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Abstract

The dinoflagellate Heterocapsa circularisguama is highly toxic to bivalves; however,
significant toxicity to finfish species has not been reported. We previously found that H.
circularisquama has light-dependent haemolytic agents. Purification and chemical
structural analyses revealed that the haemolytic agent H2-a is a porphyrin derivative,
which exhibits light-dependent cytotoxicity toward tumour cells. To clarify the
biological activity of H2-a further, its antibacterial activities against Gram-positive and
Gram-negative bacteria were investigated in this study. A fraction (F5) equivalent to
H2-a purified from the methanol extract of H. circularisquama showed potent
light-dependent bactericidal activity toward Staphylococcus aureus, and the activity
was concentration- and light illumination time-dependent; however, Escherichia coli
was highly resistant to F5. Electron microscopic observation suggested that F5 induces
morphological changes in S aureus in a light-dependent manner. Further analysis
using other bacterial species showed that the Gram-positive bacterium Bacillus subtilis
was more sensitive than the Gram-negative bacteria Pseudomonas aeruginosa and
Vibrio alginolyticus. These results indicate that F5 is a photo-induced antibacterial
agent with relatively higher specificity to Gram-positive bacteria. lodometric assay
suggested that singlet oxygen was generated from light illuminated F5. Histidine, a
specific singlet oxygen scavenger, markedly inhibited the photosensitising antibacterial
activity of F5 against S aureus, suggesting the involvement of singlet oxygen in
antibacterial activity. The antibacterial spectrum of F5 was evidently different from
that of 5,10,15,20-tetra (N,N,N-trimethylanilinium) porphyrin tetratosylate, a

commercially available porphyrin compound with antibacterial activity. Our results
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demonstrate that H. circularisquama has a novel antibacterial photosensitiser, a
porphyrin derivative, with relatively higher specificity to Gram-positive bacteria. To
the best of our knowledge, this is the first study to discover a porphyrin derivative with

antibacterial activity in marine microalga.

Keywords: Heterocapsa circularisqguama; Harmful dinoflagellate; Porphyrin

derivative; Antibacterial activity; Single oxygen; Photosensitising agent

1. Introduction

Heterocapsa circularisquama is one of the most noxious dinoflagellates
causing harmful algal blooms (HABs) in Japan (Horiguchi, 1995; Matsuyama et al.,
1996). HABs due to H. circularisguama occurred for the first time in Uranouchi Bay in
southern Shikoku Island in 1988 and caused mass mortality (more than 1500 tons) of
the short-necked clam Ruditapes philippinarum (Matsuyama et al., 1996). In the next
year, H. circularisquama bloom occurred in Fukuoka Bay, northern Kyushu Island,
and caused mass mortality of bivalve molluscs (Yamamoto and Tanaka, 1990). Since
then, H. circularisqguama has been continuously causing HABs leading to bivalve
mortality in several localities in western Japan, and in 2009, it expanded to Niigata
Prefecture, an eastern area in Japan, where it caused the mortality of bivalves (Kondo
et al., 2012). Although the incidence of HABs of H. circularisquama associated with
mass mortality of shellfish decreased during the 2000-2008 period, it seems to be on a

course of revival since 2009 (Basti et al., 2016). Recent studies found that H.
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circularisquama can also damage the early developmental stages of bivalves (Basti et
al., 2013). Although the potent lethal effects of H. circularisquama on pearl oyster
(Pinctada fucata), short-necked clam (R. philippinarum), and oyster (Crassostrea
gigas) have been reported, its harmful effects on wild and cultured finfish and other
marine vertebrates have not been reported so far (Matsuyama et al., 1992; Yamamoto
and Tanaka, 1990).

In addition to bivalves, H. circularisquama exhibits lethal effects on the
microzooplankton tintinnid ciliate Favella taraikaensis (Kamiyama, 1997; Kamiyama
and Arima, 1997) and rotifer (Brachionus plicatilis) (Kim et al., 2000) in a cell
density-dependent manner. Frequent contact of these microzooplanktons with H.
circularisquama can induce detrimental effects. Furthermore, it has been reported that
H. circularisquama showed cell contact-dependent toxicity on other phytoplankton
species (Yamasaki et al., 2011).

Matsuyama (2012) proposed that live H. circularisquama cell-mediated
direct contact with bivalves is essential for exerting lethal effects, and certain toxins
located on the cell surface might play an important role in this regard. However, the
isolation and characterisation of such toxins from the organism has not yet been
successful, probably due to the extremely unstable nature of the supposed toxins of H.
circularisquama (Matsuyama, 2012).

We previously found that H. circularisquama cell suspension caused potent
haemolysis of rabbit erythrocytes when erythrocytes were directly exposed to the
dinoflagellate cells (Oda et al., 2001). The cell-free culture supernatant prepared from
the live cell suspension of H. circularisquama also showed haemolytic activity, but at a

much lower level, suggesting that only a small part of the haemolytic toxin might have
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been discharged from the cells into the culture medium (Oda et al., 2001; Sato et al.,
2002). We also found that the haemolytic activities of different strains of H.
circularisquama isolated from different localities in Japan were different, and the
differences in activities were well correlated with the differences in their toxicity
towards shellfish (Kim et al., 2002). These findings suggest that haemolytic toxins,
which are probably located on the cell surface of H. circularisquama, might play an
important role in shellfish killing. Pathological studies of Mediterranean mussel
(Mytilus galloprovincialis) exposed to H. circularisqguama demonstrated that the most
affected organ was the gill, followed by the labial palps and mantle, the stomach and
intestine, and the hepatopancreas (Basti et al., 2015).

Some phytoplankters produce multiple toxins and some of these toxins
exhibit haemolytic activity. For instance, palytoxin (Habermann et al., 1989) and
maitotoxin (Igarashi et al., 1999) are known to induce Ca?" influx into mammalian
erythrocytes and subsequently cause haemolysis. We previously found that an ethanol
extract prepared from H. circularisqguama showed light-dependent haemolytic activity
(Oda et al., 2001; Sato et al., 2002). Purification and characterisation studies suggested
that a photosensitising haemolytic agent, H2-a, has structural similarity to
pyropheophorbide a methyl ester, a well-known photosensitising haemolytic agent
(Miyazaki et al., 2005). Comparative studies on the cytotoxicity of H2-a and
pyropheophorbide a methyl ester to human cervical cancer cells (HeLa cells) suggested
that H2-a induces necrotic cell death, whereas pyropheophorbide a methyl ester
triggers apoptosis (Kim et al., 2008). Although the exact reason for the difference in
type of cell death induced is still unclear, it is speculated that the relatively high

affinity of H2-a to the plasma membrane might result in quick membrane damage,
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leading to the collapse of targeted cells without induction of apoptotic intracellular
signal transduction (Kim et al., 2008).

On the other hand, porphyrin derivatives have been used for photodynamic
therapy, and there are numerous their applications including inactivation of pathogens
and treatments of protozoa diseases (8 T.N.Demidova,), bacterial, fungal and viral
infections (9 G.B. Kharkwal), and cancer (10 P. Agostinis). For example, it has been
reported that pheophorbide a causes apoptotic cell death of Leishmania amazonesis, a
causative organism of Leishmaniasis (Miranda et al. 2017).

Our recent studies found that H. circularisqguama exhibits antibacterial
activity in dinoflagellate/bacteria co-culture system to different extents depending on
the bacterial species (Cho et al., 2017). Detailed analyses suggested that H.
circularisquama has two different types of antibacterial agents. One is located on the
cell surface and is mainly responsible for dinoflagellate cell-mediated bactericidal
activity. The other one is an intracellular agent that can be discharged from ruptured H.
circularisquama. Notably, intracellular agents showed light-dependent antibacterial
activity towards S aureus, while no such activity was detected against Escherichia coli
(Cho et al., 2017). It is most likely that intracellular light-dependent antibacterial
agents are porphyrin derivatives that we previously identified as light-dependent
haemolytic and cytotoxic agents as described above. However, there is no available
information about porphyrin derivatives with antibacterial activity discovered in the
marine microalga so far. To clarify this point, we isolated the porphyrin derivative
from H. circularisqguama by previously reported methods and conducted detailed
examinations on its antibacterial activities against various bacterial strains. Our studies

may provide not only a new insight into biochemical characterization of porphyrin
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derivative as potential toxic agent of H. circularisquama but also a possibility for its

usefulness as new antibacterial agent.

2. Materials and Methods

2.1. Plankton culture

H. circularisquama, which was originally isolated from Ago Bay, Japan in
1994 (Matsuyama, 1999), was kindly provided by Dr. Y. Matsuyama (Seikai National
Fisheries Research Institute, Japan) in 2000. Since then, the strain has been maintained
in our laboratory under the conditions described below. The plankton culture was
maintained at 26°C in a 100 mL flask containing 60 mL of a modified seawater
medium (SWM3) at a salinity of 25 (Yamasaki et al., 2007) in a 12:12 h photoperiod
using a cool-white fluorescent lamp (150 £ 5 umol m™ s™'). The modified SWM3
contained a Tris-HCI buffer system and was autoclaved for 15 min at 121°C before use.
The cell number of the culture was counted microscopically using a haemocytometer

(Erma Inc., Tokyo, Japan).

2.2. Bacterial cultures

S aureus (NBRC12732), E. coli (NBRC13898), Vibrio alginolyticus (NBRC15630),
and Pseudomonas aeruginosa (IFO3445) were obtained from NITE Biological Resource
Centre (Tsukuba, Japan). Bacillus subtilis (ATCC6633) was obtained from American

Type Culture Collection (Rockville, MD, USA). Nutrient agar (for S. aureus, E. coli, B.
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subtilis, and P. aeruginosa) and Zobell marine agar (for V. alginolyticus) were used to
maintain the strains. Bacterial strains were cultured 18 h at 34°C in nutrient broth (for S
aureus, E. coli, B. subtilis, and P. aeruginosa) or in Zobell marine medium (for V.
alginolyticus). Then, the cells were harvested and washed with phosphate-buffered
saline (PBS) by centrifugation at 15,000 x g for 10 min at 4°C. The final cell pellets
were diluted to the appropriate cell density with PBS and immediately used for the
experiments. Practical salinity unit (pus) of nutrient broth and Zobell marine medium

used in this study were 7 and 35, respectively.

2.3. Preparation of methanol extract

Methanol extract was prepared from H. circularisquama in its late exponential
growth phase as described previously (Miyazaki et al., 2005). In brief, the cell pellets
prepared from 2 L of cultured H. circularisquama (2 x 10® cells L") by centrifugation
(5000 x g for 10 min at 4°C) was resuspended in 10 mL of methanol and vigorously
agitated by sonication at 25°C. After centrifugation at 15,000 x g for 10 min at 4°C, the

supernatant was collected and stored at -30°C until use as the methanol extract.

2.4. Purification of antibacterial agent from methanol extract

Purification of antibacterial agent from methanol extract prepared from H.
circularisquama was conducted by a column chromatography using Sephadex LH-20.
The pooled methanol extract prepared from 20 L of H. circularisquama culture was

applied to a Sephadex LH-20 column (3 x 45 cm; Pharmacia, Uppsala, Sweden), which
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was previously equilibrated with methanol by the elution with enough amount of
methanol. The extract was applied to the column, and then eluted with methanol
continuously. The elution profile was monitored at 450 nm. Based on the elution profile,
six fractions (F1-F6) were obtained (Fig. 1). To check the purity of the separated
fractions, each fraction was concentrated by evaporation, subjected to silica gel
thin-layer chromatography (TLC), and developed with a developing solvent mixture of
chloroform and methanol at a ratio of 60:10 (v/v). The spots on the silica gel thin-layer
coated with flourescent indicator were detected under ultra violet irradiation. The
antibacterial activity of each fraction against S aureus was measured by colony

formation assay as described below.

2.5. Measurement of antibacterial activity

Samples prepared from methanol extract of H. circularisquama was
appropriately diluted with PBS and added to each bacterial cell suspension in PBS in
0.5-1.5 mL of total assay mixture. After incubation for 0.5~2 h in the light (400 + 5
pumol m2 s7!) or in the dark at 26°C, 10-50 pL aliquots of the bacterial cell suspension
treated with the samples (reaction mixture) were withdrawn for the enumeration of
viable bacteria. An aliquot of each reaction mixture was suitably diluted with PBS and
inoculated in triplicates into nutrient agar medium (for S aureus, E. coli, B. subtilis,
and P. aeruginosa) or Zobell marine agar medium (for V. alginolyticus). After 18 h of
incubation at 37°C in the dark, the number of colonies formed was counted (colony

forming unit; CFU).
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2.6. Electron microscopy

Cell suspensions of pure cultures of S. aureus and E. coli from photosensitising
antibacterial experiments were processed for electron microscopic observations
according to the procedures reported previously (Laue and Bannert, 2010). In brief, 5
uL of cell suspension in PBS was placed on grids coated with plastic-carbon support
film and incubated for 30 min under ultraviolet (UV) illumination. After washing four
times with double-distilled water, the cells were stained with 0.5% uranyl acetate and
then dried. Finally, the cells were observed with a Hitachi H-7100 transmission
electron microscope (accelerating voltage, 100kV) equipped with an Olympus

Megaview G2 TEM CCD camera.

2.7. Estimation of membrane damage

Intracellular macromolecules especially DNA and RNA have absorbance at 260
nm, and these molecules are released into the culture medium during cellular damage
or loss of membrane integrity (Frontiers in Microbiology, 2016, vol. 7 article
242 p1~8). The extent of membrane damage was estimated by an increase in
absorbance at 260 nm. The bacterial cells (5 x 10% cells mL™! in PBS) were treated with
20 pg mL™! F5 for 2 h in the dark or in the light (400 + 5 pmol m™2 s!) at 26°C. After
centrifugation (15,000 x g for 10 min at 4°C), the absorbance of the supernatant at 260

nm was measured.

2.8. Binding assay to bacterial cells

10
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Purified porphyrin sample was added to S. aureus or E. coli cell suspension in
PBS (5 x 10 CFU mL™) at a final concentration of 2.2 ug mL!. After incubation at
26°C for 0, 15, 30, and 60 min in the dark, an aliquot of the assay mixture was
withdrawn, and the cells were centrifuged for 10 min at 15,000 x g at 4°C. Fluorescent
intensity of the supernatant was measured at excitation and emission wavelengths of
460 and 530 nm, respectively. Meanwhile, the pelleted cells obtained after 60 min
incubation were resuspended in PBS and washed with PBS by centrifugation (15,000 %
g for 10 min at 4°C). The final cell pellet was suspended in 1 mL PBS containing 2%
sodium dodecyl sulphate (SDS) and incubated at room temperature for 30 min. After
centrifugation (15,000 x g for 10 min at 4°C), fluorescent intensity of the supernatant
was measured as described above. The cell pellets were also treated with dimethyl
sulfoxide (DMSO) at room temperature and sonicated. The mixtures were centrifuged
(15,000 x g for 10 min at 4°C), and the DMSO supernatants were obtained for
fluorescence measurement as described above. The concentration of F5 was estimated
based on the standard curves of fluorescence intensity versus concentration of F5 in 2%

SDS in PBS or DMSO.

2.9. Detection of singlet oxygen

The production of singlet oxygen was measured by an iodometric method (Cerny
et al., 2010). The singlet oxygen specifically reacts with iodide reagent to produce
triiodide (Is7), which can be detected spectrophotometrically by measuring the

absorbance at 355 nm. Samples in PBS (final 2 pg mL™!) were incubated under the same

11
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conditions (illumination or darkness and temperature) as the antibacterial experiments.
Changes in absorbance at 355 nm were monitored during the 4-h incubation period. To
examine the effects of histidine on singlet oxygen production, F5 in PBS (final 2 pg
mL!) was incubated in the presence of histidine (final 20 mM) under illumination
conditions as described above. After 4 h, an increase in absorbance at 355 nm was

observed.

2.10. Satistical analysis

All the experiments were performed in triplicate and data were expressed as the
mean + standard deviation. Data were analysed with a paired Student's t-test to

evaluate significant differences. P < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Isolation of porphyrin derivative with antibacterial activity from H.

circularisquama

In our previous studies, we found that photosensitising haemolytic toxins were
efficiently extracted into alcohol (Sato et al., 2002), and the resulting alcohol extract
contained at least three isoforms of haemolytic compounds (Miyazaki et al., 2005).
Among these compounds, H2-a, a highly purified one, was the most abundant
haemolytic agent, and it was cytotoxic as well (Miyazaki et al., 2005; Kim et al., 2008).

Chemical structural analysis revealed that H2-a is a porphyrin derivative with a

12
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structure similar to pyropheophorbide a methyl ester, a known light-dependent
haemolytic agent (Miyazaki et al., 2005). According to the purification procedure of
H2-a, in this study, methanol extract was prepared from H. circularisquama, and the
extract was applied to a Sephadex LH-20 column. Based on the elution profile (Fig.
1A), six fractions (F1-F6) were obtained. Each pooled fraction was diluted with PBS
and adjusted to final concentration of 0.01% (v/v), and then the antibacterial activity
against S aureus was examined. Methanol in PBS at 0.01% had no antibacterial
activity against S aureus (data not shown). As shown in Figure 1B, only F5 equivalent
to H2-a showed antibacterial activity. TLC analysis (Fig. 1C) showed that F5 exhibited
a single spot, which has almost equal retention factor (Rf) value to H2-a (Miyazaki et
al., 2005), Even under ultra violet irradiation, no other spots were detected. These
results suggest that a main ingredient in F5 is H2-a. The absorption spectrum of F5
(Fig. 1D) was also quite similar to that of H2-a (Miyazaki et al., 2005). These results
suggest that F5 mainly contains H2-a. Detailed analysis of the antibacterial activity of
F5 against S aureus demonstrated that the activity was concentration- and light
exposure time-dependent (Fig. 2). In contrast, E. coli was highly resistant to F5, and
only a slight decrease in CFU was observed even at the highest concentration of F5 (20
ug mL) after 2 h incubation at 26°C in the light (Fig. 2). One possible explanation for
this result is the different organization of the cell wall between Gram-negative and
-positive bacteria. The presence of outer membrane and relatively wide periplasmic
space makes Gram-negative bacteria more resistant to the photosensitising bactericidal
activity of porphyrins, including F5, than Gram-positive bacteria (Lazzeri et al., 2004).
To clarify this point further and to evaluate the antimicrobial spectrum of F5, the

antibacterial activities of F5 against B. subtilis, P. aeruginosa, and V. alginolyticus in
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addition to S. aureus and E. coli were investigated. V. alginolyticus is a typical marine
bacterium and grows well in medium with high salinity, while other bacteria are sort of
fresh water or terrestrial bacteria, which grow in nutrient medium with normal salinity.
The activities were compared with those of the commercially available porphyrin
derivative, 5,10,15,20-tetra(N,N,N-trimethylanilinium)porphyrin tetratosylate (TPT),
which has been reported to have photosensitising bactericidal activity (Banfi et al.,
2006). As shown in Figure 3A, the Gram-positive bacterium B. subtilis was more
sensitive to F5 than S aureus, and these Gram-positive bacteria tended to be much
more sensitive to F5 than Gram-negative bacteria. Similar to E. coli, Gram-negative
marine bacterium V. alginolyticus also showed resistance to F5, and more than 50% of
the bacteria survived at a concentration of 20 pg/mL after 2 h at 26°C (inset of Fig. 3A).
Based on these results, the sensitivities of bacteria to F5 were in the order: B. subtilis >
S aureus > P. aeruginosa > E. coli = V. alginolyticus. The antibacterial spectrum of
F5 was noticeably different from that of the commercial porphyrin tested (Fig. 3B).
Our results suggest that susceptibilities of these bacteria to F5 and TPT were
significantly different depending on the species. Despite of the fact that
E. coli was resistant to both F5 and TPT, V. alginolyticus was highly
sensitive to TPT, but quite resistant to F5, whereas P. aeruginosa was
relatively sensitive to F5, but resistant to TPT. In the case of Gram
positive bacteria, TPT was less effective to B. subtilis than F5, although
S. aureus was almost equally sensitive to F5 and TPT. Although the
exact reason for the different antibacterial spectra of F5 and TPT is still
unclear, there may be some bacterial species resistant to F5 but

sensitive to TPT, and vice versa. When it comes to practical application
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of F5 as an antibacterial therapeutic agent, the antibacterial spectrum of
F5 can provide useful information. Obviously further studies using wide
variably of bacterial species are necessary to evaluate the potentiality of
F5 as a therapeutic agent.

The antibacterial activities of both F5 and TPT were absolutely light-dependent, and
no significant activities against E. coli and S aureus were observed even after § h of
incubation in the dark (Fig. 4). These results suggest that F5 may be a novel porphyrin
derivative with antibacterial activity. Bioactivities, including antibacterial activities, of
naturally occurring and synthetic porphyrin derivatives have been widely studied
(Soukos et al., 1998; Hamblin and Hasan, 2004). It has been demonstrated that the
chemical structural elements deeply influence bioactivities, and cationic porphyrins are
more active than anionic or non-ionic derivatives against both Gram-positive and
Gram-negative bacteria (Merchat et al. 1996). Since chemical modification of
porphyrin structure can lead to the production of more efficient and appropriate
photosensitising antibacterial agents (Banfi et al., 2006), F5 may be used as a precursor
for such agents. Further studies are required to verify such possibility.

Although ecological rationale or biological significance of F5 especially during
HAB due to H. circularisquama is still unclear, our previous studies demonstrated that
intracellular haemolytic agent of H. circularisquama exhibits harmful effects on
surrounding microalgae including H. circularisquama cells themselves and micro
zooplankton rotifer (Nishiguchi et al 2016). Hence, one can speculate that intracellular
toxic agents present in F5 can impact on multiple microorganisms. Further studies are

necessary to clarify these points.
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3.2. Morphological changes of bacterial cells

The effect of F5 on bacterial cell morphology was investigated by transmission
electron microscopy (TEM). The representative TEM micrographs are shown in Figure
5. The rod-like morphology of E. coli and round morphology of S aureus were
observed in untreated control (Fig. SA and B). No significant morphological changes
were observed in both the bacterial strains treated with F5 in the dark (Fig. 5C and D).
In S aureus treated with F5 under light illumination, the bacterial structure was
damaged (Fig. 5F), whereas no significant cell structural damage was induced in E.
coli treated under the same conditions (Fig. 5E). These results were consistent with the
photosensitising antibacterial activities of F5 (Fig. 2), and it is obvious that F5 could
specifically damage S aureus cell wall and membrane in a photosensitising manner.

Cellular damage or loss of membrane integrity often leads to release of
intracellular macromolecules, such as DNA and RNA, which have specific absorbance
at 260 nm. Hence, the measurement of absorbance at 260 nm can be used to estimate
membrane damage (Xu, et al. 2016). As shown in Figure 6, under light illumination, a
significant increase in absorbance of the supernatant of F5-treated S aureus at 260 nm
was observed, whereas the increase was much lower in E. coli. The values obtained in
the dark were comparable to that in the control without F5. These results suggest that
F5 specifically damaged the cells of S aureus in a light-dependent manner, but not E.

coli cells.

3.3. Binding of F5 to bacterial cells
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Several factors are considered to contribute to the toxic action of F5 to bacteria.
The ability of F5 to bind to the bacterial cells may be the most important factor. It has
previously been reported that the low sensitivity of Gram-negative bacteria to anionic
porphyrin-related compounds is due to the lack of binding of the compounds to the
bacterial membrane (Minnock et al., 1996). To evaluate whether the differences in
susceptibility of S aureus and E. coli to F5 could be due to the difference in binding of
F5 to these bacterial strains, a binding assay was conducted based on the intrinsic
fluorescence property of F5. In both S. aureus and E. coli cell suspensions incubated
with F5 (final 2.2 ug mL™), the levels of F5 found in the supernatant gradually
decreased and reached to 2.3 and 11.3% of the initial levels after 60 min, respectively.
However, the rate of F5 decrease in the supernatant of S aureus was higher than that of
E. coli during the first 30 min (Fig. 7A). These results indicate that F5 is capable of
binding to both bacterial strains, but F5 may have a slightly higher affinity to S aureus
than E. coli. Reflecting the decrease in amounts of F5 in the supernatants,
approximately 60 and 50% of F5 was recovered by SDS treatment from S aureus and
E. coli cells incubated for 60 min, respectively (Fig. 7B). The remaining F5 was
recovered by DMSO extraction, and 95 and 92% of F5 were detected in DMSO
extracts of S. aureus and E. coli cell pellets, respectively. Differences between SDS
and DMSO treatment may be due to the location of F5 in the cells. Although F5 bound
on the bacterial cell surface can be easily recovered by SDS treatment, DMSO
treatment may be necessary for the recovery of more tightly bound or intracellularly
incorporated F5. The differences in binding affinity of F5 to the bacterial cells may be
insufficient to explain the differences in susceptibility of S aureus and E. coli, and the

pattern or location of binding of F5 may be more important for the activity of F5.
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3.4. Generation of singlet oxygen

Although the exact photosensitising antibacterial mechanisms of porphyrin
derivatives have not been fully clarified yet, singlet oxygen ('O2), which can be
generated through energy transfer from excited state to oxygen (0O2), is thought to play
a key role in antibacterial activity (Henderson and Daugherty, 1992). To ascertain this
point, the kinetics of singlet oxygen production in F5 solution was measured by
iodometric method under the same conditions used for antibacterial assay. As shown in
Figure 8, almost linear increase in the absorbance at 355 nm was observed in F5
solution under light illumination, reflecting singlet oxygen formation. The addition of
histidine (final 20 mM), a specific singlet oxygen scavenger, significantly reduced the
increase in absorbance. In the dark, the absorbance of F5 solution remained at the
initial level throughout the incubation period. These results suggest that F5 is capable
of generating singlet oxygen upon light activation.

It has been reported that photosensitisers, such as porphyrins, can modify many
biological molecules through the generation of reactive oxygen species (ROS)
including singlet oxygen, and eventually lead to cell death (Moan and Peng, 2003). To
assess the involvement of singlet oxygen in the photosensitising antibacterial activity
of F5, the effects of various concentrations of histidine on the photosensitising
antibacterial activity of F5 against S aureus were examined. As expected, histidine
showed a significant inhibitory effect on F5 toxicity in a concentration-dependent
manner (Fig. 9). These results suggest that singlet oxygen generated by photoactivated

F5 plays an important role in antibacterial activity.
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Electron spin resonance (ESR) is generally known to be the most reliable
method to detect reactive oxygen species. ESR spectroscopy with the specific spin
traps can detect singlet oxygen, superoxide anion, and hydroxyl radical individually,
and the characteristic ESR spectra are obtained depending the reactive oxygen species.
In fact, a detail ESR analysis demonstrated that a certain cationic porphyrin produced
superoxide anion and hydroxyl radical in addition to singlet oxygen, and it is
considered that these reactive oxygen species are differently involved in the
antibacterial activity (Solar Energy 82, 2008, 1107-1117 Karim Ergaieg et al). In the
case of F5, ESR analysis may also be necessary to confirm the generation of singlet
oxygen and other reactive oxygen species (ROS). ROS are generally know to be highly
reactive and can damage various cellular molecules such as proteins, nucleic acids, and
lipids, leading to cytotoxicity. Due to the multiple targets, it is considered that bacteria
can hardly acquire the resistance mechanism (Tavares et al., 2010). Hence, porphyrin
derivatives including F5 with ROS-mediated toxic actin mechanism may be useful as
therapeutic agents against antibiotic resistance bacterial species such as

methicillin-resistant S, aureus (MRSA).

4. Conclusions

The porphyrin derivative (F5) isolated from the harmful dinoflagellate H.
circularisquama showed potent photosensitising antibacterial activity with relatively
higher specificity to Gram-positive bacteria. An iodometric assay revealed that singlet
oxygen was generated from photoactivated F5. Moreover, the antibacterial activity of

F5 was significantly inhibited by histidine, a specific singlet oxygen scavenger,
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suggesting that singlet oxygen is a major factor responsible for the antibacterial activity
of F5. To our knowledge, this is the first report to discover a porphyrin derivative with

antibacterial activity in a marine microalga.
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Figure captions

Fig. 1. Purification of antibacterial photosensitising agent from the methanol extract of
Heterocapsa circularisquama. (A) Elution profile of ethanol extract on a Sephadex
LH-20 column (3 x 45 cm) previously equilibrated with methanol. The elution pattern
was confirmed by three experiments. (B) Photosensitising antibacterial activity of
fractions F1-F6 against S aureus. Each fraction (final 1%) was added to S aureus cell
suspension in PBS and incubated at 26°C under light illumination (400 + 5 pmol m™
s!). After incubation for 2 h, the CFU of each assay mixture was measured as
described in the text. The assay was repeated three times. (C) TLC chromatogram of
F1-F6 obtained after gel-filtration. Each sample was applied to TLC, and separated
spots on the silica gel thin-layer coated with flourescent indicator were detected under
ultra violet irradiation. The analysis was repeated five times. (D) Absorption and

fluorescence (inset) spectra of F5.

Fig. 2. Time- and concentration-dependent antibacterial activities of F5 against S
aureus and E. coli. Various concentrations of F5 were added to S aureus or E. coli cell
suspension in PBS and incubated at 26°C under light illumination (400 + 5 pmol m™
s). After 0.5 (m), 1 (®), or 2 (A) h of incubation in S aureus, or 2 (A) h of incubation
in E. coli, the CFU of each assay mixture was measured as described in the text. Each
point represents the mean of triplicate measurements. This assay was repeated three

times. Each bar represents standard deviation.

Fig. 3. Photosensitising  antibacterial  activities of F5 (A) and
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5,10,15,20-tetra(N,N,N-trimethylanilintum)porphyrin tetratosylate (TPT) (B) against E.

coli (e), S aureus (m), B. subtilis (A), P. aeruginosa (4), and V. alginolyticus ().

Various concentrations of F5 or TPT were added to the cell suspension of each strain in
PBS and incubated at 26°C under light illumination (400 £ 5 pmol m2 s!). After
incubation for 2 h, the CFU of each assay mixture was measured as described in the
text. Each point represents the mean of triplicate measurements. This assay was
repeated three times. Each bar represents standard deviation. Inset shows the results of
antibacterial activities of F5 against E. coli and V. alginolyticus at expanded levels of

colony forming unit (CFU).

Fig. 4.  Survival rates of S  aureus treated with F5 or
5,10,15,20-tetra(N,N,N-trimethylanilintum)porphyrin tetratosylate (TPT) for 2 and 8 h
without light illumination. F5 or TPT at final concentration of 20 pg mL™! was added to
S aureus cell suspension in PBS and incubated at 26°C in the dark. After 2 (o) or 8 (m)
h of incubation, the CFU of each assay mixture was measured as described in the text.
Each point represents the mean of triplicate measurements. This assay was repeated

three times. Each bar represents standard deviation.

Fig. 5. Electron microscopic observation of S aureus and E. coli cells treated with 2 pg
mL"! of F5 in the light (400 £ 5 umol m s™!) or in the dark for 2 h. Representative
TEM images are shown. (A) E. coli untreated control, (B) S aureus untreated control,
© E. coli treated with F5 in the

dark, (D) S aureus treated with F5 in the dark, (E) E. coli treated with F5 in the light
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(200 £ 5 pmol m2 s, (F) S aureus treated with F5 in the light. The bars indicate 1

um. This observation was repeated two times.

Fig. 6. Release of intracellular macromolecules from S aureus or E. coli treated with
F5 in the light (0) or in the dark (m). Bacterial cells were incubated with F5 (final
concentration 2 ug mL™") for 2 h at 26°C in the dark or in the light (400 + 5 umol m™
s!). An aliquot of each reaction mixture was withdrawn and centrifuged (15,000 x g
for 10 min at 4°C), and then the absorbance of the supernatant at 260 nm was measured.
The values are the mean of triplicate measurements. This assay was repeated three
times. The bars represent standard deviation. Asterisks denote significant differences (p

<0.05).

Fig. 7. Binding of F5 to S aureus (e) or E. coli (o) cells. (A) Each bacterial cell
suspension (5 x 10¥ CFU mL") in PBS was incubated with F5 at a final concentration
of 2.2 pg mL! at 26°C in the dark. After the indicated periods of time, aliquots of the
assay mixture were withdrawn and immediately centrifuged (15,000 x g for 10 min at
4°C). The amounts of unbound F5 in the supernatants were estimated based on the
intrinsic fluorescence of F5. Asterisks denote significant differences between S aureus
and E. coli at 30 min (p < 0.05). (B) Meanwhile, the pelleted cells obtained after 60
min incubation were washed once with PBS by centrifugation, resuspended in PBS
containing 2% of SDS, and centrifuged (15,000 x g for 10 min at 4°C). The amount of
F5 released into the supernatants was estimated as described above (O0). The pelleted
cells were also resuspended in DMSO and sonicated. The amounts of

DMSO-extractable F5 were estimated as described above (m). Each point represents
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the mean of triplicate measurements. Each bar represents standard deviation. This
assay was repeated three times. Asterisks denote significant differences between SDS

and DMSO extractable F5 levels (p < 0.05).

Fig. 8. Measurement of single oxygen in a solution of F5 in PBS in the light (400 + 5
pumol m2 s1) (o) or in the dark (e) at 26°C. After incubation for the indicated periods
of time, the absorbance of each reaction mixture at 355 nm was measured. (A)
absorbance in the light in the presence of 20 mM histidine. This assay was repeated

three times.

Fig. 9. Effect of histidine on the photosensitising antibacterial activity of F5 on S
aureus. After incubation for 2 h at 26°C in the light (400 = 5 umol m2 s™') in the
presence of the indicated concentrations of histidine, the CFU of each assay mixture
was measured as described in the text. The values are the mean of triplicate
measurements. The bars represent standard deviation. Asterisks denote significant

differences (p < 0.05). This assay was repeated three times.
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