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Abstract Photosynthetic microorganisms produce relative-
ly large amounts of physiologically active materials which
stimulate the physiological activity of other organisms. In
this study, mammalian HeLa cells were cultured in different
culture media which were Dulbecco's modified Eagle medi-
um (DMEM) with newborn calf serum (NCS), and DMEM
including different types of physiologically activating com-
pounds (PACs) extracted from Rhodobacter sphaeroides
grown under various culture conditions. R. sphaeroides
was grown under the following five different culture con-
ditions: anaerobically in the light, anaerobically in the dark
and treated with dimethyl sulfoxide, aerobically in the dark
for 48 h, in the light for 48 h, and in the light for 24 h and
changed after previous culturing in the dark for 24 h. The
growth of HeLa cell was measured by cell counting using a
hemocytometer, and the fluorescent intensities of cellular
lysosomes were measured to check the level of cellular
stress caused by adding PACs. The growth of HeLa cells
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cultured in DMEM with PACs extracted from R. sphaeroides
aerobically grown under dark conditions was enhanced com-
pared to that of cells grown with NCS. We also found that a
high concentration of pigments such as bacteriochlorophylls
and carotenoids and a high concentration of arginine produced
by R. sphaeroides aerobically grown in the dark were impli-
cated in increased growth of the HeLa cells. Therefore, our
results suggest that PACs extracted from R. sphaeroides aer-
obically cultured in dark conditions can enhance the physio-
logical activity of mammalian cells and serve as nontoxic and
bioavailable materials.

Keywords Rhodobacter sphaeroides - Physiologically
activating compounds - Mammalian cells - Light condition

Introduction

Rhodobacter sphaeroides is a purple non-sulfur photosyn-
thetic bacterium capable of growing aerobically and anaer-
obically in the light or anaerobically in the dark in the
presence of external electron acceptors such as dimethyl
sulfoxide (Rho et al. 2004). When grown anaerobically in
the light or dark, R. sphaeroides synthesizes an intracyto-
plasmic membrane (ICM) system, which constitutes the
photosynthetic apparatus and possesses the structural com-
ponents necessary for light energy capture, subsequent elec-
tron transport, and energy transduction (Rho et al. 2004).
The ICM is synthesized by R. sphaeroides during growth in
dark or light conditions with limited oxygen availability, and
it is likely that such conditions are widely encountered in
nature (Yeliseev et al. 1996).

CO, fixation has been intensively investigated in photosyn-
thetic bacteria, and through the Calvin reductive pentose phos-
phate pathway via ribulose 1,5-bisphosphate carboxylase-
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oxygenase, these organisms can produce organic compounds,
such as sugars from carbon dioxide. In addition, several of
these purple, non-sulfur bacteria produce substantial quantities
of useful materials such as amino acids, nucleic acid mate-
rial, vitamins, and bio-active substances (Lee et al. 2010;
Sasaki et al. 2005; Katsuda et al. 2004). In addition, for
organisms to use light as an energy source, pigments and
many specialized proteins are required, and considerable
metabolic energy is needed to synthesize and assemble all
the components of the photosynthetic apparatus (Gregor and
Klug 1999). The photochemically active complexes harvest
and convert light energy into chemical energy. The size and
structure of the photosynthetic apparatus are also influenced
by light (Zhu and Hearst 1986). Bacteriochlorophylls and
carotenoids are important structural and functional compo-
nents of the antenna complex and are involved in the capture
of light energy and the subsequent transfer of the excitation
energy to the reaction center, where the primary events of
photosynthesis take place. Paradoxically, the photosynthetic
apparatus is synthesized only in the dark, and synthesis
ceases in the presence of light. This seems to restrict the
use of light energy, because the photosynthetic complex that
remains from a preceding dark period is gradually diluted by
growth (Biebl and Wagner-Dobler 2006).

This study focuses on the impact of physiological activa-
tion in mammalian cells by mixed organic compounds
extracted from R. sphaeroides grown under differential cul-
ture conditions. Here, we refer to mixed organic compounds
extracted from R. sphaeroides as physiologically activating
compounds (PACs). In this study, R. sphaeroides was grown
under five different culture conditions: anaerobically in the
light, anaerobically in the dark and treated with dimethyl
sulfoxide, aerobically in the dark for 48 h, in the light for
48 h, and in the light for 24 h after culturing in the dark for
24 h. We focused on the extracted PACs from R. sphaer-
oides grown under each culture condition and have analyzed
the concentrations of various amino acids, bacteriochloro-
phylls, and carotenoids in each of the PACs. In addition,
HeLa cells were cultivated to evaluate the enhanced growth
effect and cellular stresses under PAC-supplemented culture
conditions.

Materials and methods
Extraction of PACs from R. sphaeroides

R. sphaeroides KCTC1434 (Korean Collection for Type
Culture, Daejeon) was grown in 250 ml Sistrom’s minimal
medium (Lee et al. 2010; Sistrom 1962) and incubated
anaerobically in the light for 48 h or dark for 48 h in the
presence of dimethyl sulfoxide. R. sphaeroides was also
cultured aerobically in the dark, light (at 15 W/m?), or dark
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after culturing under light conditions, at 30 °C using 180 rpm
shaking, and each culture was performed for 48 h. The cells
were centrifuged at 6,000 rpm for 15 min. The pellet was
collected and washed twice with distilled water. The ratio of
distilled water to solid, ultrasonic power, and duration were set
at 50:1, 40 %, and 30 min, respectively. R. sphaeroides cells
were disrupted by sonication (Sonics & Materials, Inc., USA)
for 30 min, and the samples were kept in ice. The samples
were centrifuged at 13,000 rpm for 10 min to obtain the
supernatant-containing PACs, and then PACs were filtered
prior to use.

Cell culture condition

HeLa cells were grown as monolayers in DMEM, supple-
mented with antibiotics, L-glutamine, and 5 % newborn calf
serum (NCS). Cells were grown at 37 °C in a humidified
atmosphere containing 5 % carbon dioxide (Villanueva et al.
2010). For treatments, an appropriate number of cells were
plated into 60-mm culture plates and incubated to allow
attachment. After 12-h incubation, NCS and PACs were
added to each plate (the final concentration of PACs in the
medium was 1, 5, or 10 %) for 24 h at 37 °C. For counting,
the cells were washed with phosphate-buffered saline and
collected using trypsin-EDTA for 2 min. When counting
cells under a microscope, Trypan Blue (10 uL) was mixed
with the cells by gentle pipetting. A sample (10 uL) of the
mixture was removed and placed on a hemocytometer.

Cytological staining with Lyso Tracker

HeLa cells were grown in a cell culture, rinsed once with
phosphate-buffered saline (PBS), and then stained with
100 nM Lyso Tracker Red DND-99 in the medium without
serum for 2 min at 37 °C (Yoon et al. 2010a, b). The cells
were washed with PBS and fixed with 4 % parachloroform
for 15 min at 37 °C. The cells were washed with PBS and
observed using confocal laser-scanning microscopy (LSM
510 META) at 543 nm, and images were generated using a
Zeiss LSM image browser.

Determination of pigments and amino acid concentrations

Carotenoids were extracted from R. sphaeroides and quantitated
as previously described (Gu et al. 2008). Bacteriochlorophyll
concentrations were measured after pigment extraction using
acetone/methanol (7:2) solvent (Cohen-Bazire et al. 1957).
High-performance liquid chromatography (HPLC, Waters
Alliance 2690 Analytical HPLC system) was used to deter-
mine amino acid content. The system was equipped with a
NovaPakTM Cl14 column and a Waters 747 scanning fluo-
rescence detector (Waters Co., USA). All results represent
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the data from at least three independent experiments and
include a mean value.

Data analysis

All results were obtained from three independent samples
conducted simultaneously for error analysis, and the results
and correlations for several experimental conditions are
shown, along with the standard deviation. The data were
analyzed using Sigma Plot (SPS Chicago, IL, USA). A p
value <0.05 was considered significant.

Results

Influence of PACs extracted from aerobically and anaerobically
cultured R. sphaeroides on the growth of HeLa cells

R. sphaeroides grown under acrobic dark conditions, anaero-
bic light conditions, or anaerobic dark conditions and treated
with DMSO showed red, green, and yellow colors, respec-
tively. HeLa cells in DMEM supplemented by PACs extracted
from R. sphaeroides grown under each culture condition were
cultivated for 24 h. Generally, HeLa cells are supplemented
with 5 % NCS for normal cell growth; thus, the total cell
numbers of HeLa cells was counted in both NCS- and PAC-
supplemented conditions. Compared to the 5 % NCS-
supplemented condition, we found that the total number of
HeLa cells was increased (1.5-fold of the 5 % NCS-

a
800

(-1
(=1
(=]

Cell number (x10%)
B~
(=]
(=]

Without NCS  With NCS

—
10 pm

wioNCS  "ium ] wINCS
Fig. 1 The growth of HeLa cells was observed in DMEM with NCS
and also DMEM supplemented with PACs rather than NCS. Here,
three different types of PACs were prepared: PACs extracted from R.
sphaeroides aerobically cultured in the dark (red-colored R. sphaer-
oides), R. sphaeroides anaerobically cultured in the light (green-col-
ored R. sphaeroides), or R. sphaeroides anaerobically cultured in the

Red colored

supplemented condition) when 5 % and 10 % PACs were
extracted from R. sphaeroides aerobically cultured in the dark
(see Fig. 1). On the other hand, PACs from R. sphaeroides
grown under anaerobic light conditions and anaerobic dark
conditions with DMSO did not significantly impact growth of
HeLa cells, even when compared to supplementation with 1 %
PACs from cells cultured under aerobic dark conditions. In
addition, we have analyzed the extent of cellular stress in
HeLa cells cultivated in each condition: without NCS, with
5 % NCS, and PACs extracted from red-, green-, and yellow-
colored R. sphaeroides. As shown in Fig. lc, there were
significant increases in fluorescent intensity of lysosomes in
HelLa cells treated with 5 % PACs from R. sphaeroides grown
under anaerobic light and anaerobic dark conditions with
DMSO compared to the 5 % PACs from R. sphaeroides
grown under aerobic dark conditions.

For the analysis of mixed organic compounds, PAC,
amino acids were extracted from three different types of
PACs and analyzed (Table 1). High concentrations of argi-
nine and leucine were found in PACs from red-colored R.
sphaeroides when compared with the other two types.

Influence of PACs extracted from aerobically cultured R.
sphaeroides under different light conditions on the growth
of HeLa cells

To determine the effective culture conditions of R. sphaer-
oides for extracting PACs, we analyzed R. sphaeroides
aerobically grown under a variety of light conditions. The
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dark after treatment with DMSO (yellow-colored R. sphaeroides). The
cell number of HeLa cells was compared to conditions without NCS
and with 5 % NCS (a), and the HeLa cells were compared to those
cultured with 1, 5, and 10 % of the three different types of PACs (b).
Fluorescence of lysosomes stained with 100 nM Lyso Tracker Red
DND-99 in HeLa cells was analyzed using a confocal microscope (¢)
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Table 1 Amino acid contents
(pmol/g dry cell) in PACs

extracted from R. sphaeroides
after culturing under different

Amino acid

Aerobic culture under

dark condition

(red-colored R. sphaeroides)

Anaerobic culture under dark
condition after treatment with
DMSO (yellow-colored R.

Anaerobic culture
under light condition
(green-colored R.

conditions for 48 h sphaeroides) sphaeroides)
Aspartic acid 0.00 0.00 0.00
Glutamic acid 3.14 1.41 10.50
Serine 3.53 2.96 33.10
Glycine 1.27 0.75 1.39
Histidine 0.00 0.00 0.00
Threonine 1.10 0.79 1.32
Arginine 5.90 1.27 3.64
Alanine 1.73 5.63 243
Proline 0.64 0.34 2.75
Tyrosine 0.64 0.28 0.00
Valine 0.05 0.05 0.00
Methionine 0.00 0.00 0.00
Isoleucine 3.38 2.37 27.90
Leucine 0.22 0.18 0.00
Lysine 3.45 5.12 5.90
Phenylalanine 0.90 0.00 3.71

effectiveness of light conditions was assessed after exposure
to the different light conditions, which included only dark
condition for 48 h (48:0 h (D/L)), only light condition at
15 W/m? for 48 h (0:48 h (D/L)), and dark condition for
24 h after light condition at 15 W/m? for 24 h (24:24 h (D/
L)). We did not show significant differences for growth and
dry cell weight of R. sphaeroides or total solid weight of PACs
under different light conditions for 48 h (data not shown). In
addition, to evaluate the growth kinetics of R. sphaeroides
under different light conditions, the cell growth was analyzed
during 48 h. R. sphaeroides demonstrated slightly increased
growth curves under light culturing for 48 h compared with
the other two conditions (data not shown).

Using three different types of PACs from R. sphaeroides
cultured under each condition, the total numbers and lyso-
somal intensities of HeLa cells were evaluated under each
PAC-supplemented condition. The total number of HelLa
cells cultivated in DMEM with 1, 5, and 10 % of each
PACs is shown in Fig. 2, and we found that the total number
of HeLa cells was similar to that of HeLa cells in 5 % NCS-
supplemented DMEM (Fig. la), except for that of HeLa
cells in DMEM with PACs from R. sphaeroides aerobically
cultured in the dark for 48 h. Here, we have also analyzed
the effects of 0.5 and 20 % of each PACs, but the highest
cell number of HeLa was observed in 10 % PACs from
48:0 h (D/L), 10 % PACs from 0:48 h (D/L), and 1 %
PACs from 24:24 h (D/L), respectively (data not shown).

As shown in Fig. 3, when compared to Fig. 1c, there were
significant increases in the fluorescent intensity of lyso-
somes in HeLa cells treated with 5 % PACs from R.
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sphaeroides grown under aerobic light conditions (48 h)
and dark (24 h) conditions after light exposure for 24 h. In
addition, the extent of cellular stress in HeLa cells as deter-
mined by analysis of lysosomal activation due to PACs
(0:48 h (D/L) and 24:24 h (D/L)) was similar to that of
HeLa cells cultivated without NCS, shown in Fig. 3, in
which fluorescent intensity of lysosomes was quantified.
For the analysis of PACs, amino acids were extracted from
three different types of PACs and analyzed for concentrations
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Fig. 2 The growth of HeLa cells was observed in DMEM with NCS
and also DMEM supplemented with PACs instead of NCS. Here, 1, 5,
and 10 % of three different types of PACs were prepared, which were
PACs extracted from R. sphaeroides aerobically cultured in the dark for
48 h, R. sphaeroides cultured in the light for 48 h, and R. sphaeroides
cultured in the light for 24 h and changed after culturing in the dark for
24 h
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Fig. 3 Quantitative analysis for fluorescence of lysosomes in HelLa
cells after treatment without NCS, with 5 % NCS, and 5 % PACs
extracted from R. sphaeroides aerobically cultured in the dark for 48 h,
R. sphaeroides cultured in the light for 48 h, and R. sphaeroides
cultured in the light for 24 h and changed after culturing in the dark
for 24 h

of various amino acids (Table 2). Among the various amino
acids, high concentrations of arginine and isoleucine were
found in PACs from red-colored R. sphaeroides when com-
pared to the other two types. As shown in Table 1, the high
concentration of arginine in PACs from R. sphaeroides grown
in 48:0 h (D/L) is considered to be its major mechanism to
produce enhanced growth of HeLa cells. R. sphaeroides
responded to variations in light conditions by changing its
pigment composition. The bacteriochlorophylls and carote-
noids in cells grown under different light conditions are shown
in Fig. 4. The levels of bacteriochlorophylls and carotenoids

Table 2 Amino acid contents (pmol/g dry cell) in PACs extracted
from R. sphaeroides after aerobic culture under different light condi-
tions for 48 h

Amino acid 48:0 h (D/L) 0:48 h (D/L) 24:24 h (D/L)
Aspartic acid 0.00 11.80 9.70
Glutamic acid 3.14 9.70 20.30
Serine 3.53 6.40 5.90
Glycine 1.27 0.00 0.00
Histidine 0.00 0.80 1.30
Threonine 1.10 0.50 2.80
Arginine 5.90 0.90 1.10
Alanine 1.73 0.10 2.20
Proline 0.64 2.30 9.50
Tyrosine 0.64 0.10 0.30
Valine 0.05 3.50 4.10
Methionine 0.00 0.10 0.30
Isoleucine 3.38 1.70 2.10
Leucine 0.22 1.30 1.70
Lysine 3.45 5.30 5.60
Phenylalanine 0.90 0.40 0.70

dramatically increased when cultured under dark conditions
for 48 h compared to culture under light conditions for 48 h
and light conditions for 24 h and changed after culturing in
dark conditions for 24 h (Fig. 4a, b).

Discussion

In this paper, we present the impact of physiological activa-
tion in mammalian cells by mixed organic compounds from
R. sphaeroides cultured under differential culture conditions
(PACs). The impact of compounds produced according to
various conditions was assessed by the cell growth of HeLa.
This results show that the growth of HeLa cells with PACs
can be maintained at levels similar to those achieved using
NCS-supplemented conditions. In addition, the exposure of
cells to oxidative stress such hydrogen peroxide and UVB,
or nutrient starvation causes early lysosomal rupture, sug-
gesting the enhancement of lysosome activity in adapting to
cellular stress (Yoon et al. 2009, 2010a, b; Stoka et al.
2001). The level of lysosomal activation was measured after
staining the HeLa cells with Lyso tracker Red, a lysosome-
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Fig. 4 Pigment concentrations (carotenoid (a) and bacteriochlorophyll
(b)) in R. sphaeroides aerobically cultured in the dark for 48 h, R.
sphaeroides cultured in the light for 48 h, and R. sphaeroides cultured
in the light for 24 h and changed after culturing in the dark for 24 h
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specific fluorescent dye (Yoon et al. 2010a, b). This
means that the PACs extracted from R. sphaeroides
grown under aerobic dark conditions can increase the
growth of HeLa cells, and cellular stress was not induced
by supplementing HeLa cells with PACs. We also treated
PACs in bovine aortic endothelial cells (BAECs) for
checking of BAECs' growth and stress responses using
Lyso tracker staining. We found that the effect of PACs
in BAEC was consistent to the effect in HelLa cells,
meaning that PACs extracted from R. sphaeroides grown
under aerobic dark conditions can increase the growth,
and also cellular stress was not induced by supplement-
ing PACs to mammalian cells (data not shown).

Here, arginine was first used to enhance the refolding
yield of human tissue-type plasminogen activator and later
was included in the refolding protocols of various proteins
(Cirkovas and Sereikaite 2011). Therefore, the ability of
arginine in PACs to increase the solubility of unfolded
species as well as folding intermediates is considered to be
its major mechanism for enhancing growth of HeLa cells.
These data suggest that PACs from R. sphaeroides cultured
under aerobic dark conditions would be alternative materials
to NCS for mammalian cell growth.

HeLa cells were treated with PACs grown under three
different light conditions and concentrations. The cell num-
ber increased with increasing PACs concentration under
dark condition. These results mean that R. sphaeroides
cultured in aerobic dark conditions for 48 h probably pro-
duce more useful organic compounds compared to those
produced by R. sphaeroides cultured using other conditions.
Also, these data showed consistent patterns with increasing
levels of lysosomal activity, which can be used to monitor
cellular stress. This means that the PACs extracted from R.
sphaeroides grown under aerobic dark conditions can in-
crease the growth of HeLa cells, and also cellular stress was
not induced by supplementing PACs to HeLa cells, when
compared to PACs extracted from R. sphaeroides grown
under other conditions.

According to these results, PACs contained pigments,
such as bacteriochlorophylls and carotenoids and a lot of
amino acids. Also, we have found that the ATP is known as
the most important energy-rich compound in cell based on
Lee et al. (2012). However, it remains to be confirmed
whether another material contains in PACs. A condition
for enhancing concentrations of amino acids, bacteriochlor-
ophylls, and carotenoids was suggested and implemented to
increase mammalian cell growth. Hence, these results sug-
gest that PACs extracted from R. sphaeroides cultured under
aerobic dark conditions can be used as alternative materials
to serum for mammalian cell growth.
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