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Prodigiosins are natural red pigments that have multi-biological activities.
Recently, we discovered a marine bacterial strain, which produces a red pigment.
Extensive two-dimensional nuclear magnetic resonance and mass spectrometry
analysis showed that the pigment is a prodigiosin analogue (PG-L-1). Here,
we investigated the effect of PG-L-1 on NADPH oxidase activity in macrophage
cells. PG-L-1 significantly inhibited superoxide anion (O3 ) production by phorbol
12-myristate 13-acetate (PMA)-stimulated RAW 264.7 cells, a mouse macrophage cell
line. The ED5¢ value was estimated to be ~0.3 uM. PG-L-1 had no direct scavenging
effect on Oy~ generated by hypoxanthine/xanthine oxidase system in electron spin
resonance-spin trapping determinations, suggesting that this compound directly
acts on the Oz production system, NADPH oxidase, in macrophage cells. We further
investigated the effect of PG-L-1 on the behaviour of the cytosolic components of
the NADPH oxidase, p67PP°%, p47Ph°%, p40P°* Rac and protein kinase C (PKC), in
PMA-stimulated RAW 264.7 cells. Although PG-L-1 showed no effect on the activation
of PKC, the immunoblotting analysis using specific antibodies showed that PG-L-1
strongly inhibits the association of p47P"°* and Rac in the plasma membrane of
PMA-stimulated RAW 264.7 cells. These results suggest that PG-L-1 inactivates
NADPH oxidase through the inhibition of the binding of p47P"°* and Rac to the
membrane components of NADPH oxidase.
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Abbreviations: PMA, phorbol 12-myristate 13-acetate; NADPH, nicotinamide adenine dinucleotide
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time-of-flight; FT-ICR-MS, Fourier transform ion cyclotron resonance mass spectrometer; TMS,
Tetramethylsilane; KRP, Krebs-Ringer-Phosphate; ESR, Electron spin resonance; ESI, electrospray

ionization.

Neutrophils and other phagocytic cells play an important
role in host defense against microbial infections. The
microbicidal mechanism consists of phagocytosis of
pathogens, production and subsequent release of reactive
oxygen species (ROS) to phagosomes as well as release of
bactericidal proteins to phagosomes. During the micro-
bicidal response, professional phagocytic cells such as
neutrophils and macrophages produce superoxide anion
(O27), a precursor of microbicidal oxidants (1-3). The
process involves in activation of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase that catalyses
the reduction of oxygen molecular to Oy~ at the expense
of NADPH in phagocytes. The significance of NADPH
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oxidase in the host defense is demonstrated by recurrent
and life-threatening infections that occur in patients with
chronic granulomatous disease, a disorder in which
NADPH oxidase is non-functional due to a deficiency in
its oxidase components (4-6). In addition to its impor-
tance in the innate immune system, NADPH oxidase is
also a prominent contributor to a variety of inflammatory
disorders. The uncontrolled production of ROS inter-
mediates by phagocytic cells may lead to crippling
disorders such as shock, inflammation and ischaemia/
reperfusion injury (7).

NADPH oxidase is a multicomponent enzyme consist-
ing of at least two components bound to plasma
membrane (gp91PP°* and p22P"°* that together form the
flavocytochrome bssg), three cytosolic components
(p47PP% p67PE% and p40P°*) and a small GTPase Rac
(8). In resting cells, NADPH oxidase is dormant and its
components separately exist in the membrane and in the
cytosol. When phagocytic cells are exposed to appropriate
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stimuli, NADPH oxidase is activated to produce Oy~ by
association of these cytosolic components with the
plasma or phargosome membrane components (9-12).

It has been reported that microbial metabolites, such
as gliotoxin produced by pathogenic fungi, inhibits
the activation of NADPH oxidase (13-15), but except
gliotoxin there have been few reports on microbial
metabolites as NADPH oxidase inhibitors. Exploration
of NADPH oxidase inhibitors from microbial metabolites
may be important not only in the development of
pharmaceutical agents, but also in understanding
of infectious processes in which pathogens escape the
ROS-based host defense. During our screening of useful
bacteria that produce bioactive metabolites from
the coastal area of Nagasaki, Japan, we discovered
a red-pigmented bacterium, designated as strain
MS-02-063 (16). In our previous studies, the chemical
structural and biochemical analysis revealed that this
red pigment belongs to the prodigiosin family, and we
named it PG-L-1 (17, 18).

Prodigiosins are a family of naturally occurring red
pigments produced by various microorganisms including
an opportunistic pathogenic microbe, Serratia sp. (19).
Some members of this family have been reported to exert
multiple biological activities such as anti-cancer (20, 21),
antimalarial (22, 23), antimicrobial (24, 25), immunosup-
pressive (26, 27) and DNA cleavage activities (28).
Although we provided novel evidence that PG-L-1
inhibits the Oy~ production through NADPH oxidase
activation in macrophage cell lines (16, 17), the under-
lying inhibitory mechanisms of this pigment remain to
be clarified.

In this study, we investigated the exact structure
of PG-L-1 and how the pigment inhibits NADPH oxidase
activation by focusing on the translocation of cytosolic
NADPH oxidase components to the plasma membrane.
Our results suggest that PG-L-1 affects the assembly
of not only p47°"°*, but also Rac protein.

MATERIALS AND METHODS

Materials—8-Amino-5-chloro-7-phenylpyrido [3,4-d]
pyridazine-1,4-(2H,3H) dione sodium salt (L-012) was
from Wako Pure Chemical Industries, Ltd (Osaka,
Japan). Xanthine oxidase (XOD from cow milk) and
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) were from
Labotec Co., Ltd (Tokyo, Japan). Anti-gp91P"°* anti-
p47PP% anti-p67Ph°* and anti-p40P"°* polyclonal anti-
bodies were purchased from Upstate, Serologicals
Company (Lake Placid, NY). Anti-Rac 2 polyclonal
antibody was from Santa Cruz Biotechnology (Santa
Cruz, CA). Molecular markers for SDS—polyacrylamide
gel electrophoresis (PAGE) and enhanced chemilumines-
cence (ECL)-plus reagents were from Amersham
Biosciences Corp. (Piscataway, NJ). MESACUP Protein
Kinase Assay Kit was from Medical and Biological
Laboratories Co., Ltd (Nagoya, Japan). All other reagents
were purchased from Sigma unless otherwise specified.

Preparation of PG-L-1—A prodigiosin pigment, PG-L-1,
produced by strain MS-02-063 was purified and identi-
fied as described previously (16, 17). The maximal
PG-L-1 production was achieved by incubation for 40h
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at 28°C (28). The PG-L-1 was dissolved in methanol at
a concentration of 10mg/mL and stored in the dark
at —20°C until use.

Structural determination of PG-L-1—PG-L-1 was
finally purified by reversed-phase high-performance
liquid chromatography (HPLC: YMC-Pack Pro C18,
10i.d. x 250 mm, 5um, YMC Co., Ltd, Kyoto, Japan)
used with the following mobile phase; solution A was
0.01 M ammonium acetate, solution B was 100% metha-
nol. After a 5-min flow with 100% solution A, a 30-min
linear gradient to 100% solution B was run at a flow rate
of 1ml/min. The MS analysis was performed on a
quadrupole time-of-flight (Q-TOF) mass spectrometer
(Micromass, Manchester, UK), which is a hybrid quadro-
pole orthogonal acceleration tandem mass spectrometer,
fitted with a Z-spray nano-flow electrospray ion
source. Accurate mass of PG-L-1 was measured by use
of a Apex-Q94e Fourier transform ion cyclotron reso-
nance mass spectrometer (FT-ICR-MS) (Bruker Daltonik,
Bremen, Germany) equipped with a 9.4 T superconduct-
ing actively shielded magnet (Magnex Scientific Ltd,
Oxford, UK).

NMR spectra were recorded at 25°C in CDCl3 using
a AVANCE-750 NMR spectrometer (Bruker BioSpin
GmbH, Germany). Tetramethylsilane [TMS: Si(CHjz),]
was used as the chemical-shift reference for both
proton and carbon-13. The assignments of the proton
and carbon-13 resonances at the chemical structure
of PG-L-1 were based on the two-dimensional H{*3C}-
HSQC, 'H{!3C}-HMBC, DQF-COSY, TOCSY, NOESY
spectra and the chemical shifts values.

Cell Culture—RAW 264.7 cells, a mouse macrophage
cell line obtained from the American Type Culture
Collection (Rockville, MD, USA) were cultured in RPMI
1640 medium supplemented with 10% fetal bovine
serum, penicillin G (100 U/mL) and streptomycin
(100 U/mL) as described previously (16). The adherent
cells in the flasks were washed twice with phosphate-
buffered saline. The cells were subsequently scraped with
a cell scraper (Becton Dickinson), and were harvested by
centrifugation at 1,000xg for 5min at 4°C.

Measurement of Superoxide—In the chemiluminescence
analysis for the detection of Oy~ produced by RAW 264.7
cells, we employed L-012 (Wako Chemical), which is a
highly sensitive chemiluminescence probe for analysing
ROS (29). Krebs—Ringer—Phosphate (KRP) buffer with
11 mM glucose containing 10° cells and 10 uM L-012 were
prepared in each well of a 96-well microtitre plates. To the
cell suspension of 180pulL, 10uL of PG-L-1 dissolved in
methanol (at final concentrations ranging from 0 to
100 uM), superoxide dismutase dissolved in KRP buffer
(SOD, at a final concentration of 10 U/200uL) or
staurosporine dissolved in dimethyl sulfoxide (DMSO)
(protein kinase C inhibitor, at a final concentration of
0.1 M) were added, and the resultant mixture was then
incubated for 3 min at 37°C. After incubation, the reaction
was started by addition of 10puL of 2pM phorbol 12-
myristate 13-acetate (PMA) dissolved in DMSO. During
the incubation, chemiluminescence emission was recorded
continuously for 15min by using multilabel recorder
Mithras LB940 (Berthold Technologies GmbH and Co.
KG., Bad Wildbad, Germany).
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Electron Spin Resonance (ESR)-Spin-Trapping Deter-
minations for Superoxide Produced by Hypoxanthine
(HPX)-Xanthine Oxidase (XOD) Cell-Free System—In
the presence of a spin-trapping agent, DMPO, Oy~
reacts with DMPO to yield a more stable spin adduct,
DMPO-OOH. In brief, 50 pL of 2mM HPX dissolved in
0.1 M phosphate buffer (PB), 30 uL. of DMSO and 50 uL of
PG-L-1 [up to a concentration of 200 pg/mL (56.9 pM)]
or methanol (vehicle) alone, 20uL of 4.5M DMPO
dissolved in pure water, and 50 puL of 0.4 U/mL XOD
dissolved in 0.1M PB were placed in a test tube and
mixed. In the reaction mixture, to eliminate the effect of
hydroxyl radical, DMSO was added as a hydroxyl
radical-scavenger. The mixture was transferred to an
ESR spectrometry cell, and the DMPO-OOH spin adduct
was quantified 97s after the addition of XOD. ESR
spectrum of DMPO-OOH signal was measured with an
ESR spectrophotometer (JES-FA100; JEOL, Tokyo,
Japan), operating at a microwave power of 4mW, a
modulation amplitude of 0.07mT, a time constant of
0.03s and sweep width of 335.5+5mT, sweep time of
2min. Cu, Zn-SOD was used as a standard inhibitor
of DMPO adduct formation because a decrease in DMPO-
OOH signal intensity correlated with the SOD
concentrations.

Separation of Whole Cell Protein into Triton X-100-
Soluble  (Cytosol) and  -Insoluble  (Cytoskeleton)
Fractions—When PMA-activated neutrophils were sepa-
rated by treatment with Triton X-100 into detergent-
soluble and detergent-insoluble fractions (defined as
the cytoskeleton), cytosolic NADPH components were
mainly associated with the cytoskeleton fraction (30).
The effects of PG-L-1 on cytoskeletal localization of
cytosolic NADPH components were performed as
described previously (31) with some modifications. In
brief, confluent RAW 264.7 cells were washed twice in
ice-cold phosphate-buffered saline and detached by
scratching. Cells (2 x 10"/mL) were incubated for 10 min
at 37°C in the presence of 10puL of PG-L-1 dissolved
in methanol (at final concentrations ranging from 0 to
10 M) and 10 puL of PMA dissolved in DMSO (at a final
concentration of 100ng/mL) or 10puL: of DMSO. After
incubation, the cell suspension was harvested by centrifu-
gation (at 1,000 x g for 5min) and then suspended in
extraction buffer (pH 7.4) containing 10 mM HEPES,
120mM NaCl, 5mM KCI, 10mM glucose, 1mM phenyl-
methyl sulfonyl fluoride, 0.1 mM EDTA, 10 uM leupeptin,
10 uM pepstatin and 2% Triton X-100. The cells were
disrupted using a microprobe sonicator three times for 10 s
each on ice. The Triton X-100-soluble and -insoluble
fractions were separated by centrifugation at 21,000 x g
for 15min. The supernatant (cytosolic fraction) was
transferred to a new tube, and the pellet (cytoskeletal
fraction) was washed with the extraction buffer to
eliminate the residual soluble elements. The cytoskeletal
fraction was then resuspended in 100 uL of 3-[N-morpho-
lino]propanesulfonic acid (MOPS)-KOH buffer, and the
protein concentration was determined by the method
described by Lowry et al. (32) using bovine serum albumin
as a standard. After addition of 400 uM NADPH dissolved
in KRP buffer, NADPH-responsible Os~ production activ-
ity of this cytoskeletal fraction (100 pg) was measured at
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37°C for 15min by L-012-mediated chemiluminescence
assay. In addition, aliquots of protein samples (50 pug each)
were boiled in SDS buffer for immunoblotting.

Concentrations of PG-L-1 in Subcellular Fractions
of RAW 264.7 Cells—To investigate the accumulation of
PG-L-1 into subcellular fractions in RAW 264.7 cells,
cytosolic and plasma membrane fractions were prepared
as described previously (33) with some modifications.
Because PG-L-1 bound to the cytoskeletal fraction was
easily extracted by a detergent, Triton X-100 method was
unsuitable for this accumulation test. PG-L-1 dissolved
in methanol (at final concentrations ranging from 0 to
10 uM) was added to the cell suspension of RAW 264.7 in
KRP buffer (1 x 107 cells/0.5mL) in a 1.8-mL centrifuge
tube. The tubes were incubated at 37°C for 5min. The
cells were then collected by centrifugation (at 1,000 x g
for 5min) and washed twice with KRP buffer. The cell
suspension was harvested by centrifugation (at 1,000 x g
for 5min) and then suspended in 0.5mL of relaxation
buffer containing 10mM Pipes, pH 7.4, 100mM KCI,
3mM NaCl, 3.5mM MgCl,, 1 mM phenylmethyl sulfonyl
fluoride, 0.1mM EDTA, 10pM leupeptin and 10pM
pepstatin. The cells were disrupted using a microprobe
sonicator three times for 10 s each on ice. The soluble and
insoluble fractions were separated by centrifugation at
100,000 x g for 30 min at 4°C. The supernatant (cytosolic
fraction) was transferred from subcellular fractions to a
new tube, and the pellet (plasma membrane fraction) was
washed with the relaxation buffer and separated by
centrifugation at 100,000 x g for 30 min at 4°C. PG-L-1
bound to membrane was extracted by methanol (0.5 mL).
The concentrations of PG-L-1 in the cytosolic and
plasma membrane fractions were measured by using
reversed-phase HPLC. In HPLC, ODS C-18 column
(4.61.d. x 250mm, Finepak SIL 300C18T-7 JASCO,
Tokyo, Japan) was used with the following mobile
phase; solution A was 0.01M ammonium acetate, solu-
tion B was 100% methanol. After a 5-min flow with 100%
solution A, a 30-min linear gradient to 100% solution B
was run at a flow rate of 1 mL/min. Analysis of PG-L-1
were performed with three-dimensional chromatogram
by Millennium®?> PDA Software (Waters Co., Milford,
Mass., USA) (16).

Assay for Protein Kinase C (PKC) Activity—The
cytosolic and cytoskeletal fractions were prepared by
Triton X-100 method as described earlier. RAW 264.7
cells were treated with PG-L-1 (at a final concentra-
tion of 10 uM) and/or PMA (at a final concentration of
100 ng/mL) for stimulation and translocation of PKC to
the cytoskeletal fraction. PKC activity was measured by
using a non-radioactive protein kinase assay kit
(MESACUP Protein Kinase Assay Kit; Medical and
Biological Laboratories Co., Ltd, Nagoya, Japan). This
assay kit was based on the enzyme-linked immunosor-
bent assay that consists of synthetic PKC pseudosub-
strates and monoclonal antibody against the
phosphorylated peptide. PKC phosphorylates serine of
the pseudosubstrate through a Ca®*/phosphatidylserine-
dependent mechanism. PKC activity of the plasma
membrane fraction was assayed in the presence of Ca?*
and phosphatidylserine, and the negative control was
measured in the presence of 20mM EGTA alternative
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to phosphatidylserine. Data are expressed as OD4g5/12 puLL
cell lysate from 2 x 107 cells.

Immunoblot Analysis—Western blotting analysis using
rabbit polyclonal antibodies against gp91PP°¥, pd7Phox
p67Ph* " pa0Ph* and Rac 2, and peroxidase-conjugated
goat anti-rabbit IgG antibody (Upstate Biotechnology)
was performed for probing each protein according to
the usual procedure. The membrane fractions were
resuspended in 5% SDS sample buffer containing
100mM dithiothreitol and then boiled for 5min at
100°C. Aliquots of protein samples (50ug each) were
subjected to SDS-PAGE (12.5% gel). The separated
proteins were then transferred to a PVDF membrane.
After being blocked with 5% (w/v) skin milk in phos-
phate-buffered saline containing 0.1% (w/v) Tween 20,
the separated proteins were probed with the respective
primary antibodies, followed by probing with horseradish
peroxidase-conjugated secondary antibody (Upstate

Biotechnology). Their immunoreactive bands were visual-
ized with enhanced chemiluminescence-plus reagents
(Amersham).

Statistical Analysis—Data are expressed as the mean
+ standard deviation (SD). Individual treatment groups
controls

were compared with appropriate using
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Fig. 1. Structures of prodigiosin members. (A) PG-L-1

from strain MS-02-063. (B) Prodigiosin (Ref. 28). (C) Positive
ESI-Q-TOF-MS spectrum of PG-L-1. (D) Time-of-flight MS/MS
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Dunnett’s multiple comparison test. A difference was
considered significant at P <0.05.

RESULTS
Identification of PG-L-1—The isolated pigment
compound, PG-L-1, showed maximal absorption

at 535nm. The positive ESI-Q-TOF-MS spectrum of
PG-L-1 showed an intense peak at m/z 352 (Fig. 1C).
The molecular formula of PG-L-1 was established as
CooHooN3O by FT-ICR-MS (ESI) analysis [m/z
352.23849 (M + H)*, (A —0.4mmu)]. The NMR spectra of
the purified pigment summarized in Table 1 indicate that
the pigment compound is a prodigiosin analogue.
The reported carbon-13 chemical shifts of prodigiosin
hydrochloride (34) were very similar to those of PG-L-1.
These facts indicate that the pigment was a close
derivative of prodigiosin. Moreover, according to the
Q-Tof MS/MS results, a major peak at m/z 252 was
observed in PG-L-1 (Fig. 1D). It is suggested that the
addition of ethylene to the pentyl chain of prodigiosin
(Fig. 1B) forms PG-L-1 (Fig. 1A). Thus, the gross
structure of PG-L-1 was elucidated to be 2-methyl-3-
heptyl-6-methoxyprodigiosene.

100 - 252.09

% A

352.17
253.08
337.16

353.19

266.09
236.08] = °567.10 322.16
[l i

- N " miz
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

spectrum of PG-L-1. The product ion (m/z252) that is
estimated detachment of methylene chain from PG-L-1 was
observed.
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Table 1. Proton and carbon-13 chemical shifts of PG-L-1
and prodigiosin.

PG-L-1 Prodigiosin HC1
No. Carbon (6 ppm) Proton (6 ppm) Carbon (6 ppm)
A2 122.3 121.9
A3 117.0 6.932 117.0
A4 111.8 6.366 111.5
A5 127.1 7.247 126.2
B2 120.7 120.5
B3 165.9 165.5
B4 92.8 6.095 92.7
B5 147.6 1474
C2 128.5 146.0
C3 147.1 128.0
C4 128.5 6.692 128.0
C5 125.3 124.8
17 116.0 6.968 8.4
Alkyl
OCHS3 58.7 4.018 58.5
iy 25.3 2.396 25.0
2/ 30.0 1.536 29.4
3 29.2 1.316 31.2
4’ 29.7 1.255
5 31.9 1.271
6'(4) 22.8 1.297 22.2
7(5) 14.2 0.888 13.7
CoMe 12.8 2.533 12.0

NMR spectra were recorded at 25°C in CDCl; using AVANCE-750
spectrometer (;H resonance frequency: 750.013 MHz). TMS was used
as the chemical shift reference for both proton and carbon-13.
The assignments of the proton and carbon-13 resonances at the
chemical structure of PG and PG-L-1 were based on the two-
dimensional ~ 'H{"*C}-HSQC, 'H{'}*C}-HMBC, DQF-COSY,
TOCSY, NOESY spectra and the chemical shifts values. In the
table, the reported carbon-13 chemical shift values of prodigiosin
were also shown as the values from TMS. (The reported values were
measured based on the reference of CHCI3 which was 80 ppm. The
values were corrected by substracting 2.78 ppm from the reported
values.) The reported carbon 1" value of prodigiosin hydrochloride
was seemed to be a typographical error. The carbon-13 assignment of
C2 and C3 should be replaced each other from the data of the long
range spin-spin coupling constants between the protons and carbons
related to C2 and C3 which were measured by 'H{!*C}-J-HMBC.

Effect of PG-L-1, a Prodigiosin Pigment, on Os
Production by PMA-Stimulated RAW 264.7 Cells—
Initially we examined the effects of a prodigiosin
analogue, PG-L-1 (Fig. 1A), on PMA-stimulated Oy~
production. The L-012-mediated chemiluminescence
method was employed for the detection of Oy~ production
by RAW 264.7 cells. SOD (10 U/200uL) inhibited the
chemiluminescence response by ~75% in PMA-stimu-
lated RAW 264.7 cells. When RAW 264.7 cells were
treated with PG-L-1, the PMA-stimulated O, production
was dose-dependently reduced (Fig. 2). The magnitude of
inhibition at 1uM of PG-L-1 was comparable with that
given by 10 U of SOD.

Effect of PG-L-1 on Og~ Production by HPX/XOD
System—Scavenging ability of PG-L-1 against Oy~ was
measured by ESR in HPX/XOD-dependent Oy~ produc-
tion system. SOD showed O»~ scavenging ability in an
activity-dependent manner, whereas PG-L-1 had no
scavenging effect even at the highest concentration
(56.9 uM) (Fig. 3). This result raised the possibility that
PG-L-1 inhibited the activation of NADPH oxidase,
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Fig. 2. Effect of PG-L-1 on O, production in macrophage
cells. PG-L-1 inhibited Oy~ production by PMA-stimulated RAW
264.7. NADPH-dependent O, production by PMA-stimulated
RAW 264.7 cells was measured by L-012-mediated chemilumi-
nescence (n=5).
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Fig. 3. Scavenging effect of PG-L-1 on O,  production by
hypoxanthine/xanthine oxidase system. O,  scavenging
activity of PG-L-1 or SOD as measured by the ESR-spin
trapping method. PG-L-1 (200 pg/mL is equivalent to 56.9 uM)
had no direct scavenging effect on Oy~ production by hypox-
anthine/xanthine oxidase system. Results represent the
mean +SD (n=3).

which catalysed the production of Os~ from oxygen
molecular and NADPH, in RAW 264.7 cells. Therefore,
we focused on the inhibitory mechanisms of NADPH
oxidase activation by PG-L-1.

Binding of PG-L-1 to plasma membrane in RAW 264.7
cells—We examined whether PG-L-1 was accumulated
in the intracellular compartments or bound to the
plasma membrane in RAW 264.7 cells. The intracellular
levels of PG-L-1 were constantly as low as ~0.1pg/107
cells at the concentrations ranging from 1 to 100 uM,
whereas the PG-L-1 levels bound to the plasma mem-
brane were significantly increased with the concentra-
tions of PG-L-1 (Fig. 4).

Activity of NADPH Oxidase in  Cytoskeleton
Fractions—A cytoskeleton fraction separated by Triton
X-100 from PMA-stimulated RAW 264.7 cells pretreated
with PG-L-1, as an experimental system for the NADPH-
dependent Oy  producing activity, were prepared,
and the NADPH oxidase activity was determined by
L-012-mediated chemiluminescence assay. As shown in
Fig. 5, the NADPH oxidase activity of the cytosol fraction
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Fig. 4. Subcellular localization of PG-L-1 in RAW 264.7
cells. Localization of PG-L-1 to the plasma membrane (open
circles) and intracellular fractions (closed circles) expressed as
concentrations of PG-L-1 for 107 cells (n=3 separate measure-
ments). The concentrations of PG-L-1 were primarily increased
in the plasma membrane fraction in a time- and concentration-
dependent manner but not in the intracellular fraction. Results
represent the mean+SD (n=3). *P<0.01 versus intracellular
fraction values.

PMA alone
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Cytoskeleton
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Fig. 5. Effect of PG-L-1 on subcellular NADPH oxidase
activity. PG-L-1 was added to RAW 264.7 cells (2 x 107 cells/
mL), subsequently stimulated with PMA for 10 min at 37°C, and
finally, their cytoskeleton fractions were fractionated as
described under ‘Experimental Procedures’. Production of Oy~
was initiated by addition of NADPH to the cytoskeletal fraction
aliquots. NADPH oxidase activity was measured as the intensity
of L-012-dependent chemiluminescence. Results represent the
mean + SD (n=3). "P<0.01 versus PMA alone.

treated with PMA and the cytoskeleton fraction treated
without PMA showed 11+2.7 and 2.5+1.7%, respec-
tively, as compared with that in the cytoskeleton fraction
control (PMA alone). The activation of NADPH oxidase
by PMA stimulation was significantly inhibited by the
pretreatment with PG-L-1 in a concentration-dependent
manner. These results suggest that the inhibitory
process of PG-L-1 is associated with NADPH oxidase
activation such as translocation of cytosolic phox compo-
nents to the plasma membrane at the cellular level.
Effect of PG-L-1 on Activation of Protein Kinase C—
ROS production by macrophages depends on the assem-
bly of cytosolic and membrane-associated components
to activate NADPH oxidase through a process
regulated by PKC (35). Therefore, to investigate the
mechanism by which PG-L-1 inhibits O~ production by
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Fig. 6. Effect of PG-L-1 on the translocation of PKC to the
plasma membrane. (A) The effect of PG-L-1 and staurosporine
on Oy~ production by PMA-stimulated RAW 264.7 cells. PMA
alone (closed circles), PMA plus 1uM of PG-L-1 (open triangles),
PMA plus 0.1uM of staurosporine (open squares), PMA plus
1uM of PG-L-1 and 0.1 uM of staurosporine (open circles), PMA
free (closed triangles). The synergistic effect of PG-L-1 and
staurosporine on PMA-stimulated Os~ production was observed.
Results represent the mean +SD (n=3). (B) The direct effect of
PG-L-1 on PKC. PMA and PG-L-1 was performed at a final
concentration of 100 ng/mL and 10 uM, respectively, as described
under ‘Experimental Procedures’. PG-L-1 alone is equivalent for
negative control. PG-L-1 has no effect on translocation of PKC to
the membrane. Results represent the mean+SD (n=3).
*P<0.01 versus PMA alone.

PMA-stimulated RAW 264.7 cells, we analysed the effect
of PG-L-1 on the translocation of PKC to the membrane.
As shown in Fig. 6A, the inhibitory activity of 1puM of
PG-L-1 against the Oy~ production by PMA-stimulated
RAW 264.7 cells was equivalent to that given by 0.1 uM
of staurosporine, and PG-L-1 and staurosporine had
synergistic effect on the Oy  production. Next, we
investigated whether PG-L-1 affects the PKC activity
using MESACUP Protein Kinase Assay Kit. The high
levels of PKC activity were observed in the cytoskeletal
fraction of the PMA-stimulated RAW 264.7 cells. Under
the same conditions, PG-L-1 had no effect on the
translocation of PKC by PMA (Fig. 6B).

Effects of PG-L-1 on assembly of cytosolic phox
components and Rac—In resting macrophage cells, the
three cytosolic phox components (p67PP% p47PR* and
p40PE°%) and low-molecular-weight Rac protein are
located only in the cytosol (8). The stimulation by PMA
causes the membrane translocation of these phox
components and Rac 2 in macrophage cells (36-38). As
shown in Fig. 7, expressions of p67PP%%, p40P2°* and Rac
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Fig. 7. Western blot analysis of cytosolic NADPH oxidase
components in RAW 264.7 cells. RAW 264.7 cells were
incubated in the absence or presence of PMA (100 ng/mL) and
PG-L-1 (at final concentrations of 0.1, 1 and 10 uM) for 10 min at
37°C. Each sample of the plasma membrane fractions was
prepared and the membrane associated cytosolic NADPH
oxidase components was detected by Western blotting. The
samples of plasma membrane fractions were separated by 12.5%
SDS-PAGE and western blotting was done with antibodies
(1:2000) specific for gp91PhoX, p47PRox pE7Phox pa0PRox and Rac 2
as described under ‘Experimental Procedures’.

were slightly observed in resting cells, and the three
phox components (p67P"°%, p47P"* and p40P") and Rac
were clearly upregulated in the plasma membrane
fraction of PMA-stimulated RAW 264.7 cells. The
upregulated expressions of p67P"*, pd47PR°* and Rac in
the cytoskeleton fraction were suppressed by the
treatment at the indicated concentrations of PG-L-1.

DISCUSSION

Through our extensive screening for useful bacteria
from the coastal area of Nagasaki, Japan, we discovered
a red-pigmented bacterium, designated as a strain
MS-02-063. The strain MS-02-063 was phylogenetically
closely related to y-proteobacterium MBIC 3957 from 16S
rRNA sequence analysis; however, there were differences
in the physiological and biochemical properties (16).
The red pigment produced by the strain MS-02-063 had
multi bioactivities such as antifungal, antibacterial,
tumoricidal, and algicidal activities in vitro (16-18,
23, 39). The structure of PG-L-1 was elucidated by
extensive two-dimensional NMR techniques including
H-13C HSQC and HMBC analysis and MS analysis,
suggesting that its structure is an adduct of CoHy to the
pentyl chain of prodigiosin (Fig. 1, Table 1). We have
demonstrated at the cellular level that a prodigiosin
member, PG-L-1, interferes with the respiratory burst,
which is induced by PMA, of macrophages (RAW 264.7
cell line) [(16, 40), see Fig. 2] and monocytes (U937 cell
line) (17). However, the underlying mechanism, by which
PG-L-1 interferes with the respiratory burst, remains to
be elucidated. In the present study, we investigated
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the mechanism(s) by which PG-L-1 inhibits Oy~ produc-
tion through activation of NADPH oxidase in RAW
264.7 cells.

PG-L-1 suppressed Oy~ production by PMA-stimulated
RAW 264.7 cells in a concentration-dependent manner
(Fig. 2), but did not scavenge Oy~ (Fig. 3). As shown
in Fig. 4, PG-L-1 significantly accumulated in plasma
membrane but not in intracellular compartment of
macrophages during the indicated measurement times,
suggesting that PG-L-1 bound to the plasma membrane
is responsible for the inhibition of O,  production.
In addition, we showed here that PG-L-1 directly
interfered with the NADPH oxidase-induced O, produc-
tion in the cell-free activation assay (Fig. 5) as well as in
the primed cells treated with PMA. These results suggest
that PG-L-1 bound to the plasma membrane inhibits the
activation of NADPH oxidase and interferes with the
translocation of cytosolic NADPH oxidase components to
the membrane.

The phosphorylation of p47P"°* and subsequent Os~
production by the assembled NADPH oxidase compo-
nents can be induced by PMA, a potent activator of PKC,
and the induction is prevented by PKC inhibitors such as
staurosporine (Ref. 41, see Fig. 6A). Hence, we examined
the effect of PG-L-1 on PKC. The inhibition rates at 1 uM
of PG-L-1 and 0.1uM of staurosporine against the
PMA-stimulated O~ production were 38.1+1.6 and
51.6 +£4.2%, respectively, as compared with the level of
inhibitor-free control. Intriguingly, the combination of
these compounds allowed almost complete inhibition
against the Oy~ production (Fig. 6A). It is possible
that PG-L-1, like staurosporine, interferes with the
PMA-stimulated Oy~ production through inhibition of
PKC activity. Therefore, we examined the effect of
PG-L-1 on translocation of PKC to the membrane by
using non-radioactive protein kinase assay kit. As shown
in Fig. 6B, PMA-induced activation of PKC was not
affected by the addition of PG-L-1 to the cells. There is a
possibility that the data only shows the effect of PG-L-1
on the translocation of PKC from the cytosolic compart-
ment to the plasma membrane. However, since PG-L-1
accumulates in the plasma membrane (Fig. 4) and PKC
mediates phosphorylation of p47P"°* in the cytosolic
compartment (8), PG-L-1 unlikely interferes with the
activity of PKC in the cytosolic compartment and
following translocation to the plasma membrane.
Therefore, it is suggested that PG-L-1 directly reacts
with NADPH oxidase components in the plasma mem-
brane. We further investigated the effect of PG-L-1 on
the assembly of three cytosolic phox components and
Rac by using Western blotting analysis. We found that
PG-L-1 strongly inhibited the translocation of p47Ph°x
and Rac from the cytoplasm to the plasma membrane
during NADPH oxidase activation (Fig. 7).

As shown in Fig. 7, PG-L-1 strongly inhibited
the expression of p47°"°* in the plasma membrane in
PMA-stimulated cells in a concentration-dependent
manner. In contrast, a slight decrease in the expression
of p67Ph°* was observed in the plasma membrane of
PMA-stimulated RAW 264.7 cells treated with PG-L-1. In
addition, PG-L-1 had no effect on p40P"°* that has a PX
domain that specifically binds to phosphatidylinositol
3-phosphate (42, 43). Thus, p40P"°* is also thought to
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serve as an adaptor component that recruits p67°2°% to
the plasma membrane (44). It has been reported that the
cytoplasmic phox proteins exist as a stable ternary
cytoplasmic complex (p47PP*_pB7PP*_pdoPhox) in a
dephosphorylated state. From our results, it is concei-
vable that the translocation of ternary cytoplasmic
complex to the plasma membrane in the primed cells
treated with PG-L-1 may be achieved; however, PG-L-1
may specifically eliminate p47P2°* from the associated
membrane. Therefore, p67°"°* without the support of
p47Ph°% may be barely retained in the plasma membrane
because only p40P"°* functions as another adaptor (45).
It is likely that the inhibitory action of PG-L-1 is to
eliminate p47°"** from the plasma membrane.

The translocation of Rac to the membrane was also
inhibited by PG-L-1 (Fig. 7). Upon activation of NADPH
oxidase by PMA, and possibly under the influence of lipid
mediators (46), Rac dissociates from guanosine diphos-
phate dissociation inhibitor (refer to as GDI), allowing
GTP-bound Rac to translocate to the plasma membrane
(47, 48). At the plasma membrane, Rac in the GTP-bound
state directly interacts with p67°"°* via binding to the
N-terminal domain that harbors tetratricopeptide repeat
(refer to as TPR) motifs (49, 50), and thus the Rac-
p67PP°%  complex supports NADPH oxidase activity,
leading to Oy~ production (51, 52). PG-L-1 may eliminate
Rac from the plasma membrane as well as that of
p47Ph°% inhibit the binding of Rac and membrane or
interfere with the influence of lipid mediators on Rac.
Although the exact action of PG-L-1 on NADPH oxidase
assembly is still unclear, PG-L-1-treated cells seem to fail
to activate the NADPH oxidase by inhibiting the
assembly of not only p47°"°* but also Rac (Fig. 7).

In summary, our results suggest that PG-L-1, a
prodigiosin pigment, affects the translocations of
p47PP° and Rac to the plasma membrane during
NADPH oxidase activation, resulting in that PG-L-1
inhibits NADPH oxidase activation in PMA-stimulated
macrophage cells.

We are grateful to Dr Yoshiyuki Itoh (Suntory Institute for
Bioorganic Research) for FT-ICR MS analysis.
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