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General Introduction

Cyanobacteria are well known as promising source of valuable chemicals for
human usage. They have been identified as one of the most attractive group of
organisms for novel bioactive natural products [1]. Especially, cyanobacteria in tropical
area are very wide in diversity and they are potent producers of unique metabolites
which exhibit interesting bioactivities. However, most of them remain unexplored.
Therefore, screening of cyanobacteria producing bioactive metabolites has been a
critical part to discover novel useful chemicals applicable to various fields.

Most bioactive metabolites synthesized by cyanobacteria are accumulated
intracellularly, but several of them are excreted, such as polypeptides [2] and
polysaccharides [3, 4]. Some researchers reported that cyanobacteria may derive an
advantage from the excretion of such compounds to inhibit the growth of competitors
[5] or transmit the signals to other microorganisms [6, 7]. According to this knowledge,
the extracellular metabolites have high possibilities to possess useful activities for many
applications such as herbicides, pesticides, medicine and so on. With respect to
bioprocess production, secretion of products from cells would have an advantage,

because it can simplify or remove the extraction and purification steps.



Moreover, the production of extracellular pigment is very unique phenomenon,

since most of extracellular metabolites produced by cyanobacteria have no color. In the

previous study, Hirata er al. reported that tropical freshwater cyanobacteria Nostoc

spongiaforme TISTR 8169 isolated in Thailand produced an extracellular violet

pigment. The pigment, named nostocine A, exhibited growth inhibitory activity to

various organisms. Nostocine A generates superoxide anion radical in the presence of

oxygen and NAD(P)H in the manner similar to paraquat [8, 9].

In this study, I found that two tropical freshwater cyanobacterial strains,

Oscillatoria sp. BTCC/A0004 and Scytonema sp. TISTR 8208, produce pink pigments

extracellularly (Fig. 1). They were isolated in Indonesia and Thailand, respectively.

The pigments are expected as novel cyanobacterial metabolites since there are no such

pigments which have been reported so far. The objective of this study is to characterize

the production of the novel extracellular pink pigments and evaluate their bioactivities.

Oscllifatoria Scylonema

Fig. 1 Extracellular pink pigments

produced by Oscillatoria and Scytonema.



Chapter 1
Characterization of extracellular pink pigments produced by cyanobacteria

Oscillatoria sp. and Scytonema sp.

1.1. Introduction

As mention in general introduction, I found that two tropical freshwater
cyanobacteria Oscillatoria sp. BTCC/A0004 and Scytonema sp. TISTR 8208 released
pink pigments into medium. Since there are no such pigments which have been reported
so far, the characterization of the pigments is priority objective.

At first, I confirmed that the pigments were excreted from actively growing cells.
Next I tried purification of the pigments. Finally, the physical properties of purified

pigments were analyzed.

1.2. Materials and methods

1.2.1. Algal strains and cultivation conditions
Oscillatoria sp. BTCC/A0004 and Scytonéma sp. TISTR 8208 were obtained

from The Indonesian Institute of Sciences in Indonesia and the Thailand Institute of



Scientific and Technological Research (TISTR) in Thailand, respectively. All reagents
were purchased from Nacalai Tesque, (Kyoto, Japan), except where noted.

Oscillatoria sp. and Scytonema sp. were sub cultured in test tubes (3 cm i.d. x 20
cm) containing 50 ml of modified C medium at pH 7.5 with the following composition:
(per liter) 5 g KNOs, 0.1 g KH2P04, 0.05 g MgS04.7H,0, 0.005 g FeCl,, 2.86 mg
H;BOs, 1.81 mg MnCl,.4H,0, 0.22 mg ZnS04.7H,0, 0.018 mg (NH4)¢M070,4.4H,0,
and 0.075 mg CuS04.5H,0. The cells were cultivated with aeration (10 ml min'l, 1%
CO2) at 25°C under 50 pmol photons m? s™ of continuous illumination using white
fluorescence lamps. For measurement of cell growth and pigment production, 4-day-old
seed cultures of both Oscillatoria sp. and Scytonema sp. were transferred to fresh media
and adjusted to 0.1 of ODggo. Incubation conditions were the same as for seed cultures

except for light intensity was 100 umol photons m?st.

1.2.2. Determination of growth and pink pigment concentration
The time courses of cell growth were monitored by measuring ODggo. 1 of ODggo
value corresponds to 0.99 mg cell dry weight ml™. The extracellular pink pigment

concentration was determined by measuring Abssg of culture media.



1.2.3. Purification of pink pigment

The concentrated media of 8-days-old Oscillatoria and Scytonema cultures
including the extracellular pigments were applied to ultrafiltration using 10,000 Dalton
molecular weight cut of filter (Amicon Ultra, Millipore, Billerica, MA, USA). The
pigments were purified by gel filtration chromatography on a Superdex 75 column (30
mm i.d. x 1000 mm) associated with AKTAprime (Amersham Biosciences, Uppsala,
Sweden). Equilibration of column and elution of pigments were performed with 50 mM
sodium phosphate buffer, pH 7.0. Eluates were monitored by absorbance at 280 nm of
wavelength. Fractions with pink color were collected and subsequently dialyzed against
1 liter of milli-Q water for 24 h' at 4°C with three changes of milli-Q water. The
dialysates were centrifuged at 10,000 x g for 20 min at 4°C and the supernatants
collected were refrigerated for further investigation. Intracellular pigments were
obtained by resuspension of cells in the modified C medium, then subjected to
freeze-thaw cycles of -20°C and stored in dark for 24 h at 4°C. The crude extracts were
centrifuged at 10,000 x g at 4°C for 10 min and the supernatants were subsequently

lyophilized and refrigerated for further investigation.



1.2.4. Electrophoresis

The molecular weights of pink pigments were determined according to ref. [15].
Native-PAGE and SDS-PAGE were performed using a mini-protean II electrophoresis
unit (Bio-Rad,'USA) with a 4 % stacking gel and a separating gel of 10 % or 12 %,
respectively. The separatipn was carried out at 30 mA for 1 h. NuPAGE (Invitrogen)
was used as molecular mass marker. In addition, R-phycoerythrin (R-PE) derived from
Corallina officinalis (Sigma, USA) was used as the pink pigment standard. Proteins

were stained with Bio-safe Coomassie (Bio-Rad, USA).

1.2.5. Spectrophotometric analysis

The absorption spectra of the pink pigments were determined using a U-2000
Spectrophotometer (Hitachi, Japan). The scan wavelength range was 300-700 nm. The
fluorescence emission spectra were determined using Fluorescence spectrophotometer
F-2500 (Hitachi, Japan) with 498 nm of excitation wavelength. All spectra were

recorded at room temperature.

1.2.6. Stability to light irradiation

Stability of the pigments against light irradiation was determined according to

ref. (13). The solution examined in quartz cuvet was putted on the chamber and



immersed by running water in a thermostat at 25°C. The sample was exposed to strong
white light (1000 pmol photons m?s™)at different period. The maximum absorbance
(Absssonm) of the pigment solution was adjusted at approximately 1.0 before irradiation.
Change of absorption values were monitored spectrophotometrically (U-2000, Hitachi,

Japan).



1.3. Results

1.3.1. Cell growth and pink pigment production
In order to understand correlation of cell growth and extracellular pink pigment

production of Oscillatoria and Scytonema, the time courses of them were monitored

(Fig. 2).
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Fig. 2 Cell growth and extracellular pink pigment production of Oscillatoria and
Scytonema. The strains were cultivated in the modified C medium with aeration (10 ml
min?, 1 % CO, in air) at 25°C under 100 photons pmol m™s™ of continuous illumination
using white fluorescence light. DCW is dry cell weight. Values are the mean of = SDs of

three independent experiments.

As shown in the Figure 2, typical growth phases in the batch culture including
lag (up to day 2), exponential growth (from day 2 to day 8) and declining growth (after

day 8) phases were observed. The time courses of pink pigment productions by both



strains were well correlated with cell growth. The amount of the pigments in the media

significantly increased on exponential growth phase. These results indicated that the

production of the pigments occurred in actively growing cells. The growth decreased at

day 10 might be due to limitation of the nutrient in the media and influence to cells

death. Under microscope investigation, several broken cells were found at day 10 (data

not shown). Consequently, the pigment productions were also decreased.

1.3.2. Comparison of intracellular and extracellular pigment profiles

To further confirm that the pigments were excreted by actively growing cells,

the intracellular and extracellular pigment profiles were compared. The concentrates of

media and cellular extracts from 6-day-old culture of both strains were subjected to

SDS-PAGE (Fig. 3).

Extracellular pigment Intracellular pigment
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Fig. 3 SDS-PAGE profiles of extracellular
and intracellular pigments produced by
Oscillatoria (A) and Scytonema (B). Samples
were concentrated media and cellular extracts of
6-day-old Oscillatoria sp. and Scytonema sp.
cultures. The pink and blue bands in the gel were
indicated by pink and blue arrows, respectively.
Lane (-) and (+) show the gel before and after
staining by CBB.



In both strains, the total profile patterns in the gel between extracellular and
intracellular pigments were different. One pink band was observed in the medium
concentrate. On the other hand, two pink bands and one blue band were observed in the
concentrate of cellular extracts. After Coomassie brilliant blue (CBB) staining, the
position and density of these bands and other bands were also different. These results
suggested that the extracellular pigments were actively released into medium from
growing cells rather than simple leakage from dead cells.

Similar results were obtained with Oscillatoria and Scytonema cultures in
pigment production. The following experiments also showed no difference between
pink pigments from Oscillatoria and Scyfonema cultures. Consequently, only data on

pink pigment from Oscillatoria are shown in the following manuscript.

1.3.3. Physical properties of the extracellular pink pigment

The pink pigment produced by Oscillatoria was purified by ultrafiltration and
gel filtration with Superdex column (Fig. 4). Two fractions with strong absorbance at
280 nm of wavelength were obtained by gel filtration. One fraction possessed pink color

and the other was colorless. This pink color protein was named OsPP.

10



Fig. 4 Gel filtration chromatogram of pink
160

140 é pigment produced by Oscillatoria sp. The
2 o g : concentrated pigment was subjected to
zg 22 2 § Superdex 75 column and elution with 50 mM
< 40 5 of phosphate buffer. The elution profile was
22’ llllll ]\k monitored by absorbance at 280 nm.
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The pink fraction obtained from gel filtration was subjected to Native-PAGE
and SDS-PAGE (Fig. 5). A Native-PAGE of the OsPP yielded one pink band with 250
kDa of molecular weight before staining with CBB. After staining, one blue band was
observed at the same position of pink band. In addition, SDS-PAGE also showed one
pink band in the gel with approximately 20 kDa of molecular weight. After staining
with CBB, two bands were clearly observed with molecular mass of approximately 18
and 20 kDa, respectively. These results were confirmed that OsPP is an oligomeric

protein with two types of subunits.

marker marker

(KDa) B)
260
(kDa)
30
- 20
15
2 + +

Fig. 5 Native-PAGE (A) and SDS-PAGE (B) of purified OsPP.
Lane (-) and (+) show the gel before and after staining by CBB

% + +
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OsPP was water soluble proteins and presented as bright pink under white light.

Furthermore, yellow fluorescence was observed under irradiation with UV-light at 365

nm (Fig. 6). The UV-VIS absorption spectrum of OsPP showed two peaks with

absorption maxima at 560 and 620 nm. In addition, the fluorescence emission maximum

wavelength of the OsPP was 580 nm with a 498 nm of excitation (Fig. 6).

These fluorescence properties seemed to be similar to one of phycoerythrin (PE).

Furthermore, PE standard derived from Corralina oficinalis (CoPE) was analyzed with

same method to OsPP (Fig. 7). In Native-PAGE, CoPE showed one pink band before

staining with CBB and one blue band after staining with approximately 240 kDa of

molecular weight. CoPE was water soluble and presented bright pink under white light.

The fluorescence yellow was also observed under UV-light at 365 nm. In addition

CoPE showed the fluorescence emission maxima at 580 nm with a 498 nm of excitation.

These results strongly indicate that OsPP is PE-like protein.
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Fig. 7 Native-PAGE (A) and fluorescence emission spectrum (B) of phycoerythrin
standard derived from Corralina oficinalis. The experimental conditions were the
same to Fig. 5 and 6. Lane (-) and (+) show the gel before and after staining by CBB.

The OsPP showed more resistant than PE against light irradiation (Fig. 8). The
absorption of OsPP at 560 nm was almost not changed after exposed to strong light

(1000 pmol photons m?s™) up to 240 min. In contrast, at the same time the absorption

of PE was decreased almost two fold.

{J-PE

0.21

Change of absorbance at 560nm

0 6.0 1'20 1I8E| 2'40

Irradiation time (min)
Fig. 8 Change in absorption of OsPP and PE under light irradiation. OsPP and PE
solution were exposed to strong white light (1000 pmol photons m™s™) at different period.

The initial absorbances at 560 nm of samples were adjusted at approximately 1.0. Change of

absorption values were monitored spectrophotometrically (U-2000, Hitachi, Japan).
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1.4. Discussion

In this study, I found novel extracellular pink pigments excreted by actively
growing cells of cyanobacteria Oscillatoria sp. and Scytonema sp. The extracellular
pink pigment production significantly increased during exponential growth phase and
paralleled the cell growth (Fig. 2). Furthermore, different profiles of extracellular and
intracellular pigments were clearly observed (Fig. 3). These results suggested that the
extracellular pigments were actively released into medium from growing cells rather
than simple leakage from dead cells.

The pigments were expected as novel cyanobacteria metabolites since there are
no reports on such pigments. Native-PAGE analysis showed that the apparent molecular
mass of OsPP was 250 kDa (Fig. 5). In addition, SDS-PAGE revealed that the OsPP is
an oligomeric protein with two types of subunits. OsPP was water soluble and presented
fluorescence yellow under UV-light at 365 nm. The absorption spectrum of puriﬁed
OsPP showed two absorption maxima at 560 and 620 nm (Fig. 6). The emission
spectrum of OsPP obtained with at 498 nm of excitation had a maximum fluorescence
emission at 580 nm (Fig. 6). The physicals properties of OsPP as mentioned above were
similar to PE standard (Fig. 7). PE is known as the most abundant type of

phycobiliproteins in algae [10], which functions as light harvesting antenna pigment.

14



The pigment has large absorption coefficient, high quantum yield in fluorescence, and
high Stokes shift. Therefore, PE had potentially useful for a number of applications. It
has been extensively investigated for usage as fluorescent dyes in bio-assay [11, 12].
Furthermore, it has also been studied for application to photodynamic therapy by
making use of its photosensitising activity [13, 14].

Since the OsPP exhibited physical properties similar to PE, it might be
substituted application instead of PE. Moreover, the OsPP showed more resistant to
strong light irradiation than PE (Fig. 8). This better point will imply more useful
application of OsPP.

In conclusion, results of this chapter demonstrated that pink pigments produced
by Oscillatoria and Scytonema were excreted from actively growing cells and exhibited

physical properties similar to PE.

15



Chapter 2

Bioactivities of extracellular pink pigment produced by Oscillatoria sp.

2.1. Introduction

In the chapter 1, I found that extracellular pink pigments produced by
Oscillatoria and Scytonema were excreted from actively growing cells. Cyanobacteria
may derive and advantage from the production of extracellular metabolites to combat of
other organisms of the same habitat with function as allelochemicals [15]. In this
regards, I assume that the pink pigments secreted into medium might possesses similar
function as allelochemical exhibiting growth inhibitory activity against competing
organisms in natural environment.

In addition, several metabolites produced by cyanobacteria and other
phytoplankton possess functions as ‘photosensitisers (PS) were also documented.
Photosensitiser is the chemicals are able to generate reactive oxygen species (ROS) by
light energy. PS is not toxic until exposed to light with specific wavelength, which can
lead to energy transfer to oxygen and other substances, producing toxic reactive species
such as singlet oxygen and free radicgls which act on various constituent of the cells

resulting in cell death [16].

16



Metabolites showing photosensitizing activity have been attractive attention, in
particular, rise in microbial resistant to antibiotic requires the development of new
antibacterial strategy. Photodynamic antimicrobial chemotherapy (PACT) utilizes light
in combination with a PS to induce a phototoxic reaction present a promising alternative
to the use of PS to combat resistant microbial [17]. On the other hand, application of
photosensitiser for photodynamic therapy (PDT) on cancer treatment is already in
clinical use. However, the most widely use of PS such as hematoporphyrin derivatives
appear several limitations, such as low absorption coefficient in the phototherapeutic
region and dermal photosensitivity resulted from prolonged retention of these agent in
the skin [13]. These limitations have led to search for improved PS for PDT.

In this study, therefore bioactivities of OsPP to various microorganisms were
investigated. To confirm the OsPP as photosensitiser, generation of reactive oxygen
species from light-irradiated OsPP was analyzed. In addition, to consider useful
application of OsPP as photosensitiser, growth inhibitory activity against cancer cells

was also evaluated.

17



2.2. Materials and methods

2.2.1 Growth inhibition assay

To evaluate that extracellular pink pigment released to culture medium has
potent growth inhibitory activity, 2.5 mg ml” of medium concentrates obtained from
different cultivation period of Oscillatoria culture were added to culture of green algae
Chlorella fusca and Chlamydomonas reinhardtii. Cells were incubated in the same

2 51 and growth inhibitory activity was

condition with light 30 umol photons m
determined after incubation period 4 days.

To further evaluate the inhibitory concentration 50 % (ICsp) of the pigment,
different concentrations (0.1, 0.5, 1, 5 and 10 mg ml™) of concentrated 8-day-old
Oscillatoria culture media were added to culture of various microorganisms (Table 1).
Green algae and cyanobacteria cultures were incubated in a cultivation box and supplied
with air containing 1 % CO, and continuous illumination with white fluorescence light
at 30 umol photons m? s?. Growth inhibitory activities were determined after
incubation period 4 days.

Two bacteria Escherichia coli and Bacillus subtilis were precultivated in the test

tube containing 5 ml of Nutrient Broth at 37°C for 24 h in the dark. The cells then

transferred to Erlenmeyer flask containing 100 ml of same medium and incubated until

18



the ODggo was obtained to 0.5. Two millilitre of the cell suspension was inoculated into
a 24-well tissue culture plate containing 0.1, 0.5, 1, 5 and 10 mg ml™ of concentrated
8-day-old Oscillatoria culture media. Growth inhibitory activities were observed after

incubation of cells at 37°C for 24 h in the dark.

2.2.2. Effect of light irradiation on growth inhibitory activity of OsPP

To evaluate the effect of light irradiation on growth inhibitory activity of OsPP,
green algae C. fusca cell was treated with 2 mg ml™” of OsPP. C. fusca cell without
OsPP was used as a control. The cells then exposed to light (200 pumol photons m?s™)
with white fluorescence light or in the dark for 15, 30 and 60 min. After incubated of C.
Jusca cell with light-irradiated OsPP or non-irradiated one, the treated cells were picked
up and transferred to fresh medium then incubéted in same condition with light. Growth

inhibitory activity was observed by measuring of growth C. fusca cell every two days.

2.2.3. In vitro analysis of reactive oxygen species (ROS)
The purified OsPP solution (250 pg ml™) in sodium phosphate buffer pH 7.0
was added by 12 pl of 100 mM 5,5,-dimethyl-1-pyroline-N-oxide (DMPO) (Labotex,

Dojindo Chemical, Japan). The solution was mixed well by vortex mixing to introduce

19



air, incubated for 1 min at 25°C then irradiated by 200 umol photons m?s” white light
or non-irradiated. The photogeneration of hydroxyl radicals or superoxide radical anions
from the OsPP solution were analyzed by an electron spin resonance (ESR)
spectrophotometer (JES-TE200, JEOL, Japan) under the following conditions: Field
modulation frequency, 9.42338 GHz; power, 8.0 mW; magnetic field, 335%5 mT; field
modulation width, 0.1 mT; time constant, 0.1 s; receiver gain, 200; sweep time, 2 min;
temperature, 21°C. Typical signals of superoxide anion and hydroxyl radicals standard
were obtained from reaction mixture of xanthine and xanthine oxidase and H,O, and

FeSOy, respectively.

2.2.4. Growth inhibitory activity of OsPP against cancer cells

To evaluate the effect of light-irradiated purified OsPP against cancer cells,
A549 (human lung cancer cell) was used as a target cell. The A549 cells were seeded in
a 96-well flat-bottom culture plate at a density of 5 x 10° cells 100 ul™ well’ and
cultured for 12-24 h at 37°C with 5 % CO;. 20 ul of OsPP or PE solution were added to
each cell at final concentration of 1, 0.3, 0.1, 0.03 mg ml™? per well, and were then
incubated for 1-3 h at room temperature with or without light exposure. Subsequently,

cell viability was evaluated by WST-8 assay kit (Nacalai Tesque, Kyoto, Japan)

20



according to manufacture’s protocol. Briefly, 10 pl of WST-8 solution was added to
each well and the cells were incubated for 1 hour. Growth inhibitory activity was
determined by measure OD460/600. OD value from untreated cells was designated

100 % as a control. Each point represents the mean £ SD from three independent

cultures.

21



2.3. Results

2.3.1. Growth inhibition assay

Growth inhibitory activity of medium concentrates obtained from different
cultivation period of Oscillatoria cultures are shown in the Figure 9. Growth of C. fusca
and C. reinhardtii were inhibited by 2.5 mg ml™” of medium concentrates of 6, 8 and 10-
day-old cultures of Oscillatoria sp. when pink pigment was clearly detected in the
medium. On the other hand, growth was not affected by the addition of the 4-day-old
medium concentrates, in which pink pigment was not detected. Furthermore, increasing
of concentration of medium concentrates tend to increase growth inhibitory activity

(data not shown). These results indicated that extracellular pink pigment has potent

growth inhibitory activity.
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Fig. 9 Growth inhibitory activity of medium concentrate from different cultivation
period of Oscillatoria cell against C. fusca (A) and to C. reinhardtii (B). Cells were
cultivated in 2.5 mg ml” of 4, 6, 8 and 10-days-old cultures of Oscillatoria sp. and incubated

in the light for 4 days. Values are the mean + SDs of three independent experiments.
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To further evaluation of growth inhibitory activity of the pigment, ICs, was
investigated. Different concentrations (0, 0.1, 0.5, 1, 5 and 10 mg ml™) of concentrated
8-day-old Oscillatoria culture media were added to the culture of various
microorganisms.

The growth inhibition against C. fusca and C. reinhardtii  were
concentration-dependently increased and ICsos were 0.5 mg ml’ and 6 mg ml”,
respectively (Fig. 10). In contrast, ICsy was not observed at more than 10 mg ml™” of
medium concentrates against cyanobacteria and other bacteria tested (Table 1). These
results indicated that OsPP has potent growth inhibitory activity against green algae
specifically. In particular, the growth of C. fusca was intensively inhibited by the OsPP.

Therefore, C. fusca cell was used for further investigation.
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Fig. 10 Dose response of OsPP against C. fusca (A) and C. reinhardtii (B).
Cells were cultivated in various concentrations of OsPP and incubated in the light for 4 days.
Value from untreated cell was designated 100 % as control. Values are the mean + SDs of

two independent experiments.
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Table 1. Growth inhibitory activity 50 % (ICs)

of OsPP to various microorganisms

Strain ICso (mg ml™)
C. fusca 0.5
C. reinhardtii 6
Oscillatoria sp. >10
Scytonema sp. >10
E. coli >10
B. subtilis >10

2.3.2. Effect of light irradiation on growth inhibitory activity of OsPP

To evaluate the effect of light irradiation on growth inhibitory activity of OsPP,
green algae C. fusca cell was treated with 2 mg ml” of OsPP. C. fusca cell without
OsPP was used as a control. After incubated of C. fusca cell with light-irradiated OsPP
for 15, 30 and 60 min, the treated cells were picked up and transferred to fresh medium
then incubated in same condition with light. Results from this experiment are shown in
the Figure 11. Open circle symbols mean growth of C. fusca cell with light-irradiated
OsPP and closed circle symbols mean growth of C. fusca cell in non-irradiated OsPP. In
addition, open square and closed square symbols mean growth of C. fusca cell without

OsPP, respectively.
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conc. of OsPP
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Fig. 11 Effect of light irradiation on growth inhibitory activity of OsPP against C. fusca.

C. fusca cell was treated by 2 mg ml” of light-irradiated OsPP or non-irradiated OsPP for 15, 30
and 60 min, respectively. C. fusca cell without OsPP was used as control. Conditions of
treatment to C. fusca cell are indicated with symbols as shown in the figure. DCW is dry cell

weight. Values are the mean + SDs of two independent experiments.

It was clearly observed, growth of C. fusca cells was more strongly inhibited by
light-irradiated OsPP than non-irradiated OsPP. Furthermore, the activity increased with
increasing the period of light irradiation. Tn addition, when concentration of the OsPP
was doubled (4 mg ml™), growth inhibitory activity of the OsPP to C. fusca cell was
also increase nearly two fold in the irradiation times dependence manner (data not

shown). These results indicate OsPP functions as photosensitiser agent.
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2.3.3. In vitro analysis of ROS
To verify that the OsPP possesses photosensitising activity, ESR analysis of

purified OsPP solution was performed (Fig. 12).

A) B
Superoxide anion radical signal
Mn2* Mn2* Light-irradiated OsPP

Non-irradiated OsPP

Hydroxyl radical signal

Light-irradiated
buffer without OsPP

Fig. 12 ESR spectra of standards (A) and OsPP solution (B). Purified OsPP solution (250
pg ml™) containing DMPO (100 mM) were irradiated by 200 pmol photons m™s™ for 15 min.

The ESR analysis conditions are presented in the materials and methods.

When signals in the right side graph were compared to typical spectra of
standards, the typical spectrum of hydroxyl radicals were clearly observed from light-
irradiated OsPP. In contrast, no signals of hydroxyl radicals were detected from
non-irradiated OsPP or from light-irradiated buffer solution without OsPP. These results
indicated that hydroxyl radicals were generated from light-irradiated OsPP.

To further confirm that hydroxyl radicals were generated by light-irradiated

OsPP, effects of catalase (CAT) and dietylene triamine penta-acetic acid (DTPA) were
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investigated (Fig. 13). CAT and DTPA are well known as specific scavengers for

hydrogen peroxide and hydroxyl radicals, respectively.

N OsPP \ | OsPP+DTPA. 1 mM

OsPP+ inactivated CAT,
100 pgfmi

A OSPP+CAT,
100 pgmi

Fig. 13 ESR spectra of light-irradiated OsPP in the presence of catalase (CAT) and
dietylene triamine penta-acetic acid (DTPA). The concentration of CAT and DTPA are
shown in the Figure. Purified OsPP solution (250 pg miI™”) containing DMPO (100 mM) were
added by CAT and DTPA and irradiated by 200 pmol photons m?s” for 15 min. The ESR

analysis conditions are presented in the materials and methods.

As shown in the Figure 13, more than 50 % of hydroxyl radical signals were
inhibited by CAT addition, but addition of heat-inactivated CAT showed no effect.
These phenomena indicated that OsPP would generate hydrogen peroxide followed by
conversion to hydroxyl radical. Furthermore, addition of DTPA significantly reduced
the signal intensity of hydroxyl radicals. These evidences further confirm that hydroxyl

radicals were generated from light-irradiated OsPP.
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2.3.5. Growth inhibitory activity of OsPP against cancer cells

growth inhibitory activity against cancer cells was investigated (Fig. 14).

To consider further useful application of OsPP as photosensitiser, evaluation of
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Fig. 14 Growth inhibitory activity of OsPP and PE against A549 cancer cell.

5 x 10° 100 pI™ well” cancer cells were treated by various concentration of light-irradiated
OsPP and PE (open circle and square symbols) or non-irradiated (closed circle and square
symbols) for 1-3 hour. Value from untreated cell was designated 100 % as control. Each point

represents the mean + SDs from three independent cultures.

Growth of cancer cells was strongly inhibited after celis were exposed to
light-irradiated OsPP for 1 h than non-irradiated one. Similar phenomenon was
observed under light irradiation period for 2 h at the concentration of OsPP less than 1
mg ml™. However, increasing light irradiation period for 3 h did not increase growth
inhibitory activity of the pigment. Overall, growth inhibitory activity of OsPP was

stronger than PE.
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2.4. Discussion

Several planktonic and terrestrial cyanobacteria are well known to produce a
wide range of secondary metabolites [18]. In particular, extracellular metabolites
might involve in allelopathic interactions to photoautotrophic organisms (algaecide). In
the case of freshwater cyanobacteria, this algaecide produced in order to eliminate other
photoautotrophic organisms in the same habitat particularly algae, which might compete
for nutrients and light that would limit growth of the cyanobacteria [6].

OsPP was thought to function as allelochemicals in the natural environment. To
confirm its function, growth inhibitory activities of OsPP to various organisms were
investigated. OsPP inhibited the growth of green algae C. fusca and C. reinhardtii (Fig.
10), but did not inhibit the growth of cyanobacteria and bacteria (Table 1). These results
indicated that growth inhibitory activity of OsPP was effective against green algae. To
our knowledge, this is the first report to demonstrate that an extracellular pink
pigment-like PE shows growth inhibitory activity against green algae.

Interestingly, the growth inhibition of OsPP against C. fusca cell occurred much
greater in the light than in the dark (Fig. 11), indicating that OsPP functioned as
photosensitizing agent. The proposed pathway for photochemical process of

photosensitiser in photokilling organisms is presented in Figure 15.
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Fig. 15 Proposed pathways for generation of ROS from photosensitisers

When exposed to light of specific wavelength, the sensitizer is transformed from
its ground state into excited state (triplet state) via a short-lived excited singlet state.
The excited triplet can undergo two kinds of reactions; first, it can react with substrates,
such as the cell membrane directly and transfer an electron to form highly free radicals.
These radicals interact with oxygen to produce oxygenated products such as superoxide
anion (O;") and hydroxyl radicals (OH) (type I reaction). Second, the triplet can
transfer its energy directly to oxygen, generating singlet oxygen ('0,), a potent
oxidizing agent (type II reaction) [13, 16]. 10, and "OH are well known as the major
mediator of photochemicals to damage cells in many type of PS. They induce

deleterious effects including lipid peroxidation and membrane damage. It was also
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reported that photokilling of photosensitiseré act on multiple targets biomolecules such
as genomic DNA, proteins and enzymes [19].

Growth inhibitory activity of OsPP was more effective against green algae
(eukaryote) cells than against bacteria (prokaryote) cells. It was reported that eukaryotic
cells were less sensitive to algaecidal than prokaryotic cells [20]. Moreover, hydroxyl
radical was known specifically inhibiting photosystem II, which lack in prokaryotic
cells. A number of herbicides including cyanobacterin, which is a toxin produced by
cyanobacteria, induce damage to thylakoid membranes, resulting in loss of chlorophyll
and inhibiting a site in the vicinity of photosystem II [21]. Increases in intracellular
concentrations of hydroxyl radicals, caused by exposure of cells to photosensitizers,
stimulated the apparent photodamage to PS II was also documented.

In addition, hydroxyl radical is also generated by green algae itself during
photosynthesis which might further contribute to inhibition of their growth. Hirayama et
al. demonstrated that hydroxyl radical was generated from the living cells and involved
on photoinhibition of Chlorella vulgaris [22]. Inhibition of photosynthetic efficiency
and the specific growth rate same to be coupled in Spirulina maxima [23].

C. reinhardtii showed more resistance to the growth inhibitory activity of OsPP

than C. fusca (Fig. 10). Among green algae, C. reinhardtii is well known as tolerance
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strain to oxidative stress. This alga has been used as model organism for studying
adaptive responses in photosynthetic organisms [24]. C. reinhardtii possesses several
enzymatic and non enzymatic defense mechanisms to the toxicity of ROS. The
enzymatic defense mechanisms in C. reinhardtii are mainly based on the activity of
some enzymes like CAT, gluthatione peroxidase (GSH), ascorbate peroxidase (APX),
and superoxide dismutase (SOD). These enzymes eliminate different type of ROS. SOD
is superoxide radical scavenger, while CAT and APX are hydrogen peroxide scavengers
[25]. In the non enzymatic responses, glutathione, ascorbate, vitamin E and carotenoids
work as scavengers of ROS.

OsPP does not inhibit the growth of Oscillatoria and Scytonema, presumably
they have mechanisms for self-protection against their own bioactive metabolites and
these mechanisms might be unique to photosynthetic organisms where protection to
herbicidal compounds is required [21]. This phenomena further confirm that the growth
of Oscillatoria decreased at day 10 (Fig. 2) was not by toxicity of the pigment but due
to limitation of nutrient in the media.

Prokaryotic cells, especially Gram negative bacteria such as E. coli appeared to
be more resistant to photodynamic action of PS, because the specific of cellular

envelopes, in particular to the existence of the outer membrane. The outer membrane is
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essential barrier against the penetration of hydrophobic or high-molecular weight
compounds into the cells, and it seems to prevent the binding of these compounds to the
inner, cytoplasmic membranes. There is evidence that the binding of the PS to the
cytoplasmic membrane is essential for the killing effect of the photodynamic action to
occur. In the photodynamic action of PS, the production of ROS mediated by the exited
triplet state of PS molecules should not be dependent on the binding of the PS to the
cells. However, in some PS, the efficiency of photodynamic action was proportional to
the incorporation of these PS in to the cells, suggesting that incorporation of the PS into
the cells is important. Dependent on a particular chemical structure, some PS can bind
or attach to the cells consequently causing much higher effectiveness of these
compounds [26].

Other possibility that OsPP does not inhibit growth of cyanobacteria or bacteria
is because the concentration of OsPP is low. 10 mg ml' of 8-days-old medium
concentrates containing OsPP used in this study was corresponding to 122 pg ml™ of
purified pink pigment. This concentration might not quite enough to produce hydroxyl
radicals in the level which the toxicity occurred against both cyanobacteria and bacteria
strains (data not shown). It was reported that photosensitization of PS was dependent on

the concentrations of the dyes. For example, light-irradiated phycocyanin less than 125
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ug ml? did not affect to E. coli cell, at least when exposed for a maximum of 20-min
illumination (2.4 X 10° J m™?). Light-irradiated phycocyanin showed photosensitizing
activities to the cell when its concentration reached at 250 pug mi” [27]. In additiqn,
although a range of toxicity of hydrogen peroxide (acts as hydroxyl radical generation)
against E. coli is as low as 0.7 mg I (20.6 uM), the most common concentration of
hydrogen peroxide for bioremediation has been 100 mg 1" which corresponds to 2.94
uM [28].

Surprisingly, light-irradiated OsPP showed growth inhibitory activity against
human lung carcinoma cell A549 (Fig. 14). Almost 50 % of cancer cells were inhibited
after treated by light-irradiated OsPP (1 mg ml™) for 1 hour. In contrast, only 10 % of
cancer cells were inhibited by non-irradiated one. However, prolong on light irradiation
period (3 h) did not increase growth inhibitory activity of the pigment. In case of cancer
cells, apoptosis has been shown to be a rapid and dominant form of cell death following
PDT in multiple experimental setting. It was proposed that apoptosis was induced by
hydroxyl radicals resulting in the suppression of cancer cells proliferation. However,
molecular mechanism of cell death due to hydroxyl radicals on PDT is not fully

recognized.
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Interestingly, growth inhibitory activity of light-irradiated OsPP was stronger
than PE. Up to 1 mg ml! PE, increasing light irradiation period did not increased
growth inhibitory activity of PE. These results indicated that puriﬁed OsPP possesses
photosensitizing activity more effective than PE against cancer cell.

Recently, PE is considered to exhibit several advantageous over the presently
used hematoporphyrin derivatives (HPD) in PDT, i.e., readily preparation and
purification compared to HPD, high molar extinction coefficient, wide UV-visible
absorption, no side effects and significantly reduction of normal tissue photosensitivity
because of its fast metabolism in vivo [13]. Based on these points, it is greatly expected
that OsPP will be new type of photosensitiser applicable on PDT.

In conclusion, this study demonstrated that OsPP behave photosensitizing agent.
It was proposed that hydroxyl radicals generated from the light-irradiated OsPP might
totally or partially contribute to the photokilling and photoinhibition of OsPP against
green algae and cancer cell. To consider further useful application of OsPP as
photosensitiser, clarification of detail mechanism of its functions and evaluation of
photosensitizing activity to cancer cells, pathogenic bacteria as well as eukaryotic

microorganisms (fungi and yeast) are necessary.
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Chapter 3

Effect of environmental factors on pink pigment production

3.1. Introduction

Results from the Chapter 1 demonstrated that OsPP exhibited physical
properties similar to PE. PE has gained tremendous interest due to excellent
spectroscopic properties. It has been extensively investigated and exploited
commercially for usage such as for fluorescent dyes in bio-assay [11, 12]. In this
regards, OsPP might be substituted chemicals of PE. In addition, OsPP has potent
growth inhibitory activity against green algaec and cancer cells with function as
photosensitizer (Chapter 2). These results indicated that OsPP is promising substance
for application in various fields. Therefore, investigation of its production is critical part
to obtain high yield of the pigment.

In many papers, the effects of nutrient, light, pH, temperature and co-cultivation
with competitive organisms on the synthesis of cyanobacterial metabolites were well
documented [29-32]. It was expected that those factors might also stimulate the
production of OsPP. Therefore, in this chapter the factors which stimulate cell growth

and OsPP production were investigated.
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3.2. Materials and methods

3.2.1. Algal strains and cultivation conditions

Oscillatoria sp. BTCC/A0004 was cultivated in the same conditions as
described in the Chapter 1. Other cyanobacteria Anabaena cylindrica NIES 19,
Anabaena variabilis NIES 23 and green algae Chlorella fusca IAM C-28 and
Chlamydomonas reinhardtii IAM C-238 were obtained from the National Institute for
Environmental Studies, in Japan. The cyanobacteria and green algae were cultivated in

the same conditions to cultivation of Oscillatoria sp.

3.2.2. Effect of different media
Three different culture media named C, modified C and No 18 media, in which
nutrient compositions are different were tested (Table 2). The cultivation methods were

same to basal cultivation condition.

3.2.3. Effect of various temperature and pH

To evaluate the effect of various temperature and pH on the pigment production,

Oscillatoria cell was cultivated under condition where temperature (25, 30, 40°C) and
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pH (6.5, 7.5 and 8.5), respectively. Other parameters are same to basal cultivation

condition.

Table 2. Chemical composition of three culture media @h

Components No 18 C Modified C
NaCl (mg) 70 - -
MgSO4 7H,0 (mg) 380 40 50
CaCl, H,O (mg) 106 - -
Fey(SO4)3 nHyO (mg) 10 - -
Na,EDTA 2H,0 (mg) 27 1000 -
K>;HPO, (mg) 600 - 100
H3BO; (img) 3 - 2.86
MnSO,4 4H,0 (mg) 2 - -
Na;MoO4 2H,0 (mg) 8 2.5 -
ZnS0O4 TH,0 (mg) 0.3 22 0.22
CuSO4 5H,;0 (mg) 0.08 - 0.075
CoCl; 6H,0 (mg) 0.03 4 -
Titriplex III (g) 0.07 - -
Ca(NOs3) 4H,0 (mg) - 150 -
KNOs(g) - 0.1 5
FeCl; (mg) - 196 -
MnCl, 4H,0 (mg) - 36 1.81
Tris (hydroxymethyl) - 500 -
aminomethane (mg)
NaH,PO4 2H,0 (mg) - 50 -
Vitamin B (ug) - 0.1 -
Biotin (ug) - 0.1 -
Thiamin HCI (ng) - 10 -
FeCl, (mg) - - 5
(NH4)6Mo07024 4H,0 (mg) - - 0.018

38



3.2.4. Effect of light quality

To investigate the effects of light quality on cell growth and pink pigment
production, the cells were cultivated in 100 ml of modified C medium in Petri dishes (6
and 9 ¢cm in depth and diameter, respectively). The dish was placed in a transparent
cultivation box and illuminated continuously with 30 pmol photons m™ s fluorescence
light quality and aeration with 1 % CO,in air, 25°C. White, blue and green light were
supplied with three 10 W fluorescence lamps (National, Japan). The pink light was

supplied with three 10 W fluorescence lamps (NEC, Japan).

3.2.5. Effect of co-cultivation with competitors

To evaluate the effects of co-cultivation with competitors, cyanobacteria (4.
cylindrica and A. variabilis) or green algae (C. fusca and C. reinhardtii) were cultivated
together with Oscillatoria under the same conditions to cultivation of Oscillatoria

alone.
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3.3. Results

3.3.1. Effect of different culture media

In order to find the factors which stimulate cell growth and pink pigment

production, the effects of various environmental factors were investigated. The effects

of different media on cell growth and OsPP production were presented in Figure 16.

The highest cell growth and OsPP production were obtained in modified C

medium. Modified C medium contains more nitrogen (KNOs) than two other media

evaluated (Table 2). It is well known that nitrogen is an essential element required for

the growth and synthesis of various metabolites [29]. This might be one of the reasons

why cell growth and OsPP production in modified C medium were higher than those in

the other media.
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Fig. 16 Effect of different media on growth (A) and pigment production (B) of Oscillatoria sp.
The cell was cultivated in various media in the light (100 pmol photons m™s™) and aeration of 1 %
CO;, in air at 25°C. DCW is dry cell weight. Values are the mean + SDs of three independent

experiments.
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3.3.2. Effects of light quality

Light is the primary energy source and play an important role in photosynthetic
organisms including cyanobacteria. There are several reports that light quality as well as
light intensity showed significant effects on growth and metabolism in cyanobacteria
[33-36]. The effects of light quality on cell growth and OsPP production are shown in

Figure 17. The cell growth and OsPP production were stimulated significantly by pink

light irradiation.
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Fig. 17 Effects of light quality on growth (A) and pigment production (B) of Oscillatoria
sp. Cells were cultivated under different wavelengths of light at 30 umol photons m?s™. The
production of OsPP in the medium was measured for 16-day-old Osillatoria sp. DCW is dry

cell weight. Values are the mean + SDs of three independent experiments.

3.3.3. Effect of co-cultivation with competitors
To evaluate the effect of competitors on pigment production, Oscillatoria was

co-cultivated with cyanobacteria 4. cylindrica, A. variabilis and green algae C. fusca
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and C. reinhardtii, respectively. These strains are commonly found as co-existing

organisms in aquatic environment in tropical area. Among them, only weak stimulatory

effect was observed by co-cultivation of Oscillatoria with A. cylindrica (data not

shown).

The effect of other factors, such as light intensity, pH and temperature were also

investigated. However, no factors exhibiting significant stimulation on cell growth and

OsPP production (data not shown).
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3.4. Discussion

Among the environmental factors were evaluated, the effects of different media
and light quality show significant effect on cell growth and OsPP production. Three
different media C, modified C and No 18 are known as culture media for cultivation of
freshwater cyanobacteria. These media were also used for cultivation of several
freshwater cyanobacteria available in our laboratory. Under modified C medium, the
pink pigment in culture media was clearly observed on 6-day-old Oscillatoria, which is
correspond to the absorbance value (Absseg) of 0.02. On the other hand, the pigments
from grown cells in No 18 and C media were observed on 10-day-old Oscillatoria,
respectively.

The highest cell growth and OsPP production were obtained from grown cell in
modified C medium (Fig. 16). The nitrogen concentration in modified C is higher (5 g
L™ than C medium (0.1 gL ™) orinNo 18 (0 g L™). The correlations between nitrogen
concentration and cells growth as well as on the pigment production were well
documented. Nitrogen is an essential major element required for the synthesis of
primary and secondary amino acids, proteins, nucleic acids, coenzymes, chlorophyll and
other accessory photosynthetic pigment such as phycobiliproteins in cyanobacteria [29].

It was reported that the concentration of KNO; as nitrogen source was found to be an
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essential factor influencing the growth of Synechocystis sp. PCC 6701. In contrast, the
growth and phycobiliproteins content in several cyanobacteria decreased during
nitrogen starvation/limitation [37].

On the other hand, K;HPO4as phosphorus source is also known as essential to
algal growth because it was important roles in many cellular processes and it is
maintaining pH of culture media by it buffering capacity [38]. Modified C medium
containing phosphorus (100 mg L as K,HPO4) might be appropriate concentration for
growth of Oscillatoria strain. BG-11 medium supplemented with phosphorus (10 mg
L' as K,HPO,) was significantly stimulated the cell growth and phycoerythrin
production of Nostochopsis lobatus [38]. In contrast, high levels of phosphorus in
medium was inhibited the growth of Anabaena variabilis [39]. It was reported that
nitrate (KNOs3) and phosphate (K,HPO4) were identified as major factors of cell growth
Synechocystis sp. PCC 6701 [37]. In this study, high cell growth and OsPP production
obtained from modified C medium were agreed with these phenomena.

Light qualities as well light intensity play an important role on the cell growth
and metabolite production in photosynthetic organisms, including cyanobacteria. For
example, in Rhodella reticulate, the production of algal biomass is enhanced by about

5-6 times in response to increased light intensities from 18 to 215 uE m™ s™ under white,
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green or red light. At low light intensity, B-phyéoerythrin content is preferentially
enhanced to 27 % under the influence of green light compared with red light [34]. The
phycocyanin content in the cyanobacteria Synechococcus sp. NKBG 042902 grown
under green or blue light is markedly low, while that of the cells grown under red light
is high [35]. The production of marennine, a blue pigment produced by the diatom
Halsela ostrearia, is controlled by blue-light radiation [32]. In addition, production of
micosporine-like amino acids (MAAs) and scytonemin in cyanobacteria, phytoplankton
and macroalgae has been observed as a response to counteract the damaging effect of
UV-radiation [36]. Therefore, the individual light regimen becomes a predominant
factor in affecting the productivity of algae.

It was reported that longer wavelength (540 nm) may not suitable for
chlorophyll and carotene synthesis but phycocyanin and PE significantly accumulated
under such wavelength. The chlorophyll synthesis was suited under white light and blue
light irradiation. Longer wavelengths such as green, yellow and red lights are the main
light adsorbed by photosystem II to produced highest phycocyanin and phycoerythrin
content in Spirulina fussiformis. This is because at higher light wavelength
phycobilisome is a highly efficient system for transferring energy to PS II reaction

center [40]. In addition, under red or pink light radiation, most of the photosynthetic
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energy can be diverted into new biomass due to high carbon investment efficiency [33].
In conjunction to these phenomena, cell growth and extracellular pink pigment
production of Oscillatoria strain were also stimulated proportionally under pink light
radiation.

Microbial interactions in the co-cultivation system can be mutual and
competitive. Studies concerning the competition between different microbes have been
aimed at elucidating the synthesis of secondary metabolites [41]. The predominant
hypothesis is that these secondary metabolites are synthesized and released to give the
producing organism a competitive advantage by killing or inhibiting growth of other
microbes [42].

In this study, co-cultivation of Oscillatoria with other cyanobacteria A.
cylindrica stimulated the pigment production (data not shown). There are two
hypotheses to explain the enhancement of OsPP production by co-cultivation system.
One is the enhancement by the certain signal compound released by this strain. As have
been reported, cell signalling during co-cultivation prevalent biochemical interactions
among them, both stimulatory and inhibitory interaction [43, 44]. Another hypothesis is
that changes in medium composition as a result of consumption by co-existing algae

trigger pigment production at an earlier growth period than that by Oscillatoria sp.
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cultivated alone. Increase of OsPP production during co-culture with other
cyanobacteria was considered as one strategy to inhibit competitors for nutrients
resources.

In conclusion, this chapter provides information that high cell growth and OsPP
production were obtained from cultivation of Oscillatoria strains in modified C medium
and under pink light irradiation. Modified C medium is simple in both chemical
composition and preparation than the other media. Therefore, this medium has

advantage for practical application on pink pigment production of Oscillatoria strain.
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General Discussion

The work presented in this thesis focused on the characterization of extracellular
pink pigments produced by tropical freshwater cyanobacteria Oscillatoria and
Scytonema and evaluate their bioactivities. Firstly, it was demonstrated that the pink
pigments were excreted extracellularly by actively growing cell. Different profiles
between extracellular and intracellular pigments on the gel of SDS-PAGE showed the
evidence of this phenomenon clearly. The pigments had approximately 250 kDa of
molecular weight and two types of subunits, indicating that the pigments are oligomeric
proteins. In addition, the pigments had the absorption maxima at 560 nm and 620 nm
and the fluorescence maxima at 580 nm (Chapter 1). These results suggested that pink
pigments exhibited physical properties similar to PE. PE is well known as one of
phycobiliproteins in which function as light harvesting antenna pigment found in
cyanobacteria and other prokaryotic algae. Although the pigments had physical
properties similar to PE, the bioactivities of the pigments seem to be totally different in
terms of cyanobacteria Oscillatoria and Scytonema, since the pigments are excreted

extracellularly rather than accumulated intracellularly.
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One high possibility about biological role of the pigment is that its functions as
an allelochemical exhibiting growth inhibitory activity against other competing
organisms in natural environment. These allelochemicals may also play a role in
defense against potential predators and grazers, particularly aquatic invertebrates and
their larvae. It was demonstrated that the OsPP has potent inhibitory activity speciﬁcallf
against eukaryotic green algae. Green algae such as Chlorella fusca and
Chlamydomonas reinhardtii are known as competitors of cyanobacteria in the aquatic
ecosystem. Therefore, it assumes that OsPP secreted into medium is one strategy to
inhibit against competitors.

Growth inhibitory activity against green algae C. fusca occurred much greater in
the light-irradiated OsPP than non-irradiated one, suggesting that OsPP is
photosensitizing agent (Chapter 2). Several cyanobacteria and other phytoplankton
metabolites are known to possess functions as photosensitisers. A photosensitiser is
chemicals that are able to generate reactive oxygen species (ROS) by light energy. ROS
including hydroxyl radical, hydrogen peroxide, superoxide anion and singlet oxygen are
known as major mediator on various biological degradations resulting in the cell death.

In this study, signals of hydroxyl radical were clearly observed from light-

irradiated OsPP. In contrast, no signal of hydroxyl radicals were detected from
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non-irradiated OsPP or from irradiated buffer solution without OsPP. These results
indicated that hydroxyl radicals are major reactive oxygen species generated by light-
irradiated OsPP. ESR analysis of light-irradiated OsPP in the presence of DTPA,
confirmed that phenomenon. On the other hand, hydrogen peroxide was thought to be
generated by light-irradiated OsPP and act as a source of generation of hydroxyl radical.
More than 50 % of hydroxyl radical signals were inhibited by the addition of CAT, but
addition of heat-inactivated CAT showed no effect. Base on these results, the following
hypothesis is proposed for the hydroxyl radical generation from light-irradiated OsPP

(Fig. 18).
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Fig. 18 Possible mechanisms of hydroxyl radical generation from OsPP under
irradiation in the presence of DMPO.
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Hydroxyl radicals are known specifically inhibiting photosystem II in
photosynthetic organisms. They are inducing damage to thylakoid membranes, resulting
in loss of chlorophyll, and inhibiting a site in the vicinity of photosystem II [23].
Therefore, growth of C. fusca was more strongly inhibited by light-irradiated OsPP as
mentioned above might be caused by hydroxyl radical. From these results, it was
strongly indicated that OsPP is photosensitizing agent.

Another interesting result during this work is the purified OsPP has potent
growth inhibitory activity against cancer cells. Surprisingly, growth inhibitory activity
of OsPP against A549 cancer cell was stronger than PE used in this study. Therefore, it
is greatly expected that new type of photosensitiser applicable on PDT will be found in
OsPP.

Base on these results, OsPP is promising substance for application in various
fields. Therefore, strategy to obtain high OsPP production is important. Among the
environmental factors were evaluated, the cell growth and OsPP production were
stimulated significantly by high nitrogen concentration in the media and pink light
irradiation (Chapter 3). Nitrogen is well known as an essential major element required
for the synthesis of primary and secondary amino acids, proteins, nucleic acids,

coenzymes, chlorophyll and other accessory photosynthetic pigments such as

51



phycobiliproteins in cyanobacteria. The availability of nitrogen is a key factor in
regulating the cell growth and production of metabolites, including pink pigments.
Nitrogen limitation in Oscillatoria willei BDU 130511 for example, resulted in the
reduction of photosynthetic pigments such as chlorophyll a, carotenoids and
phycocyanin. In addition, in photosynthetic organisms, N limitation triggers ordered
degradation of phycobilisomes and thylakoid membranes [45].

Light, on the other hand, is a very important environmental factor for all
photosynthetic organisms. Not only it is essential for photosynthesis but it is also
involved in the regulation of many aspects of cell growth and development. It is a basic
substrate for photosynthetic prokaryotes such as cyanobacteria. In particular, light
quality is known to affects metabolic and physiological characteristic of algae. It is
therefore cyanobacteria exhibit numerous responses to changes in the spectral of light
quality. In this study, the highest cell growth and OsPP production were obtained under
pink light radiation. Therefore, nitrogen concentration in the media and pink light
radiation are key factors regulation cell growth and pink pigment production of
Os.cillaz‘oria strain found in this study.

Overall, the work described in this thesis yielded very interesting results at both

fundamental and application levels.

52



Conclusions

In this study, characterization of pink pigments produced by freshwater
cyanobacteria, Oscillatoria sp. and Scytonema sp. and evaluation their bioactivities
were concluded as follow:

1. Pink pigment produced by Oscillatoria and Scytonema were excreted from actively
growing cells. The pigment produced by Oscillatoria sp. (OsPP) exhibits physical
properties similar to phycoerythrin one of cyanobacterial photosynthetic pigments,

phycobiliproteins.
2. The production of OsPP was growth-dependently occurred.

3. OsPP exhibited potent growth inhibitory activity specifically against green algae
Chlorella fusca and Chlamydomonas reinhardtii.
4. Light-dependent growth inhibitory activity of OsPP might be caused by ROS
generation, in which OsPP functions as a photosensitizer.
5. Cell growth and OsPP production were significantly stimulated by high
concentration of nitrogen in media and pink light radiation.
From these results, extracellular pink pigments produced by Oscillatoria and

Scytonema found in this study are novelties. OsPP exhibited physical properties similar
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to PE and shows more resistant to light imply the high potential application of the
pigment instead of PE. In addition, OsPP has potent growth inhibitory activity with
functions as photosensitizer, inform the advantageous commercial development of the
pigment for application in various fields. These are several progresses are obtained in
this study. However, further investigation of the mechanisms in detail will surely be
crucial to the possible application of the pigment for such purposes. In addition, the
extracellular pink pigments have seemingly other biological roles, in which still much

remains to be elucidated with respect to these roles.
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