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Abstract

Mycosporine-like amino acids (MAAs) are UV absorbing pigments, and structurally distinct
MAAs have been identified in taxonomically diverse organisms. Two novel MAAs were
purified from the cyanobacterium Nostoc commune, and their chemical structures were
characterized. An MAA with an absorption maximum at 335 nm was identified as a
pentose-bound porphyra-334 derivative with a molecular mass of 478 Da. Another identified
MAA had double absorption maxima at 312 and 340 nm and a molecular mass of 1050 Da. Its
unique structure consisted of two distinct chromophores of 3-aminocyclohexen-1-one and
1,3-diaminocyclohexen and two pentose and hexose sugars. These MAAs had radical
scavenging activity in vitro; the 1050-Da MAA contributed approximately 27% of the total
radical scavenging activities in a water extract of N. commune. These results suggest that
these glycosylated MAAs have multiple roles as a UV protectant and an antioxidant relevant

to anhydrobiosis in N. commune.

High lights
> Two novel glycosylated MAAs were found in Nostoc commune. > The 478-Da MAA was
identified as a pentose-bound porphyra-334 derivative. > The 1050-Da MAA consisted of two

distinct chromophores, pentose and hexose. > These MAAs had radical scavenging activity.

Key words: anhydrobiosis; antioxidant; glycosylation; porphyra-334; UV protectant
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1. Introduction

Certain desiccated organisms have no metabolic activity and are able to rapidly resume
metabolism upon rehydration in a phenomenon termed “anhydrobiosis” [1-5]. The
cyanobacterium Nostoc commune can retain viability for over 100 years following
desiccation [6, 7]. Thus, N. commune is considered an anhydrobiotic microorganism with
oxygenic photosynthetic capabilities without differentiation into akinetes (spores) [8-10]. The
mechanism of extreme desiccation tolerance by this species is thought to involve multiple
processes that include extracellular polysaccharide (EPS) production, compatible solute
accumulation, regulation of photosynthesis and protection from UV radiation.

In natural habitats, N. commune forms visible colonies in which cellular filaments
embed within biochemically complex extracellular matrices [11]. EPS are major components
of the extracellular matrices and account for 80% of the dry weight of N. commune colonies
[12]. The production of EPS is widely known in cyanobacteria [13, 14], and it is thought that
EPS play a major role in cyanobacteria in protecting cells from various stresses in severe
habitats [15-17]. Removal of EPS in N. commune causes a significant reduction in the stress
tolerance of photosynthesis during desiccation and freeze-thawing [18].

Anhydrobiotic  organisms accumulate trehalose  (a-D-glucopyranosyl-[1,
1]-a-D-glucopyranoside) as a compatible solute. Trehalose protects biological membranes
and proteins against the deleterious effects of water removal by replacing hydrating water
molecules and forming amorphous glasses (vitrification) [2-4]. In N. commune, trehalose
accumulation occurs in response to water loss during desiccation [19], and specific inhibition
of trehalase controls trehalose accumulation [20]. The trehalose accumulation capacity of N.
commune is similar to that of the drought-resistant cyanobacteria Phormidium autumnale and
Chroococcidiopsis sp. [19, 21]. Therefore, trehalose accumulation is thought to be relevant

to cyanobacterial desiccation tolerance.
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N. commune colonies are naturally subjected to regular cycles of desiccation and
wetting. Photosynthetic activity recovers rapidly following rehydration [18, 19, 22, 23]. As
the water content decreases during desiccation, photosynthetic activity decreases, and no
photosynthetic activity is detected in desiccated colonies [19]. This cessation of
photosynthetic electron transport during desiccation is thought to be a protective response to
avoid light-induced damage by suppressing reactive oxygen species production [24, 25];
however, the mechanisms regulating photosynthesis remain unknown.

Mycosporine-like amino acids (MAAS) are water-soluble pigments that absorb UV
radiation of 280 to 340 nm, and structurally distinct MAAs are known in taxonomically
diverse organisms [26-31]. Recently, Balskus and Walsh [32] have shown that sedoheptulose
7-phosphase, which is a pentose phosphate pathway intermediate, is a precursor to
4-deoxygadusol in MAA biosynthesis, and they have also identified the genes responsible in
the sequential conversion of 4-deoxygadusol to mycosporine-glycine and shinorine. In
cyanobacteria, MAAs function mainly to protect the cells against solar radiation [33, 34].
Because the energy absorbed by MAAs is promptly dispersed into the surroundings as heat
[35, 36], MAAs do not function as accessory pigments in photosynthesis [28]. In N. commune,
a structurally uniqgue MAA covalently bound to oligosaccharides has been reported [37], and
the glycosylated structure of this MAA is thought to allow for the interaction with
extracellular matrices [11]. The hydrophobic pigment scytonemin absorbs UV-A radiation of
320 to 400 nm [38] and occurs exclusively in the cyanobacterial sheath [39]. With both the
UV-absorbing pigments of MAAs and scytonemin in its extracellular matrices [11], N.
commune is thought to be able to adapt to terrestrial environments with high levels of solar
radiation.

Desiccated N. commune has extreme longevity [7], implying the involvement of

antioxidants protecting biomolecules from oxidation. Fe-superoxide dismutase (SodF) is the
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third most abundant water-soluble protein in N. commune [40]. Thus, we characterized
low-molecular-weight antioxidants in N. commune. In our study, the radical scavenging
activity related to MAA was found in water extracts from desiccated colonies of N. commune.
Here, we report the characterization of two novel and uniqgue MAAs from N. commune with
radical scavenging ability. These findings provide new insights into the diversity of MAAs as

well as their biological functions in adaptation to terrestrial environments.

2. Materials and Methods

2.1. Microorganisms

Colonies of Nostoc commune growing in the field were collected from the Kakuma Campus
of Kanazawa University (N 36.547187, E 136.70537) or Tsubata Shinrin Kohen, Ishikawa,
Japan (N 36.689282, E 136.749058) from April to November. Wet colonies naturally swelled
after rain in the field were harvested, washed with tap water to remove soil, air-dried in the
laboratory, and stored at room temperature until used. The MAA was extracted with water
from N. commune powder and the UV-VIS absorption spectrum was measured. The MAA
concentration was estimated spectrophotometrically with an extinction coefficient of 120
liters g”* cm™ [33]. Two types of N. commune characterized by differences in their absorption
spectra of water extracts were found, and each N. commune sample was separately used for

MAA purification.

2.2. Purification of an MAA with an absorption maximum at 335 nm

Dry colonies of N. commune (32 g) containing an MAA with an absorption maximum at 335
nm were frozen with liquid nitrogen and ground with a mortar and pestle. The N. commune
powder was suspended in 30% methanol (1.5 L) and left at 4°C overnight. The extract was

filtrated with double coarse paper filters (Kimwipe, CRECIA), and the filtrate was

5
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centrifuged at 4,200 x g for 20 min at 4°C. The supernatant was vacuum-filtered with a
Buchner funnel type sintered-glass filter. The filtrate was concentrated with a rotary
evaporator under reduced pressure, and the solvent was changed to 400 ml of 100% methanol.
The methanol insoluble fraction was removed by centrifugation at 7,000 x g for 10 min at 4°C,
and the supernatant was vacuum-concentrated to change the solvent to 150 ml of 30%
methanol. After removal of 30% methanol insoluble materials by centrifugation at 7,000 x g
for 10 min at 4°C, the supernatant was vacuum-concentrated again to change the solvent to 50
ml of 100% methanol. After centrifugation at 7,000 x g for 10 min at 4°C, the supernatant was
vacuum-concentrated to change the solvent to 8.5 ml of 0.2% acetic acid. After centrifugation
at 21,500 x g for 10 min for 4°C, the supernatant was injected into an HPLC system equipped
with a reverse phase column (IRICA C18, 20 x 250 mm). The mobile phase was 0.2% acetic
acid at a flow rate of 3 ml min™. As3 was monitored with a Hitach L-4200 UV-VIS detector.
The fraction containing the MAA was recovered, condensed with a rotary evaporator and
injected to a liquid chromatography system (Biologic LP, Bio rad) with a gel filtration column
(Toyopearl HW50, 20 x 200 mm). The mobile phase was water at a flow rate of 1 ml min™,
and Azgo was monitored with a Bio-rad UV detector. The MAA fraction was recovered and
condensed with a rotary evaporator, and the final MAA product was lyophilized. To
determine the extinction coefficient of the purified MAA with an absorption maximum at 335
nm, 1 ml of the solution in water (approximately 5 mg ml™) was prepared, and its Asss was
determined. The dry weight of the MAA in the 1 ml solution was measured after

lyophilization.

2.3. Purification of an MAA with absorption maxima at 312 and 340 nm
N. commune powder (5 g) containing an MAA with absorption maxima at 312 and 340 nm

was suspended in distilled water (200 ml), and the MAA was extracted with stirring at 4°C for
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1 h in the dark. After centrifugation at 8,270 x g for 20 min at 4°C, the supernatant was
vacuum-filtered with a Buchner funnel type sintered-glass filter. Ethanol was added to the
filtrate to result in a final concentration of 70%, and the mixture was left at 4°C for 1 h in the
dark to precipitate 70% ethanol-insoluble materials. After centrifugation at 8,270 x g for 20
min at 4°C, the supernatant was vacuum-filtered with a Buchner funnel type sintered-glass
filter. The filtrate was concentrated with a rotary evaporator under reduced pressure and
centrifuged at 21,500 x g for 10 min at 4°C. The supernatant was filtrated though a 0.20-um
syringe filter (Minisart RC 15, Sartorius Stedim) and injected into a HPLC system equipped
with a reverse phase column (IRICA C18, 20 x 250 mm). The MAA was adsorbed with 0.2%
acetic acid as a mobile phase and eluted with 0.1% acetic acid 10% methanol. The flow rate
was constant at 3 ml min™, and the As3 was monitored with a Hitach L-4200 UV-VIS detector.
The fraction containing the MAA was recovered, condensed with a lyophilizer and injected
into a liquid chromatography system (Biologic LP, Bio rad) with a gel filtration column
(Toyopearl HW50, 20 x 200 mm). The mobile phase was water at a flow rate of 1 ml min™,
and Azgo was monitored with a Bio-rad UV detector. The MAA fraction was recovered, and
the final product of the MAA was lyophilized. To determine the extinction coefficient of the
purified MAA with absorption maxima at 312 and 340 nm, 1 ml of the solution in water
(approximately 3.6 mg ml™) was prepared, and its A1, was determined. The dry weight of the

MAA in the 1 ml solution was measured after lyophilization.

2.4. Thermal decomposition of the MAA with absorption maxima at 312 and 340 nm

The purified MAA with absorption maxima at 312 and 340 nm was treated at 100°C for 6 h in
a solution of 0.1% acetic acid and 10% methanol. The decomposition was monitored by
changes of absorption spectrum. The thermal decomposed products were analyzed at the

Center for Development of Biotech Industries, Kazusa DNA Institute, with a LC-Orbitrap
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mass spectrometer composed of a liquid chromatograph (Aginent 1200 series) and a linear
ion trap mass spectrometer (Finnigan LTQ ORBITRAP XL). The absorption spectra were

recorded with a photodiode array detector.

2.5. MALDI-TOF MS analysis

MALDI-TOF MS analysis was performed at the Division of Functional Genomics, Advanced
Science Research Center, Kanazawa University, with a tandem mass spectrometer (4800 plus
MALDI TOF/TOF™ Analyzer, Applied Biosystems, Foster City, CA) using
2,5-dihydroxybenzoic acid (DHB) as a matrix. The secondary mass spectrum was recorded

when applicable.

2.6. LC-MS/MS analysis

Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was performed at
the Center for Development of Biotech Industries, Kazusa DNA Institute, with a LC-Orbitrap
MS composed of a liquid chromatograph (Aginent 1200 series) and a linear ion trap mass

spectrometer (Finnigan LTQ ORBITRAP XL).

2.7. Spectroscopic methods

UV-VIS spectra were recorded with a Hitachi U-2800 spectrophotometer. Fourier
transformation infrared (FTIR) spectra were recorded with a Jasco FT/IR-230 FTIR
spectrometer using the KBr disk method. NMR spectra in D,O solvent were recorded with a
Bruker Avance 750 at the Suntory Institute for Bioorganic Research or with a JOEL ECA600
spectrometer at the Research Institute for Instrumental Analysis in Kanazawa University.
Either 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) or 3-(trimethylsilyl)propanoic acid

(TMP) was used as an internal NMR standard.
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2.8. Measurement of Trolox equivalent antioxidant capacity (TEAC)

Radical scavenging activity was measured using 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a substrate in a colorimetry assay [41].
Decolorization of the Azss was monitored photospectrometrically for 1 h. Electron spin
resonance (ESR) signals of ABTS or 2,2-diphenyl-1-picrylhydrazyl (DPPH) were recorded
using a free radical monitor (JOEL JES-FR30EX). Trolox

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) was used as a standard.

2.9. Chromatographic separation and detection of the MAA and radical scavenging activity
in water extract of N. commune

N. commune powder (100 to 200 mg) was suspended in distilled water (20 to 40 ml) and
extracted at room temperature with stirring for 1 h. After centrifugation at 21,500 x g for 10
min at 4°C, the supernatant was concentrated with a centrifugal concentrator (\VC-360,
TAITEC) and filtered through a 0.20-um syringe filter (Minisart RC 15, Sartorius Stedim).
The concentrated water extract containing 170 nmol TEAC was injected into an HPLC
system with a Hitachi L-6200 pump and an L-4200 UV-VIS detector equipped with a reverse
phase column (Wakosil 5C18, 4.6 mm x 250 mm; Wako, Osaka, Japan). For analysis of water
extract with the 1050-Da MAA, the mobile phase changed stepwise from 0.2% acetic acid for
the initial 16 min, 0.1% acetic acid 5% methanol for the next 52 min and 100% methanol for
the final 42 min. For anlysis of water extract with the 478-Da MAA, the mobile phase was
0.2% acetic acid for the initial 30 min and 100% methanol for the next 36 min. The flow rate
was constant at 0.5 ml min™ and a 1 ml fraction was collected every 2 min. The MAA was
detected by Aszp. Radical scavenging activity was measured by the ABTS decolorization

assay.
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3. Results
3.1. Two types of MAA in N. commune

During the characterization of MAA in field isolated natural colonies of N. commune, two
types of N. commune colonies whose water extracts resulted in different UV-absorbing
spectra were found, although no obvious differences in their appearance could be observed by
eye. One MAA isolate showed a single absorption maximum at 335 nm, and the other MAA
isolate showed an absorption maximum at 312 nm associated with a shoulder at 340 nm.
These MAAs had different retention times when analyzed by HPLC, indicating different
chemical structures. Each MAA was found separately, but biological or physiological
differences allowing us to separate these N. commune samples could not be specified. Thus

each N. commune sample was used for MAA purification and characterization separately.

3.2. MAA with an absorption maximum at 335 nm

An MAA with an absorption maximum at 335 nm was purified from field isolated natural
colonies of N. commune (Table 1). The UV absorption spectrum of the purified MAA showed
a single absorption peak at 335 nm (Fig. 1A), and the absorption coefficient of this MAA was
69.4 L g* cm™ at 335 nm in water. The molecular mass was 478 Da as determined by
MALDI-TOF MS analysis (Fig S1A). The calculated molar absorption coefficient at 335 nm
was 33173 M cm™. Because no MAA with a molecular mass of 478 Da has been reported,
the chemical structure of the 478 Da MAA was further characterized.

The IR spectrum of the 478 Da MAA (Fig. S2A) was compared with those of the
known MAAs palythine [42] and porphyra-334 [43] (Table 3). Similar IR absorption peaks
were observed, suggesting that the 478-Da MAA has similar structure to these MAAs. The
characteristic absorption peak at 3400 cm™ but not 3300 cm™ in the 478-Da MAA suggests a

large number of hydroxyl groups present in this molecule, consistent with the presence of a

10
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pentose ring as described below.

MALDI-TOF MS/MS analysis was performed on the molecular ion fragment with
m/z 479 (Fig. S3). A fragment with m/z 347 was detected in the second MS, and this
molecular mass was identical to that of porphyra-334 [44]. The neutral loss of 132 suggests
the deletion of a pentose (CsHgO4) from the parent molecular ion with m/z 479. The
fragments with m/z 435 and m/z 420 suggest the deletion of CO, and CHgs, and this
fragmentation pattern was similar to the results of the MS analysis of the known MAA [45].
These data suggest that the 478-Da MAA is a porphyra-334 derivative bound with pentose.
This was confirmed by NMR analysis (Table 3). Both known chemical shifts for
porphyra-334 and pentose were observed in the 478-Da MAA. According to the
heteronuclear multiple band correlation (HMBC) spectrum, a correlation between the C7
carbon in the porphyra-334 structure and the proton bound at the C1 carbon of pentose was
observed, suggesting that pentose is bound to the C7 position of porphyra-334 via an
O-glycoside bond. Figure 2 shows the predicted structure for the 478-Da MAA from N.

commune.

3.4. An MAA with absorption maxima at 312 and 340 nm

An MAA with absorption maxima at 312 and 340 nm was purified from field isolated natural
colonies of N. commune (Table 2). The purified MAA showed a characteristic UV absorption
spectrum with an absorption peak at 312 nm associated with a shoulder at 340 nm (Fig. 1B),
and its absorption coefficient was 56.0 L g cm™ at 312 nm in water. This UV absorption
spectrum suggests the presence of two distinct chromophores, 3-aminocyclohexen-1-one and
1,3-diaminocyclohexen, related to the absorption peaks at 312 nm and 340 nm, respectively.
The molecular mass was 1050 Da as determined by MALDI-TOF MS analysis (Fig. S1B),

indicating a novel MAA with a unique chemical structure. The calculated molar absorption

11
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coefficient at 312 nm was 58800 M™ cm™. The characteristic absorption peak at 3399 cm™ in
the IR spectrum of the 1050-Da MAA (Fig. S2B) suggests that a large number of hydroxyl
groups present in this molecule, consistent with the presence of pentose and hexose in this
molecule as described below.

Multiple MS analysis was performed on the molecular ion fragment with m/z 1051
(Table S1). A fragment with m/z 1015 was detected in the MS? representing the deletion of 2
molecules of H,0. In the MS?, a fragment with m/z 883 was detected, suggesting the deletion
of pentose (CsHgO, with a mass of 132). A fragment with m/z 721 in the MS* suggests the
deletion of hexose (CsH1005 with a mass of 162). A fragment with m/z 649 detected in the
MS?® and MS* was considered a core MAA produced by the deletion of pentose and hexose.
Finally, the fragment with m/z 649 showed a characteristic mass spectrum similar to known
MAAs in the MS®.

To characterize the structure of the 1050-Da MAA further, thermal decomposition
products were analyzed with LC-MS (Fig. S4, Table S2). In the thermal decomposition
products, a fragment with a single absorption peak at 312 nm related to a
3-aminocyclohexen-1-one derivative and a fragment with a single absorption peak at 335 nm
related to a 1,3-diaminocyclohexen derivative were detected separately (Fig. S4). The
predicted formula of the 1050-Da MAA was C4sH70N4O24, consisting of 2 molecules of H,0,
pentose, hexose, a Ci13H22N20g unit and a Cy1H26N207 unit; the fragments related to the
removal of those units were detected in the thermal decomposition products (Table S2A) and
also in the mass spectra of the 1050-Da MAA (Table S1). The fragments related to the
deletion of a CgH1004 unit of 170 Da were detected (Table S2B); this 170-Da unit could be
related to 4-deoxygadusal, which is a precursor for the biosynthesis of MAA and includes a
core ring [32]. These results support the presence of multiple chromophores in the 1050-Da

MAA. The 1050-Da MAA also degraded to pentose, hexose, a Ci4H23N1Og unit and a

12
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C20H29N307 unit during the thermal decomposition (Table S2C). These data also suggest that
the 1050-Da MAA contains two distinct chromophores of 3-aminocyclohexen-1-one and
1,3-diaminocyclohexen, pentose and hexose (Fig. 3A-D).

3C and 'H NMR spectra of the 1050-Da MAA were recorded and compared with
those of porphyra-334 and mycosporine-glycine (Table 5). In the **C-NMR spectrum, signals
with identical chemical shifts to both porphyra-334 and mycosporine-glycine were observed,
suggesting the presence of two distinct chromophores, 3-aminocyclohexen-1-one and
1,3-diaminocyclohexen. In the 'H-NMR spectrum, the signals related to the
3-aminocyclohexen-1-one ring accounted for 4 protons equivalent per molecule (Table 5),
suggesting the 1050-Da MAA contains a single 3-aminocyclohexen-1-one with an absorption
maximum at 335 nm. The signals related to the 1,3-diaminocyclohexen ring accounted for 8
protons equivalent per molecule (Table 5), suggesting the 1050-Da MAA contains two
1,3-diaminocyclohexen molecules with an absorption maximum at 312 nm. These results are
consistent with the absorption spectrum (Fig. 1A) and MS analysis of the 1050-Da MAA.
Two separable signals characteristic of the C1 positions of distinct sugars were observed,
confirming the presence of two sugars (Table 5), although their molecular species and
coupling scheme were unidentified. In the **C NMR spectrum, two signals related to a
carboxyl group were observed, suggesting the presence of two carboxyl groups per molecule.
After combining the data from the MS and NMR analysis, a predicted structure of the

1050-Da MAA is shown in Figure 3E.

3.5. Radical scavenging activity in MAAs
Table 6 shows the radical scavenging activity detected in the purified MAAs from N.
commune. Both the 478-Da MAA and the 1050-Da MAA showed ABTS radical scavenging

activity when we monitored the decolorization of ABTS radicals. During the time course
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experiments, decolorization of ABTS radicals increased as incubation times increased from
10 min to 3 h, suggesting that these MAAs are slow-acting radical scavengers. The molecule
used as a standard, Trolox, is known to be a fast-acting scavenger in which the reaction
completes within 10 min. Based on these results, the incubation time was fixed for 1 h in the
assay. When we directly monitored the decrease of ABTS radicals by ESR, the activity of the
478-Da MAA was equivalent to that of Trolox, and the 1050-Da MAA showed higher activity
than did Trolox (Table 6). The DPPH radical is known to have selectivity for scavengers with
a strong radical scavenging activity [46]. When DPPH was used as a substrate, the 1050-Da
MAA was capable of scavenging DPPH radicals, but no activity was detected in the 478-Da
MAA (Table 6). These results indicate that the 1050-Da MAA is a strong radical scavenger
that reacts with both ABTS and DPPH organic radicals in vitro.

The radical scavenging activity related to the 1050-Da MAA was examined in the
water extract of N. commune by HPLC analysis (Fig. 4). The elution peak of the 1050-Da
MAA was identified by comparing with the purified 1050-Da MAA and with the
characteristic absorption spectrum with absorption maxima at 312 nm and 340 nm. At least
three other MAAs or MAA derivatives were detected, but the 1050-Da MAA accounted for
approximately 47% of total MAAs (Fig. 4A). The radical scavenging activity eluted together
with the 1050-Da MAA in the same fractions and the 1050-Da MAA associated activity
accounted for approximately 27% of the total recovered activity (Fig. 4B). These results
suggest that the 1050-Da MAA is a major MAA in N. commune colonies with this type of
MAA and also a main component of the water-soluble radical scavengers.

The water extract of N. commune with the 478-Da MAA was examined by HPLC
analysis (Fig. 5). The 478-Da MAA was a main MAA detected in the water-soluble extract of
N. commune with this type of MAA (Fig. 5A). Interestingly, high radical scavenging activity

not associated with the 478-Da MAA was detected (Fig. 5B). This suggests that extra
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water-soluble antioxidants contribute to the total level of radical scavenging capacity in N.
commune colonies with the 478-Da MAA, which showed lower activity than the 1050-Da
MAA (Table 6). There are two types of N. commune in terms of water-soluble antioxidants
consistent with the types of MAAs. Characterization of water-soluble antioxidants in N.

commune colonies with the 478-Da MAA is currently under way.

4. Discussion

Novel glycosylated MAAs with radical scavenging activities were found in the
cyanobacterium Nostoc commune examined in this study. Two types of N. commune
characterized by the different MAAs found, although biological and physiological conditions
allowing the separation of these types are unknown. Both a 478-Da MAA (Fig. 2) and a
1050-Da MAA (Fig. 3) were bound with sugars, and their chemical structures were different
from the previously reported MAA in N. commune [37]. The novel 1050-Da MAA consisted
of  three  chromophores, including both 3-aminocyclohexen-1-one  and
1,3-diaminocyclohexen (Fig. 3), and this structural feature was related to the expanded
UV-absorbing window due to its unique double absorption maxima covering both UV-A and
UV-B wavelengths (Fig. 1B). This is the first report of an MAA with both
3-aminocyclohexen-1-one and 1,3-diaminocyclohexen within a single molecule. The in vitro
experiments demonstrated a potent radical scavenging activity in these novel N. commune
MAASs (Table 6, Fig. 4). These results suggest that these unique glycosylated MAAs function
as UV protectants and antioxidants relevant to anhydrobiosis in N. commune. Without these
glycosylated MAAs N. commune maybe incapable of surviving terrestrial environments and
of sustaining viability in a desiccated state; however, physiological roles of these MAAS in
this unique organism remain to be elucidated in future studies.

Previously identified MAAs have a low molecular weight of approximately 400 Da
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and are composed of either a 3-aminocyclohexen-1-one or a 1,3-diaminocyclohexen
chromophore with single absorption peak at around 310 nm or 330 nm [28, 29, 31]. In this
study, we identified a N. commune 1050-Da MAA with both 3-aminocyclohexen-1-one and
1,3-diaminocyclohexen chromophores (Fig. 3). In addition to broadening the UV absorption
profile (Fig. 1B), the conjugation of 3-aminocyclohexen-1-one rings is thought to lead to an
antioxidant role for the 1050-Da MAA (Table 6, Fig. 4). Because cyanobacterial unidentified
MAAs with the double absorption maxima, including one from N. commune, have been
reported [33, 37, 47-49], this type of combined MAAs may be distributed throughout
cyanobacteria. The finding of the 1050-Da MAA from N. commune provides new insight into
the molecular diversity of MAAs as well as mechanisms to adapt to terrestrial environments;
however, the biosynthesis of the 1050-Da MAA in N. commune and the mechanisms of action
for UV absorption and radical scavenging abilities in a single molecule remain to be
elucidated in future studies.

Consistent with our results, a xylose-containing UV-absorbing compound has been
suggested to be present in N. commune [48], and an interaction via its sugar moiety with the
WSspA protein, a major protein in the extracellular matrices [12, 50], contributes to the
construction of extracellular matrices [11, 48]. It is noteworthy that all three of the MAAS
identified thus far in N. commune are glycosylated (Fig. 2, 3)[37]. Known glycosylated
MAAs mycosporine-glutaminol-glucoside and mycosporine-glutamicol-glucoside have been
reported in rock-inhabiting microcolonial fungi [51] and the terrestrial cyanobacteria from
rock surfaces [52]. Hence, these glycosylated MAAs may have protective functions in general,
allowing adaptation to terrestrial environments where they are exposed to drastic changes in
temperature and extreme desiccation, as well as direct solar radiation in the biologically
harmful UV range.

UV radiation causes oxidative damage in cyanobacterial cells, including lipid
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peroxide formation, DNA strand breaks, and chlorophyll bleaching concomitant with
deactivation of photosynthesis and growth inhibition [53]. MAAs are suggested to have a
protective role against UV induced oxidative stress in algae [54] and cyanobacteria [55]. It
has been reported that mycosporine-glycine shows radical scavenging activity in vitro [56-58].
These previous reports are in agreement with our results showing the radical scavenging
activity found in the MAAs from N. commune (Table 6, Fig. 4), supporting the idea of
multifunction MAASs [28, 29, 31]. The energy absorbed by MAAs is dispersed as heat [35,
36]; thus, it will be interesting to determine whether UV radiation affects the radical
scavenging activity of the glycosylated MAAs in N. commune. In vitro studies will answer
this question and provide further evidence of multifunctional compounds.

It has been reported that porphyra-334 has a photoprotective role but does not
function as an antioxidant [35, 36, 56]. The 478-Da MAA in N. commune was characterized
as a glycosylated porphyra-334 derivative (Fig. 2) and showed radical scavenging activity in
vitro (Table 6). It will be interesting to determine whether the glycosylation of porphyra-334
found in N. commune is a unique adaptation in this organism for terrestrial environments.
Biochemical and molecular biological studies of the biosynthesis of the 478-Da MAA in N.
commune will give further insight into the diversity and function of MAAs.

It has been suggested MAAs may function as osmotic solutes because of the high
concentrations of MAAs in halophilic cyanobacteria [59]. The amounts of MAAS detected in
field-isolated natural colonies of N. commune were approximately 0.04% of their dry weight
[60], in agreement with previous reports of the amounts of MAAs in cyanobacteria ranging
from 0.06 to 0.8% [33, 61]. N. commune colonies contain a large amount of EPS, which
accounts for up to 80% of their dry weight [12]; thus, the concentrations of MAAs per cell
should not be underestimated. Trehalose is known to be a multifunctional molecule and dry

colonies of N. commune accumulate trehalose levels ranging from 0.1 to 0.2% [19]. It has
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been noted that the trehalose level in N. commune is too low to explain the extreme
environmental stress tolerance of this organism; organisms with a trehalose producing
capacity as high as 10 to 20% of their dry weight are known [62]. However, the trehalose
concentration per cell may be underestimated in N. commune because of the presence of EPS.
The unique glycosylated MAAs found in the cyanobacterium N. commune (Fig. 2, 3) imply
that the MAA function together with EPS and trehalose can protect cells from damage during
desiccation. Further studies on the novel MAAs in N. commune will be needed to address

their functions in the mechanisms of anhydrobiosis.
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Supporting Information

Figure S1 MALDI-TOF MS analysis of the purified MAAs. (A) MAA with absorption
maximum at 335 nm. The molecular ion fragment at m/z 479 corresponds to [MAA+H"].
(B) MAA with absorption maximaat 312 and 340 nm. The molecular ion fragment at
m/z 1051 corresponds to [MAA+H"].

Figure S2 FTIR spectra of the 478-Da MAA with absorption maximum at 335 nm (A) and the
1050-Da MAA with absorption maximaat 312 and 340 nm (B).

Figure S3 MS/MS analysis of the 478-Da MAA with absorption maximum at 335 nm. The
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molecular ion fragment at m/z 479 shown in Fig. S1(A) was ionized and the secondary
mass spectrum was recoded. The molecular ion fragment at m/z 347 corresponds to

porphyra-334 with a molecular mass of 346.

Figure S4 LC-MS analysis of the thermal decomposed products of purified MAA with
absorption maxima at 312 and 340 nm. (A) Changes of UV-VIS spectra during heat
treatment at 100°C. The fragments with absorption maximaat 312 nm and 335 nm (B), at
312 nm (C) and at 335 nm (D) were detected, respectively. The fragment with absorption
maximum at 312 nm corresponds to a 3-aminocyclohexen-1-one derivative (C) and that

with absorption maximum at 335 nm corresponds to a 1,3-diaminocyclohexen derivative

(D).

Table S1 Summary of MS/MS analysis of the purified 1050-Da MAA with absorption

maxima at 312 and 340 nm.

Table S2 Prediction of the thermal decomposition of the 1050-Da MAA with absorption

maxima at 312 and 340 nm.
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Legends to figures:

Fig. 1. UV spectra of the purified MAA in H,0. (A) 478-Da MAA with absorption maximum

at 335 nm (e =33173 Mt cm™ at 335 nm). (B) 1050-Da MAA with absorption maxima
at 312 nm (¢ =58800 M cm™ at 312 nm).

Fig. 2. A predicted structure for 478-Da MAA with absorption maximum at 335 nm. Pentose

is bound to porphyra-334.

Fig. 3. Components and predicted structure of 1050-Da MAA with absorption maxima at 312

Fig.

Fig.

and 340 nm. (A) 3-aminocyclohexen-1-one structure related to absorption maximum at
312 nm. (B) 1,3-diaminocyclohexen structure related to absorption maximum at 335 nm.
(C) Pentose. (D) Hexose. (E) A predicted structure for 1050-Da MAA.

4. Elution profile of water extract of Nostoc commune with the 1050-Da MAA
fractionated with a reverse phase HPLC. (A) MAA was detected with Azz,. (B) Radical
scavenging activity was measured by the ABTS decolorization assay. The 1050-Da
MAA was eluted together with its associated radical scavenging activity in the fractions
of 60 and 62 min. The data from a single experiment are shown, but similar experiments
were repeated independently at least three times, and the co-elution of MAA and radical

scavenging activity was observed in all cases.

5. Elution profile of water extract of Nostoc commune with the 478-Da MAA
fractionated with a reverse phase HPLC. (A) MAA was detected with Assg. The 478-Da
MAA was eluted in the fractions of 22 and 24 min. (B) Radical scavenging activity was
measured by the ABTS decolorization assay. A main peak of radical scavenging activity
was detected in the the fractions of 46 to 50 min. The data from a single experiment are
shown, but similar experiments were repeated independently at least twice, and identical

results were obtained in all cases.
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Table 1
Purification of 478-Da MAA with absorption maximum at 335 nm from Nostoc
commune .
Volume MAA b MAA
Step concentration amount Yield (%)
(ml) -1
(mg 1) (mg)
30% methanol 1460 11 16.4 100
extract
100% methanol 400 28 11.3 69
solution
30% methanol 150 108 16.2 99
solution -
100% methanol 50 210 10.5 64
solution '
0.2% acetic acid
solution 8:5 992 e *
Reverse phase 15 3667 55 34
HPLC ' '
Gel filtration 0.5 10000 5.0 31

@ Dry colonies of N. commune (32 g) containing the MAA with absorption
maximum at 335 nm were used as starting materials, and the MAA was

purified as described in Materials and Methods.

® MAA concentration was determined using an absorption coefficient of 120 L

g’ cm™ [33].
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Table 2
Purification of 1050-Da MAA with absorption maxima at 312 and 340 nm from
Nostoc commune °.

Volume MAA b MAA
Step concentration amount Yield (%)
(ml) Il
(mg ™) (mg)
Water extract 172 11 1.83 100
(o)
70% ethanol 550 2 1.34 73
solution
Vacuum 6 220 1.32 72
concentration
Reverse phase
HPLC 0.5 1760 0.88 45
Gel filtration 0.5 1550 0.75 38

2 Dry colonies of N. commune (5 g) containing the MAA with absorption maxima at
312 and 340 nm were used as starting materials, and the MAA was purified as
described in Materials and Methods.

b Mf\A concentration was determined using an absorption coefficient of 120 L g™
cm [33].
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Table 3
Comparison of IR spectra of MAA.
TN ponrss DM A g
Wavenumber (cm™)
3400 3399
3300 3260
2929
1606 1600 1617 1609
1558 1540 1541 1540
1382 1380 1400 1378
1310 1305
1273 1275 1273
1132 1126
1072 1080 1076, 1046 1052
1006

IR spectra were recorded with a Fourier transform infrared (FTIR) spectrometer (Jasco FT/IR-230)
by the KBr disk method. The wavenumbers of absorption bands for the purified MAA are
compared with those for known MAA porphyra-334 [43] and palythine [42]. The data for IR spectra
are shown in the supplementary data (Fig. S3).
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Table 4
Summary of NMR analysis of 478-Da MAA with absorption maximum at 335 nm.

478-Da MAA with Anax at

Porphyra-334 B-D-Xylose

335 nm
C# 13C 1H 13C 1H 13C 1H
1 161.6 - 161.6 -
2 1284 - 126.0 -
3 163.2 - 163.2 -
4 36.4 3.00 325 2.75
5 73.1 - 71.3 -
6 35.9 2.83 33.0 2.77
7 77.7 3.90,3.67 67.1 3.61s
8 62.2 3.70s 59.0 3.73s
9 49.5 4.06d(2.4) 47.0 4.07s
10 177.7 - 177.6 -
11 67.3 4.09d(4.5) 64.0 4.12d(5.0)
12 178.2 - 178.0 -
13 71.0 4.31dq(6.5,4.5) 68.0 4.33m(5.0,6,4)
14 223 1.26d(6.5) 19.0 1.26d(6.4)
15 106.4 4.37d(7.6) 97.5 4.21
16 73.5 3.60dd(7.6,9.6) 75.1 3.14
17 75.0 3.68dd(9.6,3.6) 76.8 3.33
18 711 3.95m 70.2 3.51
19 69.1 3.92,3.65 66.1 3.88,3.21

NMR spectra were recorded with a Bruker Avance 750 or a Joel ECAG600 spectrometer
in D,O as solvent. Chemical shifts (ppm) for the purified 478-Da MAA with A« at 335
nm are compared with those for the known MAA porphyra-334 [43] and xylose [63].
Coupling constants (Hz) are shown in parentheses. The data for NMR spectra are
shown in the supplementary data.
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Table 5
Summary of NMR analysis of 1050-Da MAA with absorption maxima at 312 and 340 nm.

1050-Da MAA with Anax at 312

Porphyra-334 Mycosporine hydroxyglutamicol and 340 nm

C# 130 1H C# 13C 1H 13C 1H

1 161.6 - 162.3 -

2 126.0 - 128.4 -

3 163.2 - 162.0 -
2.85d(17.2),

4 32.5 2.75 35.7 2.794(16.8)
2.78d(16.2),

6 33.0 2.77 36.3 2.764(15.1)

8 59.0 3.73s 62.2 3.65s

1 185.9 - 187.2,187.2 -

2 131.0 - 132.9 -

3 159.9 - 162.5 -
3.06d(17.5),
3.02d(17.2),

4 33.9 2.89m,2.89m 36.3 2.85d(17.2).
2.81d(17.5)
2.65d(16.8),

2.44d(16.9), 2.65d(16.8),

6 42 H69d(16.9) 456456 5 654(17.1)
2.66d(16.8)

8 60.0 3.59s 62.3 3.54s, 3.54s

5}
6
7
1050-Da MAA with Anax at
B-D-Glucose C-1 312 and 340 nm
13C 1H 13C 1H
96.8 4.64 107.6 4.62d(7.9)
' ' 105.0 4.5d(7.6)
16
17
18 NMR spectra were recorded with a Joel ECA600 spectrometer in D,O as solvent. Chemical
19  shifts (ppm) for the purified 1050-Da MAA with An.x at 312 and 340 nm are compared with
20 those for the known MAA porphyra-334 [43] mycosporine hydroxyglutamicol [64] and
21  glucose [63]. Coupling constants (Hz) are shown in parentheses. The data for NMR spectra
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are shown as a supplement.
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Table 6
Radical scavenging activity in MAA®.
Assay Colorimetry® ESR°®
Substrate ABTS ABTS DPPH
ICs0(LUM)

Trolox® 272 182 128
478-Da MAA r\]/vnl;(h Amax at 335 9507 185 -
1050-Da MAA with Aax at 312 1045 55 809

and 340 nm

@ Radical scavenging activity was measured using ABTS or DPPH as organic radical
sources.

® Decolorization of ABTS was monitored with a spectrophotometer for 1 h.

© ESR signals were monitored with a free radical monitor (Joel JES-FR30EX).

“Trolox was used for a standard.

-, hot detected.

ICs0 (50% inhibitory concentration) are shown
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FIG. 1. UV spectra of the purified MAA
in H,O0. (A) 478-Da MAA with
absorption maximum at 335 nm (e
=33173 M?! cm! at 335 nm). (B)
1050-Da MAA with absorption maxima
at 312 nm (¢ =58800 M-t cm? at 312
nm).
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FIG. 2. A predicted structure for 478-Da
MAA with absorption maximum at 335
nm. Pentose is bound to porphyra-334.
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FIG. 3. Components and predicted structure of 1050-Da MAA with
absorption maxima at 312 and 340 nm. (A) 3-aminocyclohexen-1-one
structure related to absorption maximum at 312 nm. (B) 1,3-
diaminocyclohexen structure related to absorption maximum at 335 nm.
(C) Pentose. (D) Hexose. (E) A predicted structure for 1050-Da MAA.



Fig. 4.

0.8 -
0.6 -

Az30
(@]
~

O .
0 20 40 60 80 100
Fraction, min

o

20 A
15 A
10 A
5_

0 .
0O 20 40 60 80 100
Fraction, min

TEAC, nmol

FIG. 4. Elution profile of water extract of
Nostoc commune fractionated with a reverse
phase HPLC. (A) MAA was detected with Az,
(B) Radical scavenging activity was measured
by the ABTS decolorization assay. The 1050-
Da MAA was eluted together with its
associated radical scavenging activity in the
fractions of 60 and 62 min. The data from a
single experiment are shown, but similar
experiments were repeated independently at
least three times, and the co-elution of MAA
and radical scavenging activity was observed
in all cases.



Fig. S1.

A. MAA with Amax at 335 nm

Final - Shots 2000 - For Trichothecenes: Label H20
479.1240(R6024,53107)

235

435.1349(R7983,51522)
20 72.9768(R5548,5985)
30 377.09P1(R§479,5633)

13RR(R7713,5219)
101 214.81}8R2995 ﬁﬁgﬂﬁ%@% 570.8569(R 10875 529,8687(R 14498 8804825 (R13240,526)

it .

2000 3808 5616 7424 9232 11040

B. MAA with Amax at 312 and 340 nm
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Fig. S1. MALDI-TOF MS analysis of the purified MAAs. (A) MAA
with absorption maximum at 335 nm. The molecular ion fragment at m/z
479 corresponds to [MAA+H"]. (B) MAA with absorption maxima at

312 and 340 nm. The molecular ion fragment at m/z 1051 corresponds to
[MAA+H"].
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Fig. S2.

A. MAA with Amax at 335 nm
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B. MAA with Amax at 312 and 340 nm
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Fig. S2. FTIR spectra of the 478-Da MAA with absorption maximum at

335 nm (A) and the 1050-Da MAA with absorption maxima at 312 and
340 nm (B).



Fig. S3.
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Fig. S3. MS/MS analysis of the 478-Da MAA with absorption maximum
at 335 nm. The molecular ion fragment at m/z 479 shown in Fig. S1(A)
was ionized and the secondary mass spectrum was recoded. The
molecular ion fragment at m/z 347 corresponds to porphyra-334 with a
molecular mass of 346.
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Fig. S4. LC-MS analysis of the thermal decomposed products of purified MAA
with absorption maxima at 312 and 340 nm. (A) Changes of UV-VIS spectra
during heat treatment at 100°C. The fragments with absorption maxima at 312 nm
and 335 nm (B), at 312 nm (C) and at 335 nm (D) were detected, respectively. The
fragment with absorption maximum at 312 nm corresponds to a 3-
aminocyclohexen-1-one derivative (C) and that with absorption maximum at 335
nm corresponds to a 1,3-diaminocyclohexen derivative (D).



Table S1. Summary of MS/MS analysis of the purified 1050-Da MAA with absorption

maxima at 312 and 340 nm.

2 .
MS Mass of fragment [M+H"] alier:?jg\r/wie Neutral loss Deleted fragment
1051.45
1033.20 98 18 H,O
1015.35 100 36 2 H,O
883.15 5 168
685.25 5 366
667.25 6 384
649.26 6 402
3 .
MS Mass of fragment [M+H"] alier:?jg\r/wie Neutral loss Deleted fragment
1015.35
997.37 47 18
883.33 100 132 Pentose
667.18 26 348
649.17 90 366
603.37 29 412
Z -
MS Mass of fragment [M+H"] alier:?jg\r/wie Neutral loss Deleted fragment
883.33
865.41 60 18 H,O
721.15 6 162 Hexose
667.30 20 216 3 H,O+Hexose
649.20 100 234 4 H,O+Hexose
603.25 30 280
349.26 38 534
5 .
MS Mass of fragment [M+H"] alier:?jg\r/wie Neutral loss Deleted fragment
649.20
613.60 26 36 2 H,O
603.39 100 46 Characierstio
573.01 47 76
554.96 37 94
420.99 38 228
349.32 52 300
303.46 7 346




Table S2. Prediction of the thermal decomposition of the 1050-Da MAA with absorption
maxima at 312 and 340 nm.

Detected Mass

A [M+H"] Neutral loss  Expected formula Deleted fragment
1051.40 C4sH70N4O24
1015.43 35.98 CasHesN4O2 2 H,O
883.38 168.02 C40H58N401s 2 H,0 + Pentose (CsHgOy)
791 33 33007 CasHagNiOss 2 H,0 + Pentose (CsHgO4) + Hexose
(CeH1005)
2 H,0 + Pentose (CsHgO4) + Hexose
419.1 2.22 HoeN
9.18 63 CaiHzeN207 (CeH1005) + C13H22N206
2 H,0O + Pentose (CsHsO4)+ Hexose
1 748.2 H2oN
303.16 8.25 CaH22N2Os (CeH1005) + C21H26N207
B DeteﬁidHl\]/lass Neutral loss  Expected formula Deleted fragment
1051.40 CasH70N4O24
881.39 170.01 C37H60N4O20 CsH1004
711.33 341.08 Co9H50N4O 16 CgH1004 + CgH 1004
189.08 862.32 CsH1205 C37H58N4O19
C DetiﬂidHl\]/lass Neutral loss  Expected formula Deleted fragment
1051.40 CasH70N4O24
718.30 333.10 C31H47N3016 C14H23N1Osg
C14H23N10g +
58626 46514 C26H39N3012 Pentose (C5Hgo4)
424.21 627.19 CaoH20N305 C14H23N1Os + Pentose (CsHg0.) +

Hexose (CsH100s5)

The thermal decomposition products of the purified 1050-Da MAA with absorption maxima at

312 and 340 nm were analyzed by LC-MS.

A. The fragments detected in the MS analysis (Fig. S2B, Table S1) are shown.

B. The fragments deleted with a 170-Da unit of CgH,,0,.

C. The fragments deleted with pentose and hexose.



