethylsulfonyl fluo-
ride, 10 mm aprotinin, 10 mm leupeptin, 10 mm pepstatin, pH
7.4), and then sonicated for 2 min at 4 °C. Following centrifu-
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gation (21000Xg for 10 min at 4 °C), the extract was mixed
with the equal volume of SDS-sample buffer (1% SDS, 1%
2-mercaptoethanol, 10 mm Tris—HCI, pH 6.8, 5% glycerin)
and boiled for 5Smin. Samples containing 50 ug of protein
were subjected to SDS-PAGE in a 15% polyacrylamide gel.
The proteins were then transferred to a PVDF membrane.
Western blotting was performed with antibodies recognizing
phosphorylated p38 MAP kinase (Boehringer Mannheim,
Mannheim, Germany) and total p38 MAP kinase (Santa
Cruz, CA, U.S.A.), and suitable peroxidase-conjugated sec-
ondary antibodies (Amersham Pharmacia Biotech, Bucking-
hamshire, U.K.).

Fluorescent Vital Staining of Intracellular Acidic Com-
partments To examine the effects of PG-L-1 on the intra-
cellular acidic compartments, U937 cells were stained with
acridine orange as previously described.?’ Cells (2x10°
cells/dish, 35 mm) in RPMI 1640 containing 10% FBS were
treated with PG-L-1 (0.1, 1.5, and 50 ug/ml as final concen-
trations) at 37 °C for 1 h. After the treatments, cells were col-
lected and pelleted by centrifugation (1500Xg for 5min),
and the supernatant was removed. The cells were washed
with PBS and subsequently incubated with 5 tig/ml acridine
orange in PBS for 10min at room temperature. The cells
were washed with PBS, and then observed with a fluores-
cence light microscopy (Carl Zeiss, Inc.).

Effect of PG-L-1 or PG*" on the Superoxide Genera-
tion in TPA-Stimulated U937 Cells U937 cells were har-
vested and washed twice with sterile phosphate-buffered
saline (PBS) by centrifugation. The cells were suspended in
Krebs-Ringer phosphate buffer (KRP) containing 11 mm glu-
cose (pH 7.4). To the cell suspension in 96-well white mi-
croplate (Dynex Microlite™ 1; Dynex Technologies, Chan-
tilly, VA, US.A.) (5X10° cells/well), chemiluminescence
probe, L-012 (final 10 um), various concentrations of PG-L-
1, PG, or superoxide dismutase (final 10 U) were added at
the same time. After 3 min incubation at 37 °C, the reaction
was started by the addition of final 1 gg/ml of TPA. During
the incubation, chemiluminescence response was recorded
continuously for 30min using chemiluminescence mi-
croplate recorder (Mithras LB940, Berthold Technologies
GmbH and Co. KG., Bad Wildbad, Germany). To superoxide
generation system that consisted of 50 mm Tris—HCI buffer
pH 7.4, 0.6 mm EDTA, L-012 (final 50 um), and xanthine ox-
idase (final 5mU), 2 ug/ml of PG-L-1 or PG*" was added.
After 0.7min preincubation at 37 °C, hypoxanthine (final
500 um) was added to the reaction mixture to initiate the su-
peroxide generation. During the incubation, the chemilumi-
nescence response of each well was recorded continuously
for 5.7 min as described above.

Statistical Analysis Data were expressed as mean*S.D.,
and analyzed with ¢-test. p<<0.05 was considered to be signif-
icant.

RESULTS

Purification of PG-L-1 Purifies of PG-L-1 and PG**
were analyzed by 3D chromatogram using Millennium??
PDA Software (Waters Co.). As shown in Fig. 1, PG-L-1
showed a major single peak with same retention time of
PG**, and there was also similarity in the absorption spectra
between these pigments. Therefore, it is suggested that PG-
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Fig. 1. Three-Dimensional HPLC Chromatographic Analysis of PG-L-1
from Strain MS-02-063 and Prodigiosin (PG*") from Serratia marcescens
JCM 1239

The same concentration (10 mg/ml) of PG-L-1 (A) and PG*" (B) were eluted with a
linear gradient system consisting of 0.01 M ammonium acetate and 100% methanol.
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Fig. 2. Dose-Response Curves of the Cytotoxicity of PG-L-1 to HeLa
(O), XC (A), CHO (O0), MDCK (@), Vero (A), and PtK, (H) Cells

The cytotoxicity of PG-L-1 was measured by the inhibition of colony formation. Ad-
herent cells (200 cells/well in 48-well plate) were cultured with varying concentrations
of PG-L-1 in o-MEM medium supplemented with 10% FBS, pH 7.4 at 37°C for 5d,
then the numbers of colonies formed were counted as described in Materials and Meth-
ods. Error bars represent standard deviation.

L-1 has the basic structure of prodigiosin.

Cytotoxicity of PG-L-1 against Various Cell Lines Cy-
totoxicity of PG-L-1 against MDCK, CHO, HeLa, Vero, XC,
and PtK, cells was measured by colony formation assay. As
shown in Fig. 2, PG-L-1 showed potent cytotoxicity against
all cell lines tested in a concentration-dependent manner.
HeLa cells and CHO cells showed relatively higher sensitiv-
ity, and the EDj; of these cells were estimated to be 150 ng/
ml, while MDCK, Vero, and PtK, cells were slightly resis-
tance to PG-L-1. Although the assay method is different,
U937 cells were highly sensitive to PG-L-1, and the EDj
value was estimated to be 70ng/ml by alamar blue assay
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(Fig. 3). PG™" also showed potent cytotoxicity to U937 cells,
and the dose-response curve was similar to that of PG-L-1
(Fig. 3).

Morphological Changes in U937 Cells After 3h incu-
bation with PG-L-1 at 37 °C, significant part of U937 cells
were morphologically changed (Figs. 4C, D). Furthermore,
fluorescent nuclear staining with Hoechst 33258 revealed
that PG-L-1 induced typical apoptotic nuclear morphological
changes in a concentration-dependent manner (Figs. 4E—H).

PG-L-1 Induced DNA Fragmentation in U937 Cells
To further clarify the induction of apoptosis by PG-L-1, sin-
gle cell gel electrophoresis assay (alkaline comet assay) was
conducted in PG-L-1-treated U937 cells to estimate the de-
gree of DNA fragmentation. Fig. 5 shows typical apoptotic
nucleus patterns comprising a head and a tail, and a comet
image was seen in PG-L-1-treated cells. The PG-L-1 induced
a significant increase in the tail area in a concentration-de-
pendent manner. Based on these patterns, the percentage of
apoptotic cells in U937 cells treated with 0.1, 1.5, and 50 ug/
ml of PG-L-1 was estimated to be 29.1, 58.8, and 96.0%, re-
spectively (Fig. 6A). The tail moment values in PG-L-1-
treated cells, which reflect the extent of DNA fragmentation,
also increased in a concentration-dependent manner (Fig.
6B).

Activation of p38 MAP Kinase in PG-L-1-Treated
U937 Cells It has been known that members of the mitogen
activated protein kinase (MAP kinase) family are involved in

Viability (% of control)
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Fig. 3. Cytotoxicity of PG-L-1 (O) and PG*" (W) against U937 Cells

Varying concentrations of PG-L-1 or PG**" were added to the cells (2 10* cells/well)
in RPMI 1640 medium containing 10% FBS. After 24 h at 37 °C, the viabilities of each
treated cells were measured by alamar blue assay as described in Materials and Meth-
ods. Error bars represent standard deviation.
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Fig. 4. Effect of PG-L-1 on Cellular and Nuclear Morphology in U937 Cells
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the signal transduction pathways in the regulation of cell sur-
vival. Extracellular signal-regulated kinases (ERKSs) are acti-
vated by growth factor stimulation, while the stress activated
protein kinase (SAPK)/c-jun N-terminal kinase (JNK) and
p38-MAP kinase (p38-MAPK) are activated by various ex-
tracellular stresses. To study the involvement of MAP kinase
cascade in PG-L-1-mediated cytotoxicity, we examined the
effects of three specific MAP kinase inhibitors on the cyto-
toxicity of PG-L-1 in U937 cells. As shown in Fig. 7, the cy-
totoxicity of PG-L-1 was significantly inhibited by p38 in-
hibitors but not SAPK/JNK and ERK inhibitors, suggesting
that p38 MAP kinase may play an important role in PG-L-1-
mediated cytotoxic mechanism. In agreement with this no-
tion, Western blot analysis using specific antibodies against
phosphorylated p38 MAP kinase demonstrated that activa-
tion of p38 MAP kinase occurred in a concentration-depen-
dent manner in PG-L-1-treated U937 cells without signifi-
cant changes in the levels of total p38 MAP kinase (Fig. 8).
Effects of PG-L-1 on the Intracellular Acidic Compart-
ments in U937 Cells Effects of PG-L-1 on the intracellular
acidic compartments in U937 cells were examined by vital
staining with acridine orange. When normal U937 cells were

Fig. 5. Single Cell Gel Electrophoresis Assay (Alkaline Comet Assay) for
PG-L-1-Treated U937 Cells

U937 cells grown in 35mm dishes (6X10° cells/dish) were treated with 0 ug/ml (A),
0.1 ug/ml (B), 1.5 ug/ml (C), and 50 ug/ml (D) of PG-L-1 in RPMI containing 10%
FBS at 37°C for 3h, and then the cells were subjected to gel electrophoresis as de-
scribed in Materials and Methods. The bar indicates 10 um.

U937 cells grown in 35 mm dishes (6X10° cells/dish) were treated with 0 gg/ml (A, E), 0.1 ug/ml (B, F), 1.5 ug/ml (C, G), and 50 ug/ml (D, H) of PG-L-1 in RPMI containing
10% FBS at 37 °C for 3 h, and then the cells were observed under a phase contrast microscope (A, B, C, D), or a fluorescence microscope (E, F, G, H) after stained with Hoechst

33258 (40 um) for 10 min. The bar indicates 10 um.
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Fig. 6. The Population of Apoptotic U937 Cells and the Mean Values of
Tail Moment Detected by the Comet Assay after Treatment with Varying
Concentrations of PG-L-1

Based on the results of Fig. 5 in which the cells with comet shape were considered as
apoptotic cells, the numbers of apoptotic cells based on total 100 cells were counted.
Error bars represent standard deviation. (B) The mean values of tail moment of each
cell, which reflect the extent of DNA fragmentation, for total 100 cells were measured.

1000
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p38 SAPK/JNK ERK control
Inhibitors
Fig. 7. Effect of MAP Kinase Inhibitors on the Cytotoxicity of PG-L-1 in
U937 Cells

U937 cells were preincubated with 10 M each MAP kinase inhibitor in RPMI con-
taining 10% FBS for 2h at 37°C, and then varying concentrations of PG-L-1 were
added to the cells. After 24 h incubation at 37 °C, EDs, values were estimated from the
dose-response curves obtained by alamar blue assay as described in Materials and
Methods. Error bars represent standard deviation. *#p<<0.01 vs. control.

stained with acridine orange, nuclei showed intense green
fluorescence, and granular orange fluorescence was observed
in the cytoplasm. Since acridine orange is known to produce
orange fluorescence in the acidic environment, the orange
fluorescence may reflect acidic lysosomes. In the PG-L-1-
treated cells, the region with orange fluorescence disap-
peared, and this effect of PG-L-1 was evident even at low
concentration of PG-L-1 (0.1 ug/ml) (Fig. 9). These results
suggest that PG-L-1 is capable to neutralize acidic compart-
ment such as lysosomes which in turn may lead to disorder
of intracellular acidic compartment.

Inhibitory Effect of PG-L-1 on Superoxide Generation
by TPA-Stimulated U937 Cells When polymorphonuclear
leukocytes are exposed to the appropriate stimuli such as
TPA, NADPH oxidase is activated on the plasma membrane
followed by O, production.”” Superoxide generation in TPA-
stimulated U937 cells was analyzed by the chemilumines-
cence method. In addition to luminol, lucigenin, and MCLA
which have been widely used as chemiluminescence probes
for the determination of reactive oxygen species (ROS),* L-
012 is recently developed as a highly sensitive chemilumi-
nescence probe.?? Therefore, L-012 probe was used in this
study. As shown in Fig. 10A, PG-L-1 showed inhibitory ef-
fect on the superoxide generation by TPA-stimulated U937
cells in a dose-dependent manner, whereas PG-L-1 had no
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PG-L-1 Induced Phosphorylation of p38 MAP Kinase in U937

U937 cells grown in 35mm dishes (6X10° cells/dish) were treated with 0 ug/ml
(control), 0.1 pg/ml, 1.5 pug/ml, and 50 ug/ml of PG-L-1 in RPMI 1640 medium con-
taining 10% FBS at 37 °C for 30 min (A) or 3 h (B), and then cell lysates were prepared
for immunoblotting analysis with antibodies recognizing phosphorylated p38 MAP ki-
nase (P-p38) and total p38 MAP kinase (p38) as described in Materials and Methods.
This experiment was performed with two independent cultures to ensure the repro-
ducibility of the results.

Fig. 9. Acridine Orange Staining of U937 Cells

U937 cells grown in 35 mm dishes (6X10° cells/dish) were treated with 0 ug/ml (A),
0.1 ug/ml (B), 1.5 ug/ml (C), and 50 pg/ml (D) of PG-L-1 in RPMI 1640 medium con-
taining 10% FBS at 37 °C for 1 h, and then the cells were stained with 5 pig/ml acridine
orange and observed under fluorescence microscope as described in Materials and
Methods.

effect on the chemiluminescence response caused by xan-
thine oxidase/hypoxanthine system (Fig. 10B). On the other
hand, no significant anti-superoxide generation of PG**" was
observed at the range of tested concentrations (Fig. 10A).

DISCUSSION

A marine bacterial strain, y-proteobacterium (strain MS-
02-063), was found to produce a large amount of red pigment
(PG-L-1). In this study, highly purified PG-L-1 was obtained
from the culture supernatant of this bacterium by several
chromatographic procedures. The yield of PG-L-1 from
strain MS-02-063 was extremely higher than that of S.
marcescens. Furthermore, strain MS-02-063 produced high
amount of pigment even in the broth culture, whereas the
pigment productivity of S. marcescens failed in broth culture.
Thus strain MS-02-063 is suitable for the preparation of large
amount of the prodigiosin pigment. The homogeneity of PG-
L-1 was confirmed by three-dimensional (3D) HPLC analy-
sis (Fig. 1A). Namely the elution profile and retention time
of PG-L-1 in HPLC were similar to those of PG**" (Fig. 1B).
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Fig. 10. Inhibitory Effect of PG-L-1 on Superoxide Generation in TPA-
Stimulated U937 Cells

(A) The harvested U937 cells were suspended in Krebs-Ringer phosphate buffer con-
taining 11 mm glucose (pH 7.4), and then the cell suspension was transferred into 96-
well white microplate (5X10° cells/well). L-012 (final 10 um) and various concentra-
tions of PG-L-1 ((J), PG*" (H) or superoxide dismutase (SOD) (Y; 1U, N; 10U)
were added to the wells at the same time. After incubation for 3 min, TPA (final
1 ug/ml) was added to each well as a stimulant and then the chemiluminescence re-
sponse was recovered for 30 min at 37 °C. (B) The scavenging effect on O, was mea-
sured by the chemiluminescence method in a reaction mixture consisted of 50 mm Tris—
HCI buffer, pH 7.4, 0.6mm EDTA, L-012 (final 50 um), and xanthine oxidase (final
5mU), and then PG-L-1 (O) or PG** (A) was added at final 1 gg/ml. The O, genera-
tion was initiated by the addition of hypoxanthine (final 500 um) to the reaction mix-
ture. ((J); control without pigment sample.

However, the absorbance of PG-L-1 at 533 nm was approxi-
mately 4 times higher than that of PG*" at the same concen-
tration (10 mg/ml). Thus, it is considered that the number of
chromophore in PG-L-1 molecule may be different from that
of PG™" even if the entire structure is similar. Interestingly,
the ED;, value of PG-L-1 in U937 cells was almost equal to
that of PG*" (Fig. 3). These results suggest that PG-L-1 is
one of prodigiosin analogue with structural and bioactive
similarity to PG*.

Comparable study using various cell lines indicated that
U937 cells were highly sensitive to PG-L-1 cytotoxicity
(Figs. 2, 3). To gain insight into the underlying cytotoxic
mechanism of PG-L-1, the detailed analysis was conducted
in U937 cells. As shown in Fig. 4, cellular morphological
changes in U937 cells were induced by PG-L-1, and the pop-
ulation of cells with such changes increased as increased in
the concentration of PG-L-1. Fluorescent nuclear staining
with Hoechst 33258 revealed that PG-L-1 induced typical
apoptotic nuclear morphological changes (Fig. 4). In addi-
tion, single cell comet assay indicated that PG-L-1 induces
DNA fragmentation (Figs. 5, 6). Since PG analogues espe-
cially prodigiosin and cycloprodigiosin hydrochloride have
been shown to induce apoptosis in several cancer
cells,®12141625 the apoptosis-induction may be a common cy-
totoxic mechanism of PG analogues. Apoptosis is known as
programmed cell death, and intracellular signal transduction
is generally considered to be involved. Although the detailed
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mechanism of apoptosis-induction by PG analogues is re-
mained to be clarified, following possible action mechanism
of PG analogues have been reported. PG members are known
to have multiple bioactivities such as (i) mitogen-activated
protein (MAP) kinase regulator; (ii) intracellular pH modula-
tor; (iii) direct DNA cleavage agent; (iv) cell cycle in-
hibitor.'” Probably some of these actions or their combina-
tion may be responsible for the apoptosis induction. Since
the cytotoxicity of PG-L-1 was effectively inhibited by spe-
cific p38 MAP kinase inhibitor but not by JNK and ERK ki-
nase inhibitors (Fig. 7), p38 MAP kinase may play a crucial
role in the PG-L-1-mediated apoptotic cell death. Further-
more, immunoblot analysis indicated that activation of p38
MAP kinase occurred in PG-L-1-treated U937 cells (Fig. 8).
Regarding the involvement of MAP kinase activation, it has
been reported that prodigiosin from S. marcescens induced
phosphorylation of p38 MAP kinase but not of SAPK/JNK
MAP kinase,”® whereas cycloprodigiosin hydrochloride from
P, denitrificans activated SAPK/JINK MAP kinase to promote
apoptosis.”” Therefore, these findings suggest that some
structural differences between these PG analogues may be
partly attributable to the different bioactivities. PG-L-1 may
be more similar to prodigiosin from S. marcescens rather
than cycloprodigiosin hydrochloride from P denitrificans in
terms of the involvement of MAP kinase activation cascade.
This notion may be supported by the fact that ED,, values of
PG-L-1 and PG*" in U937 cells were almost equal.

Some PG analogues have shown to behave as promoters of
H'/C1~ symport that uncouples proton translocation and
thereby perturbs vacuolar acidification including lysosome,
thus inducing intracellular acidification and eventually apop-
tosis.">?"~) In addition to PG analogues, some drugs such
as bafilomycin A that is known to inhibit a variety of intra-
cellular pH homeostatic mechanisms, lowered intracellular
pH and thereby lead to apoptosis of cancer cells.*” There-
fore, the acidification of cytosol and/or the disruption of the
pH gradient across the cytoplasmic membrane appear to be
involved in triggering apoptosis especially in cancer cells. In
fact, the vital staining of PG-L-1-treated U937 cells with
acridine orange suggested that PG-L-1 affects the acidic
compartment such as lysosomes. Therefore, one can specu-
late that PG-L-1 may perturb intracellular pH compartmenta-
tion by inhibition of the H"/C1~ symport and causes acidifi-
cation of cytoplasm which may in turn lead to apoptosis. As
another activity of PG family, Melvin et al. reported that syn-
thetic prodigiosin could facilitate copper-promoted oxidative
single and even double stranded DNA cleavage. This direct
effect of synthetic prodigiosin on DNA is proposed as basic
action mechanism responsible for the cytotoxicity of PG ana-
logues.'” However, no significant DNA cleavage was ob-
served when isolated DNA was incubated with PG-L-1 at the
cytotoxic concentration of PG-L-1 (data not shown). There-
fore, it seems unlikely that direct attack of PG-L-1 on DNA
is major trigger to induce apoptosis. Structure—activity rela-
tionship analysis using of some derivatives of synthetic
prodigiosin demonstrated that the A-pyrrole ring of PG-
group plays a key role in both the copper-catalyzed DNA
cleavage activity and cytotoxic potency.’" In addition, re-
placement of the A-pyrrole ring with a thiophene group on
synthetic prodigiosin molecule results in disappearance of
the ability to promote strand-scission of supercoiled DNA in
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the presence of copper’” and cytotoxicity.” The same effect
is also achieved by attaching an electron-withdrawing sub-
stituent (acetyl group) to the 5’-position of the A-pyrrole
ring.? Therefore, PG-L-1 molecule might have different
structure from PG molecule at A-pyrrole ring.

Interestingly, PG-L-1 showed the inhibitory effect on su-
peroxide generation by TPA-stimulated U937 cells in a dose-
dependent manner (Fig. 10A), whereas PG-L-1 had no direct
scavenging activity against the superoxide generated by the
xanthine oxidase/hypoxanthine system (Fig. 10B). Although
PG-L-1 and PG*" showed almost equal cytotoxicity toward
U937 cells, PG-L-1 had more potent inhibition effect on the
superoxide generation than that of PG*. It has been well
known that macrophage produces superoxide in response to
extracellular stimuli through the activation of NADPH oxi-
dase that involves the assembly of cytosolic components
(e.g., p47-phox, p67-phox and Rac) and membrane-associ-
ated components (e.g., gp91-phox and p22-phox) to form an
active NADPH oxidase enzyme complex in which is located
the plasma membrane.’** Therefore, it is speculated that
PG-L-1 might directly act on NADPH oxidase or on the acti-
vation process of this enzyme. Although the extent of the in-
hibition of O, generation may differ each prodigiosin family
members as seen in this study, this is the first report to
demonstrate that prodigiosin family members can affect O,
generation system in macrophage. Further study is required
to clarify the detailed action mechanism.

In conclusion, we found that PG-L-1 showed potent cyto-
toxicity especially against U937 cells. By the detailed analy-
sis of the events occurred in PG-L-1-treated U937 cells, it
was suggested that PG-L-1 induced apoptotic cell death
through p38 MAP kinase activation cascade and disorder of
intracellular acidic compartment. Furthermore, PG-L-1
showed marked inhibitory effects on TPA-induced superox-
ide generation in U937 cells in a dose-dependent manner.
Thus, PG-L-1 is not only the potential candidate for cancer
chemotherapeutic agent but also can be a tool to analyze cel-
lular O, generation system. Further investigation of PG-L-1
may provide insight into the development of new drug for
cancer chemotherapy and immunosuppressor with unique ac-
tion mechanism.
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