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Abstract: Prodigiosins,

a family of natural red pigments

characterized by a common

pyrrolylpyrromethane skeleton, are produced by various bacteria that first characterized from Serratia
marcescens. This pigment is a promising drug owing to its reported characteristics of having
antifungal, immunosuppressive and anti-proliferative activity. From an industrial point of view to
obtain optimal conditions to enhance the growth of Serratia marcescens and the pigment production is
necessity. In present study, the production condition, physicochemical and functional characteristics,
structure, genetic and gene expression, apoptosis and toxigenic effects of prodigiosin will be discussed
in-order to contribute to the world of Serratia marcescens with respect to its prodigiosin production

property.
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INTRODUCTION

Serratia spp are gram negative bacteria, classified
in the large family of Enterobacteriaceae. Serratia spp
can be distinguished from other genera by its
production of three special enzymes DNAase, lipase
and gelatinase!”!. However, a number of other traits
have been identified that may contribute to
pathogenesis. These include swimming and swarming
motility and extracellular enzyme activities, i.e.
nuclease, protease and haemolysin'®'. Serratia spp occur
in water and soil, on plant, in insects and in man and
animal®. S. marcescens is the only pathogenic species,
although rare reports of infection with S. plymuthica,
liquefaciens, rubidaea and odifera exist. Since the early
1900’s, physicians have used S. marcescens to study
transmission of microorganisms, as it was assumed to
be a harmless saprophyte. In the hospital, Serratia tends
to colonize the respiratory and urinary tracts of adults,
rather than the GI tract. Serratia sp is responsible for
1.4% of nosocomial septicemia. It is also responsible
for 2% of lower respiratory, urinary tract and surgical
wound infections. Serratia sp can be a cause of
meningitis, especially after surgical intervention. Also
reported is endocarditis and osteomyelitis in heroin
addicts. Crude mortality for Serratia septicemia is 26%,
while the mortality for meningitis and endocarditis is
very high™. S. marcescens and S. liquefaciens may
cause lethal septicaemia in insects'. Another
characteristic feature of the Serratia among the
Klebsiellaea is the production of cell associated red
color pigment called prodigiosin. Serratia marcescens

isolated from infected adults generally does not
synthesize prodigiosin”®>®. However, pigmentation is
only present in a small percentage of isolated cultures
only under aerobic condition. Pigment production is
highly variable among species and is dependence on
many factors such as species type and incubation time.
On some media Rugamonas rubra produces so much
prodigiosin that, as the pH drops, it precipitates out
within the cells and colonies change from pillar box red
to deep maroon, often with a green metallic sheen under
reflected light. At this stage most organisms in the
colony are no longer viable!”". In presence of Fe**, some
strains of Serratia marcescens produce a water-soluble
pink pigment pyrimine, L-2-(2-pyridyl-D’-pyrroline-5-
carboxylic acid), which diffuses into the agar
surrounding the colonies”. Serratia marcescens
secretes a variety of extracellular enzymes including
chitinases'™. S. marcescens is one of the most effective
bacteria for degradation of chitin®. When this
bacterium is cultivated in the presence of chitin, a
variety of chitinolytic enzymes and chitin-binding
proteins can be detected'*'"\. § marcescens produces at
least three chitinases (ChiA, ChiB and ChiC), a
chitobiase and a putative chitin-binding protein
(CBP21)“0'12’14J. It is conceivable, but not certain, that
these five proteins represent the complete chitinolytic
machinery of the bacterium. The chitinolytic machinery
of S. marcescens is of great interest because it is one of
the best characterized chitinolytic machineries known
to date'™. A synergistic inhibitory activity of
prodigiosin and chitinolytic enzymes was observed

against spore germination of Botrytis cinerea®,
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selective activity against cancer cell lines''”), enhanced
lethal and inhibitory activity of CrylC BT toxin along
with prodigiosin® and the lipase of Serratia sp used for

the manufacture of an intermediate of diltiazem a
[18] [19]

vasodilator ™ is well studied. Pryce & Terry" ™ in their
unpublished observation have reported on the
possibility of a membrane permeable positive
prodigiosin  regulator  synthesized by Serratia

marcescens. Optimum growth of all strains of Serratia
has been observed at pH 9 and at temperatures from 20-
37oclll'

In the present review, the diversity of prodigiosin,
their production conditions in laboratory, structure,
biosynthesis and the inhibitory factors for prodigiosin
production, gene expression and apoptosis, toxigenic
and anti-cancer effects of this pigment are discussed.

Prodigiosin  production  conditions  (media,
temperature and carbon source): Serratia spp, like
other Enterobacteriaceae, grow well on ordinary media
under anaerobic and aerobic conditions. They grow
well on synthetic media using various compounds as a
single carbon source. Many types of differential and
selective media have been developed for the isolation
and presumptive testing of Serratia sp. Capryllate
Thallous [CT] agar contains caprylate as a carbon
source for Serratia sp and thallous salts as inhibitors for
other organisms™' and CT is the best at selecting for
Serratia sp. The regular liquid media currently being
used for prodigiosin biosynthesis are nutrient broth!"”),
peptone glycerol broth"™® and production medium!*"
etc. According to the medium patented by Nakamura'**!
the author has used sodium oleate 2% and has also
studied oleic acid substitution instead of sodium oleate
and has used only triolein as substrate and reported a
yield of 0.69 mg mL™" prodigiosin. Having an insight
on the composition of already published media the idea
of designing a new, nutritious and economically cheap
medium was thought of for the prodigiosin
biosynthesis. Initial comparative work was done using
powdered sesame seed in water, nutrient broth and
peptone glycerol broth as a growth medium for Serratia
marcescens. After having observed sesame seed to give
a better yield in terms of prodigiosin biosynthesis
further comparision was done with readily available
cheaper sources like peanut and coconut. Sesame oil,
peanut oil and coconut oil were also compared with the
rest of the media. The media were also compared for
growth at three different temperatures in terms of
prodigiosin production. This work lead to the
observation that fatty acids as the substrate supported
enhanced prodigiosin  production the various
components in the seeds as substrate could have
stimulated cell density which in turn could have
resulted in higher accumulation of the positive regulator
inside the cell there by triggering excessive pigment
production. The powdered peanut seed medium
supported the prodigiosin biosynthesis even at 37°C

which was not so in the case of nutrient or peptone
glycerol broth with and without sugars'!. As indicated
from Table 1 the crushed sesame seed broth gave the
maximum Yyield of prodigiosin at 28°C, 30°C and 37°C
when compared to nutrient broth and peptone glycerol
broth. The maximum prodigiosin production was seen
at 28°C and 30°C in nutrient broth. At 37°C Serratia
marcescens did not show any pigment production in
nutrient broth and the culture broth was white in color.
In case of the powdered peanut broth, even at 37°C,
pigment production was observed and in fact it was
equal to the amount of pigment production seen in
nutrient broth at 30°C. In case of peanut broth only
after second generation growth of Serratia marcescens
at 42°C, there was complete block of pigment
production''. Reversion of the 42°C grown white
culture of Serratia marcescens which had shown
pigment block in powdered peanut broth, showed the
re-synthesis of pigment production when incubated at
28°C. Reversion experiment was done to confirm that
at 42°C the culture was still viable and only the
pigment production was blocked"!. In the bioreactor
study with an internal adsorbent for prodigiosin the
final yield was 13 mg mL™ " and the media used had
dextrose in the culture broth and casein in production
medium. Chang er al./” have quoted a medium
containing ethanol and carbon source but the yield was
3 mg mL™'. Nakamura® in his patent describes the use
of sodium oleate media and the substitution of sodium
oleate with oleic acid. Addition of maltose to nutrient
broth enhanced pigment production only by 2 fold as at
28°C and 30°C as shown in Table 1. Nutrient broth
with glucose showed a two fold increase at 28°C. The
pigment production was more in sesame seed broth
even without the addition of any sugars, when
compared to sesame seed broth with glucose or
maltose. The pigment production was reduced in
sesame seed medium with maltose at 28°C when
compared to only powdered sesame seed broth. Glucose
in powdered sesame seed medium showed a complete
decrease of prodigiosin production at both 28°C and
30°C. Amongst the two sugars substituted, maltose acts
as a better source of substrate in enhancing pigment
production in nutrient broth. This clearly showed that in
sesame medium the addition of maltose or glucose does
not significantly enhance the pigment production. In
fact the addition of glucose or maltose caused a
reduction in prodigiosin production which could be due
to catabolite repression. The pigment production in
nutrient broth with sugars was not more than what was
observed in sesame seed medium'!. Sesame oil broth,
Peanut oil broth and Coconut oil broth as substrate were
more efficient in inducing pigment production when
compared to the use of nutrient broth or peptone
glycerol broth. The yield was more or less similar when
compared to nutrient broth with maltose or glucose as
shown in Table 1. The reduction in prodigiosin
production by Serratia marcescens mediated by glucose
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Table 1: Comparative analysis of prodigiosin and extracellular
protein production by Serratia marcescens in different

media at 28, 30 and 37°C temperatures

S.No: Media used 28°C 30°C 37°C References
mgml™! mgml™! mgml™!

Nutrient broth 0.52 0.354 0.111 [39]

Peptone glycerol 0.302 0.569 0.111 [39]

broth

Sesame seed broth 16.68 93 0.319 [39]

Nutrient broth with 1.836 0.79 0.104 [39]

0.5% Maltose 1.689

Nutrient broth with

0.5% Glucose 943 0.29 0.104 [39]

Sesame seed broth

with 0.5% Maltose 1.47 8.56 1.63 [39]

Sesame seed broth

with 0.5% Glucose 0.767 1.16 0.42 [39]

Sesame oil broth 38.75 1.006 0.107 [39]

Peanut seed broth 2.89 25.98 1.49 [39]

Peanut oil broth 1.94 0.559 0.111 [39]

Copra seed broth 1.42 1.39 0.1736 [39]

Coconut oil broth 13 0.05 0.177 [39]

Dextrose broth with [59]

Casein

Ethanol and carbon 3 [17]

source

and other metabolizable sugar was due to a decrease in
pH observed in the cell suspensions>. Taking into
consideration the basic role of carbon source in
enhancing pigment production, two justifications can be
made. The first point is that in nutrient broth, which is
basically devoid of carbon source, the addition of
maltose or glucose enhanced the pigment production
but not so in the case of sesame broth which already has
carbon in the form of fatty acids. The decrease in
prodigiosin production seen in powdered sesame seed
broth with the addition of glucose or maltose could be
due to a catabolite repression. Maltose and glucose
added in nutrient broth gave a two fold increase in yield
over nutrient broth or peptone glycerol broth alone. The
second point is that a slight enhanced pigment
production was seen in the case of peptone glycerol
broth at 30°C over nutrient broth at 28°C and this could
be attributed to the glycerol present as carbon source.
This clearly justifies the fact that carbon does support
cell growth and thereby prodigiosin production'"’. The
maximum extracellular protein following 36 hours of
incubation was found in peptone glycerol broth at 28°C
and in the case of nutrient broth and sesame broth
maximum extracellular protein was seen at 30°C!"". The
inherent concentration of protein was maximum in
nutrient broth followed by powdered sesame seed broth
and powdered peanut broth. Both in nutrient broth and
peptone glycerol broth the major components were
peptone, meat and yeast extract. Peptone is a
commercially available digest of a particular plant or
animal protein, made available to organisms as peptides
and amino acids to help satisfy requirements for
nitrogen, sulfur, carbon and energy. Peptones also
contain small amounts of various organic and inorganic
compounds™. But they may be deficient in certain

minerals and vitamins. Yeast and meat extracts contain
eukaryotic tissues (yeast, beef muscle, liver, brain,
heart, etc.) that are extracted by boiling and then
concentrated to a paste or dried to a powder. These
extracts are frequently used as a source of amino acids,
vitamins and coenzymes, growth factors by fastidious
organisms. Trace elements, minerals and usually some
sugar are also present. In peptone glycerol broth, the
glycerol was the carbon source. The seeds and oils
contain metals; vitamins, saturated and unsaturated
fatty acids and the concentration of these components
are variable in each kind of seed or oil''l. Pure
saturated and unsaturated fatty acids were substituted
in the medium and triolein an unsaturated fatty acid
gave the maximum of 0.69 mg ml™' yield of the
pigment . Fatty acids as a carbon source also play a
role in enhanced cell density thereby an enhanced
pigment production. The role of saturated fatty acids as
a better carbon source in terms of pigment yield can be
discussed with the following points. The overall
saturated fatty acid composition is highest in copra,
followed by peanut and then sesame. The reason for
this could be that 50% lauric and 7%capric acid known
for their antibacterial activity present in coconut could
have inhibited the growth of Serratia marcescens in the
medium thereby giving a very low yield. The second
point validating the role of saturated fatty acid is that as
per literature peanut has a higher concentration than
sesame and the yield of prodigiosin is also higher in
powdered peanut broth than in powdered sesame broth.
According to Kim er al.,”® oil gave a better yield over
the various carbon [not fatty acid containing seeds] and
nitrogen sources tested. The bonded fatty acids as
carbon source are less accessible by Serratia
marcescens'"".

Prodigiosin structure: The prodigiosin group of
natural products is a family of tripyrrole red pigments
that contains a common 4-methoxy, 2-2 bipyrrole ring
system (Fig. 1). The biosynthesis of the pigment is a
bifurcated process in which mono and bipyrrole
precursors are synthesized separately and then
assembled to form prodigiosin®”.  Prodigiosin have
been shown to be associated in extracellular vesicles,
cell associated or present in intracellular granules®**",

Prodigiosin biosynthesis: Prodigiosin is a multifaceted
secondary metabolite. It is produced by Serratia
marcescens, Pseudomonas magneslorubra, Vibrio
psychroerythrous, S. rubidaea, Vibrio gazogenes,
Alteromonas rubra, Rugamonas rubra and Gram
positive actinomycetes, such as Streptoverticillium
rubrireticuli and Streptomyces longisporus ruber form
prodigiosin and/or derivatives of this molecule!*"?",
The actinomycete prodiginines include the linear
tripyrrole undecylprodiginine 1 and several isomeric,
cyclic derivatives such as butylmeta-
cycloheptylprodiginine 2, ethyl-meta-
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Fig. 1: Structures of some prodiginines produced by
actinomycetes 1-6 and the structure of
prodigiosin 7%,

cyclononylprodiginine 3 and

methylcyclodecylprodiginine 4 (Fig. 1)™7.  The
antitumour antibiotics BE18591 5 and roseophilin 6
(Fig. 1), isolated from Streptomyces sp. BA18591 and
Streptomyces griseoviridis respectively, can also be
considered as members of the prodiginine family % **,
The biosynthesis of prodigiosin (7, Fig. 1) by Serratia
marcescens and of several actinomycete prodiginines
has been examined by the incorporation of labeled
precursors® L A complete pathway for prodiginine
biosynthesis has been deduced by analysis of the red
cluster in Streptomyces coelicolor A3 (2), including
assignment of putative enzymatic functions for the
proteins encoded by 16 of the 21 previously
uncharacterized genes in the cluster. Confirmation of
the role of some of the enzymes in the deduced pathway
is provided by gene deletion experiments””. The
studies demonstrated that undecylprodiginine is derived
from one unit of proline, one unit of glycine, one unit of
serine and several units of acetate, via a convergent
pathway involving condensation of 4-methoxy-2,2P-
bipyrrole-5-carboxaldehyde (8, Fig. 2) and 2-
undecylpyrrole (9, Fig. 2) at a late stage. The
macrocyclic prodiginines appear to be derived from
undecylprodiginine by oxidative cyclisation (Fig. 2). In
early genetic studies, mutants defective in prodiginine
biosynthesis that had been generated by UV irradiation
were grouped into five classes (redA-E) according to
their cosynthesis behavior™. Mapping of these
mutations to the S. coelicolor chromosome indicated
that they were clustered. Subsequently, a gene encoding
an O-methyltransferase required for a late step in
prodiginine biosynthesis was cloned by
complementation of the redE mutation”*’.
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Fig. 2: The biosynthetic origin of undecylprodiginine
and three cyclic derivatives deduced from the
incorporation of labeled precursors™”!

This was followed by the cloning of other biosynthetic
genes covering >21 kb of the chromosome by
complementation of further classes of red mutants,
eventually leading to the cloning of the entire
prodiginine biosynthesis cluster and its expression in a
heterologous host “*#!.

Among the proteins of assigned function, there are
homologues of those involved in the biosynthesis of a
diverse array of natural products including fatty acid
synthases'*?), type I modular polyketide synthases>”, no
ribosomal peptide synthetases®” and K-oxoamine
synthases - key enzymes in porphyrin and biotin
biosynthesis'****. The deduced pathway provides a
framework for developing a detailed understanding of
the mechanisms governing selectivity in key
prodiginine biosynthetic enzymes and suggests several
strategies for engineering the biosynthesis of novel
prodiginines””. A mutant strain of S. marcescens
produced nor-prodigiosin, in which the methoxy group
of prodigiosin is replaced by a hydroxy group. Another
mutant strain produced a blue tetrapyrrole pigment
whose structure is a dimer of prodigiosin rings A and B.
Three novel biosynthetic analogs of prodigiosin have
been obtained using a colorless mutant which does
make rings A and B but not ring C and which can
couple rings A and B with some added monopyrroles
similar to ring C. The structures of three prodiginine
(prodigiosin-like) pigments from Streptomyces have
been elucidated. All have the methoxytripyrrole
aromatic nucleus of prodigiosin and all have an 11
carbon aliphatic side chain attached at carbon 2 of ring
C. In two of the pigments the side chain is also linked
to another carbon of ring C. The earlier literature about
prodiginine pigments from actinomycetes has been
interpreted and evaluated in light of the most recent
findings. The structure elucidation of six prodiginine
pigments from Actinomadurae (Nocardiae) has been
completed. Only one, undecylprodiginine, is the same
as from a Streptomycete. For three of the six pigments,
nine carbon side chains are observed and in four of
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them the side chain is attached to carbon 5 of ring A as
well as carbon 2 of ring C so that a large ring is formed
which includes the three pyrrole moieties. The final
step in the biosynthesis of prodigiosin was known to be
the coupling of methoxybipyrrolecarboxaldehyde (rings
A and B) with methylpentylpyrrole (ring C). Recent
work using 13C-labeled precursors and Fourier
transform 13C nuclear magnetic resonance has shown
the pattern of incorporation for acetate, proline, glycine,
serine alanine and methionine into prodigiosin. Each
pyrrole ring is constructed in a different way **’. Other
investigators have reported that most clinical strains
form a pigment if furnished with 4-methoxy-2, 2’-
bipyrrole-5-carboxyaldehyde (MBC), a precursor of
prodigiosin. To determine whether the pigment was
prodigiosin, 65 white strains of S. marcescens isolated
from patients. On the basis of response to MBC, the
strains to one of three classes: class 1 (14 strains),
strains remaining white; class 2 (48 strains), strains
becoming gray or pink; and class 3 (3 strains), strains
becoming blue. Ethanol extracts of bacteria of classes 2
and 3 did not behave like prodigiosin when acidified or
alkalinized and the pigment spectra were not similar to
prodigiosin spectra. If strains of class 3 were furnished
with MBC plus 2-methyl-3-amylpyrrole (MAP), the
other immediate precursor of prodigiosin, the pigment
synthesized was characteristic of prodigiosin. Strains of
classes 1 and 2 responded identically to MBC plus
MAP and MBC alone. Although the majority of S.
marcescens white strains from patients formed
pigments in the presence of MBC, the pigments were
not prodigiosin. A few strains did synthesize
prodigiosin, but only if furnished with both MBC and
MAP ",

Prodigiosin production inhibitory factors

Inorganic phosphate: The studies demonstrated that
synthesis of prodigiosin by non-proliferating cells of
Serratia marcescens is depended to presence of
inorganic phosphate (Pi) concentrations. A high
elevation of pigment formation was obtained at less
than or equal to 0.3 mM and a broader but much lower
elevation was obtained at 10 to 250 mM Pi. The
synthesis of two immediate precursors of the pigment
also was inhibited by Pi. The mechanism of action of Pi
did not involve changes in pH or accumulation of the
trace metal nutrient iron or zinc. Inhibition was most
pronounced when Pi was added to the induction system
before the onset of pigment formation. The inhibitor
also diminished the burst of alkaline phosphatase
activity that occurred in the period between the start of
induction and appearance of prodigiosin *’".

Inorganic  phosphate and ribose inhibited
prodigiosin formation in Serratia marcescens, but
adenine did not and ATP was not hydrolyzed by the
organism during the experiment '**).

Amino acids: Addition of alanine, proline, or histidine
to non-proliferating cells incubated at 27°C increased
the rate of protein synthesis and also caused
biosynthesis of prodigiosin. No increase in the rate of
protein synthesis was observed upon the addition of
amino acids that did not stimulate prodigiosin
biosynthesis. Increased rates of synthesis of ribonucleic
acid (RNA) and of deoxyribonucleic acid (DNA) (a
small amount) also occurred after addition of amino
acids that resulted in biosynthesis of prodigiosin. After
incubation of 24 h, the total amount of protein in
suspensions of bacteria to which alanine or proline was
added increased 67 and 98%, respectively. Total
amounts of DNA and of RNA also increased before
synthesis of prodigiosin. The amounts of these
macromolecules did not increase after addition of
amino acids that did not induce biosynthesis of
prodigiosin. However, macromolecular synthesis was
not related only to prodigiosin biosynthesis because the
rates of DNA, RNA and protein synthesis also
increased in suspensions of bacteria incubated with
proline at 39°C, at which temperature no prodigiosin
was synthesized. The quantities of DNA, RNA and
protein synthesized were lower in non-proliferating
cells than in growing cells. The data indicated that
amino acids causing biosynthesis of prodigiosin in non-
proliferating cells must be metabolized and serve as
sources of carbon and of nitrogen for synthesis of
macromolecules and intermediates. Prodigiosin was
synthesized secondarily to these primary metabolic
events . Nonproliferating cells of Serratia
marcescens, wild-type strain Nima, synthesized the
pigment, prodigiosin, when saline suspensions were
incubated with aeration at 27°C in the presence of
proline or alanine. Mutants PutS1 and PutS2 derived
from strain Nima formed prodigiosin from alanine, but
not from proline, unless alanine also was added. Strain
Nima utilized proline as a sole source of carbon and of
nitrogen for growth, whereas Put mutants did not.
Investigation of enzymes degrading proline showed that
the wild-type strain contained proline oxidase, which
was absent in Put mutants. The wild type, as well as the
mutants, was utilized alanine as the sole source of
catbon and nitrogen for growth.  Although
Nonproliferating cells of Put mutants failed to
synthesize prodigiosin from proline, addition of L-{U-
14C} proline to suspensions metabolizing and
synthesizing the pigment because of addition of alanine
resulted in the incorporation of radioactive label into
prodigiosin, as well as into cellular protein. Since Put
mutants could not catabolize proline, the incorporation
of {14C} proline into the prodigiosin molecule
indicated that proline was incorporated directly into the
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Glucose: Glucose was found to cause severe repression
of prodigiosin production in Serratia marcescens and a
dose related partial reversal was demonstrated by
theophylline. It is suggested that this reversal is due to
the inhibition of cAMP phosphodiesterase and the

concomitant increase in cellular cAMP concentration
[51]

Respiration activity: The respiration rate of a
pigmented strain decreased earlier than that of non
pigmented strains in the late exponential or early
stationary phase. However when prodigiosin synthesis
was not induced by exchange of carbon sources in the
medium, the decrease in the respiration rate of the
pigmented strain was the same as that of non pigmented
strains. Measurement of the oxygen consumption rate in
the sonicated cell membrane by adding NADH solution
showed that the rate in the pigmented strain was lower
than that in non pigmented strains. Furthermore, the cell
membrane of prodigiosin-induced organisms was more
sensitive to respiration inhibitors than that of pigment-
non induced organisms of the pigmented strain. These
results showed that the respiration activity was
decreased by prodigiosin synthesis in S. marcescens .

Genetic: The products of the fIhDC operon, FIhD and
FIhC, are global gene regulators in enteric bacteria. For
example, the expression of many genetic determinants
involved in cell division, cell differentiation,
swarming/swimming motility and virulence is
controlled by fIhDC **>***) That the fInDC operon is
an important regulator was first noted in a hierarchical
system that controls the synthesis of the bacterial
flagellum in Escherichia coli ", Homologues have
subsequently been described in Shigella species,
Salmonella typhimurium, Serratia liquefaciens and
Proteus mirabilis ' 3> % %2 In Serratia marcescens, an
important opportunistic human pathogen'®*®, the
differentiation of swarmer cells involves a change from
short motile vegetative cells with a few peritrichous
flagella to multinucleate, aseptate swarm cells that are
40-80 times larger and exhibit overproduction of
surface flagella'®®!. Eberl er al. " showed that the
fIhDC operon of S. liquefaciens, when artificially over
expressed in LB broth culture, initiates the swarmer cell
differentiation of S. liquefaciens. Using cell elongation,
flagella over synthesis and the expression pattern of hag
(the gene encoding the flagellin subunit, as shown by
Harshey et al'® as markers for swarmer cell
differentiation, demonstrate in S. marcescens that cells
with differentiation characteristics can be observed in
LB broth culture without artificial over expression of
the flhDC operon'®”. Thus, it is possible that cell
differentiation is growth phase dependent and occurs
under normal physiological conditions when the flhDC
operon reaches peak expression in S. marcescens.
Whether factors in the rich media also play a role in the
initiation of cell differentiation is still unknown '®*),

S. marcescens produces a number of virulence factors,
including protease, chitinase and lipase, that are
substrate regulated ', Unlike most catabolic enzymes,
the expression of the nuclease gene, nucA, in S.
marcescens is not regulated by substrate catabolite
repression, but by an SOS-like system """ and a growth
phase-dependent system which is independent of SOS
induction '°. Since the dominant genetic regulator of
nucASm expression in S. marcescens remains to be
identified and expression of the virulence factor
phospholipase is regulated by the fThDC operon in S.
liquefaciens, '*®. In S. marcescens, the flhDCSm operon
activates the expression of the nuclease gene nucASm,
in addition to the activation of phospholipase gene
expression, control of cellular motility and cell division
8] Serratia marcescens mutants defective in
production of the red pigment prodigiosin and the
biosurfactant serrawettin W1 in parallel were isolated
by transposon mutagenesis of strain 274. Cloning of the
DNA fragment required for production of these
secondary metabolites with different chemical
structures pointed out a novel open reading frame
(ORF) named pswP. Since serrawettin W1 belongs to
the cyclodepsipeptides, which are biosynthesized
through the NRPSs system and one pyrrole ring in
prodigiosin has been reported as a derivative of L-
proline tethered to phosphopantetheinylated PCP, the
mutation in the single gene pswP seems responsible for
parallel failure in production of prodigiosin and
serrawettin W11,

Prodigiosin gene expression: Assays of bacterial gene
expression make attractive teaching tools for several
reasons. First, bacteria modulate their gene expression
quickly in response to environmental cues such as cell
density, growth temperature and growth medium.
Bacterial messenger RNA molecules are typically
degraded with half-lives measured in minutes versus
the hours of stability for eukaryotic transcripts. Second,
many bacteria express pigments under certain
conditions. Because most pigments absorb light at some
defined wavelength, pigment expression may be easily
monitored spectrophotometrically. Third and perhaps
most importantly, bacteria are easy to propagate in the
teaching laboratory . Prodigiosin is expressed as a
secondary metabolite in the general method of gene
expression called quorum sensing > ™. Growth in
liquid culture at low cell density allows low-level
expression of a membrane permeable positive regulator
of  prodigiosin  expression. The intracellular
concentration of the regulator remains low at low cell
density due to its diffusion across the cell membrane
after synthesis. However, as cell density increases in a
closed system, the intracellular concentration of
regulator increases to a threshold needed for activation
of prodigiosin expression. Thus, high levels of
prodigiosin are expressed in liquid culture only at high
cell density. A similar phenomenon operates with
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colonies grown from single cells on agar plates ™.

Very small and widely spaced colonies are initially
non-pigmented; coloration first develops near a colony
diameter of about 1 millimeter "

Apoptotic effect of prodigiosin: Apoptosis is a form of
cell death in which cells actively participate in their
own destructive processes. This process is characterized
by morphological ®* ™ 7 and biochemical/molecular

[77. 38761 criteria. Cells undergoing apoptosis shrink and
lose their normal intercellular contacts and
subsequently exhibit cytoplasmic and chromatin

condensation and internucleosomal cleavage of DNA.
In the final stages, cells become fragmented into small
apoptotic bodies, which are then eliminated by
phagocytosis. Several bacterial pathogens have been
identified as mediators of apoptosis in vitro and during
pathogenesis "®). These pathogens have developed
different strategies to survive inside the host, overcome
natural defenses and thus cause disease. Induction of
host immunosuppression by triggering apoptosis in
phagocytes, like polymorph nuclear neutrophils (PMN)
and macrophages, might represent an advantage in
bacterial invasion, since these are the most dangerous
cells for bacteria. Several pathogens like Shigella spp
1 and Salmonella spp ™' induce apoptosis in
macrophages. Furthermore, the induction of PMN
apoptosis by Actinobacillus actinomycetemcomitans has
been suggested !, Bacterial toxins like leukotoxin, a-
toxin and haemolysin form pores in the eukaryotic cell
membrane and disrupt the cell via osmotic swelling "
8831 Other toxins like diphtheria toxin and exotoxin A
inhibit protein synthesis, causing apoptosis in
eukaryotic cells > *!. Yoshida er al. ™ identified an
acidic glycoprotein purified from the crude extract of
Streptococcus pyogenes Su, which showed cell growth
inhibition in vitro and antitumour activity in vivo. Vero
toxin 1, the active component of the bacteriocin
preparation from Escherichia coli, induces apoptosis in
human cancer cell lines “*' and eliminates human
astrocytoma xenografts ®'. The prevention of neoplasia
by agents from bacteria that inhibit cancer cell
proliferation but are not toxic to healthy cells is an
exciting prospect. Apoptosis is involved in the action of
several cancer- chemotherapeutic agents. In the last few
years, the selection of new drugs associated with
apoptosis that would be expected to be effective against
tumors with high proliferation like leukemias and
lymphomas has been introduced into screening for new
anticancer drugs . Prodigiosin released from .
marcescens 2170 to the culture medium induced
apoptosis in four haematopoietic cancer cell lines
(Jurkat, NSO, HL-60 and Ramos) but not in
nonmalignant  cells (NIH-3T3 and MDCK).
Furthermore, prodigiosin is equally active in other
cancer cell lines like SW-620, DLD-1 and HGT-1 (all
of gastrointestinal origin) and indicates that prodigiosin
may have potential as new antineoplastic candidate ",

In 1998, Han et al. 921 described a T-cell specific
immunosuppression associated to prodigiosin; however,
they showed that prodigiosin did not cause significant
decrease in the splenic lymphocyte viability for 24 h of
incubation at concentrations from 1 to 1000 nM, similar
to our results in nonmalignant NIH-3T3 cells !, UP
inhibits equally well both T and B human lymphocyte
proliferation, but not transformed leukaemic cell
lines™! | suggested that cell-cycle related proteins such
as retinoblastoma (Rb) and cyclin-dependent Kinase-2
and -4 (Cdk-2 and Cdk-4) are the target molecules of
UP to induce growth arrest in G human T and B
lymphocytes. Mortellaro et al. ' reported that a
synthetic analogue of UP, PNU156804, has a biological
effect indistinguishable from UP and efficiently inhibits
the activation of NF-kB and AP-1 transcription factors.
Inhibition of NF-kB substantially enhances the
apoptotic potential of cancer therapies . However,
Kawauchi ef al. ! and Azuma er al. *® suggested that
apoptosis is the mechanism of action of cPrGHCI to
induce suppression of T cell proliferation. The molecule
cPrGHCI inhibits proliferation and induces apoptosis in
hepatocellular carcinoma cell lines, showing IC values
from 276 to 592 nM, compared with 8395 nM in
isolated normal rat hepatocytes, at 72 h ", The results
show an IC for prodigiosin of 225 nM in Jurkat in a
shorter assay (4 h). However, the mechanisms
underlying the apoptotic effect of prodigiosin are
unknown. cPrGHCI inhibits vacuolar ATPase *® and
like other vacuolar ATPase inhibitors, it acidifies the
cytoplasm and apoptosis [, The results showed that
prodigiosin-induced apoptosis is blocked by Z-
VAD.fmk, indicating that these caspases are involved
in prodigiosin-induced apoptosis in haematopoietic
cancer cell lines”". Interestingly, prodigiosin induces
apoptosis in Jurkat and HL-60 cells, both of which are
p53 deficient " This evidence indicates that
prodigiosin-induce apoptosis by a p53-independent
mechanism. Oncogenesis is often associated with
defects in p53. As prodigiosin-induced apoptosis is
p53-independent, this could mean an advantage over
other chemotherapeutic drugs ''"*'°"!. The elucidation of
the mechanisms involved in the apoptotic action of
prodigiosin and its evaluation as a possible anticancer
drug warrants further investigation ' among different
apoptosis of B and T cells from B-CLL samples %%,
This is the first report showing that prodigiosin induces
apoptosis in human primary cancer cells "%, The
researches demonstrated that prodigiosin induces
apoptosis of human haematopoietic cancer cell lines
derived from acute T-cell leukemia, promyelocytic
leukemia, myeloma and Burkitt lymphoma "%,
Prodigiosin also induces apoptosis in cells derived from
other human tumors "**'* Cycloprodigiosin, another
member of the prodigiosin family, induces apoptosis in
various cancer cell lines including acute human T-cell
leukemia ' promyelocytic leukemia "* human and rat
hepatocellular cancer ") human breast cancer I’ and
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TNEFE-stimulated human cervix carcinoma (HeLa) "%,

The National Cancer Institute (Bethesda) has also
shown that prodigiosin has an average IC50 of 116725
nM "% The effect of prodigiosins on normal
lymphocytes is more controversial. It has been reported
that prodigiosin inhibits the proliferation of murine
splenic T lymphocytes at nontoxic concentrations with
no effect on B-cell proliferation “*'%7. Contrast,
cycloprodigiosin induces apoptosis of activated murine
splenic T cells . Although the toxicity of prodigiosin
for normal human B cells has not been tested, the
results presented here show that B and T cells from B-
CLL samples have the same sensitivity to prodigiosin-
induced apoptosis.

Drawbacks: The mechanism by which prodigiosin
induces apoptosis is unknown %!, Other prodigiosins
lack apoptotic activity, thus undecylprodigiosin and its
derivative PNU15804 inhibit the proliferation of human
B and T Ilymphocytes with no effects on cell
death,”"'® indicating that they may act through a
different mechanism. PNU156804 blocks IL-2-
dependent NF-kB and AP-1 activation ! and it is a
selective inhibitor of Janus tyrosine kinase 3(Jak3) "',
Current B-CLL therapies do not demonstrate
specificity, thus fludarabine is cytotoxic for T
lymphocytes "% Interestingly, in a subset of
samples, prodigiosin is less toxic than fludarabine for
normal T cells, while having similar effect in B-CLL
cells. Furthermore, prodigiosin induces apoptosis in B-
CLL cells that are resistant to treatment with
fludarabine '®*!. Cycloprodigiosin also inhibits NF-kB
activation "'° although prodigiosin does not !, Taken
together, these results suggest that inhibition of these
signaling pathways cannot explain the apoptotic activity
of prodigiosins in B and T lymphocytes "%\, In vitro,
prodigiosin binds to DNA, facilitating oxidative
double-strand DNA cleavage that correlates with
cytotoxicity "' DNA  damage induces the
accumulation of p53 tumor suppressor protein %,
However, p53 was not induced by prodigiosin in B-
CLL cells. Furthermore, prodigiosin induces apoptosis
in Jurkat and HL-60 cells that are p53-deficient"*.
These results suggest that prodigiosin induces apoptosis
independently of p53 and DNA damage'®.
Prodigiosins promote H'/CI™ a symport activity leading
to acidification of the cytosol. This activity has been
implicated in cycloprodigiosin-induced apoptosis
because imidazole inhibits both acidification and
apoptosis in different human cancer cell lines''%*71%],
This is the first report showing that prodigiosin induces
apoptosis in human primary cancer cells. Under-
standing the mechanism of prodigiosin-induced
apoptosis and identification of its molecular target
would help to design more potent agents to induce
apoptosis of B-CLL cells''%*!.

Toxigenic effect of prodigiosin: The effects of
prodigiosin and its fractions PE-1, C-2, A-3, E-4, were
extracted in five organic solvents, petroleum ether,
chloroform, acetone, ethanol and methanol, on
embryogenesis showed the whole pigment and C-2
fraction to be highly toxigenic while other fractions
demonstrated toxicities approaching LD50 values of
26-30 mug egg™' when dissolved in 100% dimethyl
sulfoxide. The E-4 fraction in DMSO was least toxic.
95% ethanol proved to be highly toxic at a dose level of
0.1 ml egg™" indicating that it was an unsuitable solvent
for studies of this nature. Disc-agar diffusion sensitivity
studies were performed against E.coli, E .aerogenes, S.
aureus, B. subtilis and P. aeruginosa with prodigiosin
and fractions dissolved in 100% DMSO. The solvent
was found to have no diffusible bacteriostatic activity in
vitro. However, prodigiosin and the ethanol (E-4) and
methanol (M-5) fractions produced inhibition zones
with every organism tested. Data indicate that
prodigiosin extracts have toxigenic effects on chick
embryos and inhibit the growth of several species of
bacteria''"*!,

CONCLUSION

Prodigiosins, a family of natural red pigments
characterized by a common pyrrolylpyrromethane
skeleton, are produced by various bacteria that first
characterized from Serratia marcescens. In this
particular species, very small and widely spaced
colonies are initially non-pigmented; coloration first
develops near a colony diameter of about 1
millimeter'’?. Serratia marcescens expresses pigments
under certain conditions. Because most pigments
absorb light at some defined wavelength, pigment
expression may be easily monitored
spectrophotometrically. This promising pigment has
having antifungal, immunosuppressive and anti-
proliferate activity and consider being a protein. This
particular protein of assigned functions are homologues
of those involved in the biosynthesis of a diverse array
of natural products including fatty acid synthases, type I
modular polyketide synthases, no ribosomal peptide
synthetases'™. The apoptotic effect of prodigiosin is
concluded by various researchers*” % The
assignment of putative enzymatic functions for this
particular proteins encoded by 16 of the 21 previously
uncharacterized genes in the cluster. Confirmation of
the role of some of the enzymes in the deduced pathway
is provided by gene deletion experiments®’.
Prodigiosin family has various members such as
Cycloprodigiosin, This particular compound induces
apoptosis in various cancer cell lines including acute
human T-cell leukemia, promyelocytic leukemia,
51951 hyman and rat hepatocellular cancer ”) human
breast cancer "' and TNF-stimulated human cervix
carcinoma
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(HeLa)!"®!. Prodigiosins promote H*/CI" a symport
activity leading to acidification of the cytosol. This
activity has been implicated in cycloprodigiosin-
induced apoptosis because imidazole inhibits both
acidification and apoptosis in different human cancer
cell lines!*"'%) Under-standing the mechanism of
prodigiosin-induced apoptosis and identification of its
molecular target would help to design more potent
agents to induce apoptosis of B-CLL cells!"",
Prodigiosin can be extracted with organic solvents,
petroleum ether, chloroform, acetone, ethanol and
methanol. Several different compounds have toxigenic
effect of prodigiosin. The effects of prodigiosin and its
fractions on embryogenesis showed the whole pigment
and C-2 fraction to be highly toxigenic while other
fractions demonstrated toxicities approaching LD50
values of 26-30 mug egg™' when dissolved in 100%
dimethyl sulfoxide. The E-4 fraction in DMSO was
least toxic. 95% ethanol proved to be highly toxic at a
dose level of 0.1 ml egg™ indicating that it was an
unsuitable solvent for studies of this nature.
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