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Oceans include the greatest extremes of pressure, temperature and light, and habitats can range
from tropical waters to ocean trenches, several kilometers below sea level at high pressure. With its
70% of the surface of our planet marine ecosystem still remains largely unexplored, understudied
and underexploited in comparison with terrestrial ecosystems, organisms and bioprocesses. The
biological adaptation of marine organisms to a wide range of environmental conditions in the
specific environment (temperature, salinity, tides, pressure, radiation, light, etc.) has made them
an enormous reservoir of interesting biological material for both basic research and biotech-
nological improvements. As a consequence marine ecosystem is valued as a source of enzymes
and other biomolecules exhibiting new functions and activities to fulfill human needs. Indeed,
in recent years it has been recognised as an untapped source of novel enzymes and metabolites
even though, with regard to the assignment of precise biological functions to genes, proteins
and enzymes, it is still considered as the least developed.

Using metagenomics to recover genetic material directly from environmental samples, this
biogenetic diversification can be accessed but despite the contributions from metagenomic
technologies the new field requires major improvements.

A few words on the complexity of marine environments should be added here. This complexity
ranges from symbiotic relationships to biology and chemistry of defence mechanisms and from
chemoecology of marine invasions up to the strategies found in prokaryotes to adapt to extreme
environments. The interdisciplinary study of this complexity will enable researchers to find an
arsenal of enzymes and pathways greatly demanded in biotechnological applications.

As far as marine enzymes are concerned they may carry novel chemical and stereochemical
properties, thus biocatalytically oriented studies (testing of suitable substrates, appropriate check-
ing of reaction conditions, study of stereochemical asset of catalysis) should be performed to
appropriately reveal this “chemical biodiversity” which increases interest for these enzymes.

Among other biomolecules, polysaccharides are the most abundant renewable biomaterial found
on land and in oceans. Their molecular diversity is very interesting; except polysaccharides used
traditionally in food and non-food industries, the structure and the functionality of most of them
are unknown and unexplored. Brown seaweeds synthesize unique bioactive polysaccharides:
laminarans, alginic acids and fucoidans. A wide range of biological activities (anticoagulant,
antitumor, antiviral, anti-inflammation, etc.) have been attributed to fucoidans and their role
with respect to structure-activity relationship is still under debate.
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In this Research Topic, we wish to centralize and review contributions, idea and comments related
to the issues above. In particular results of enzymatic bioprospecting in gross marine environ-
ment will be acknowledged along with research for structural characterization and biological
function of biomolecules such as marine polysaccharides and all kind of research related to the
complexity of bioprocesses in marine environments. Inter- and multi-disciplinary approach to
this field is favoured in this Research Topic and could greatly be facilitated by the web and open
access nature as well.
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Even before the development of the idea to exploit marine biomolecules for human needs
(pharmaceuticals, cosmetics, etc.), the interest for such compounds is implicit when one ponders
the astonishingly basic definition of marine biotechnology as “a natural extension of cultural
practices of garnering food from the ocean” by the anthropologist Helmreich who beautifully
summarizes the origins of marine biotechnology and its deep significance to human society
(Helmreich, 2003). Free from any sectarian, discipline-directed bias for a particular type of
molecules and, as a consequence of this inclusive unfiltered consideration of all types of molecule,
is the great flexibility of the biological adaptation of marine organisms to the wide range of
environmental conditions found (temperature, salinity, tides, pressure, radiation, light, etc.).
Indeed this adaptation has empowered marine livings with an enormous reservoir of any type of
precious biological material for both basic research and biotechnological improvements. Relative
to the terrestrial well-known ecosystem, the prevalent and unknown marine environment is
valued as a source of enzymes exhibiting new functions and activities to fulfill human needs
(Trincone, 2013), as well as other biomolecules such as important polysaccharides which are
the most abundant renewable biomaterial found in oceans. This list cannot be completed
without the inclusion of small molecular weight compounds characterized by various molecular
skeletons isolated from marine organisms (sponges, corals, and other marine invertebrates), which
possess interesting activities. Moreover, it is still widely accepted that the assignment of precise
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a number of useful potential biotechnological and medical
applications with direct research involvement by the same
group of authors (Balabanova et al, 2010). Worldwide
efforts focused on the subject are also recently reviewed
(Bakunina et al., 2014).

From the same prestigious Russian institution, G.B. Elyakov
Pacific Institute of Bioorganic Chemistry, two other groups
have contributed to this Research topic with a review and an
opinion article. The review presented a survey in collaboration
with the Department of Biochemistry, Dong-A University, South
Korea, on marine triterpene glycosides having very low toxicity
and considered potential suitable agents for the prevention and
treatment of cancer. The conclusion affirms that fine details
of the structural characteristics including carbohydrate moiety
and sulfation are involved in the biological activities of marine
triterpene glycosides and the study is essential for developing
marine drugs.

The opinion article evaluates the status of different research
on marine polysaccharides. The molecular diversity of these
molecules is very interesting with new structures and, except
those used traditionally in food and non-food industries,
with functionalities that are unknown and unexplored so that
biomolecular tools for study in this field are very important.
The authors specially focused on fucoidan and fucoidanases
on which the Russian group is intensively working (Kusaykin
et al., 2008; Vishchuk et al., 2011, 2013; Silchenko et al., 2013;
Shevchenko et al., 2015). Despite the obvious prospects for
exploitation in medicine, fucoidan has not yet been declared a
drug and the question of the title makes sense in view of the
biological effects of a food supplement called Fucolam® recently
registered in Russia that in addition to the immunomodulatory,
antibacterial, antiviral, and antitumoral activities, has
probiotic, hepatoprotective, glucose, and cholesterol lowering
effects.

The importance of the carbohydrate class of biomolecules
in marine environment is highlighted by the presence of
other contributions. An original article from the Station
Biologique de Roscoff, France, reports on an iota-carrageenan
sulfatase detected in the cell-free lysate of the marine
bacterium Pseudoalteromonas carrageenovora. Not only do
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the rheological properties of these carrageenans depend
on their sulfate content but the enzymatic manipulation
of sulfates is an enabling technology of paramount
importance for modulation of activity of sulfate containing
biomolecules.

Furthermore, from the Laboratory of Marine Biotechnology
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Hokkaido University, Japan, a study is presented on an excellent
source of carbohydrate active marine enzymes, the Aplysia genus.
In this case the characterization of a cellulase, from the common
sea hare Aplysia kurodai is the topic related to the importance of
marine carbohydrate biomasses as a source material for ethanol
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algal biomass for biofuel production, highlighting the great
impact of fossil fuels on carbon cycle (carbon balance)
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INTRODUCTION

The common sea hare Aplysia kurodai is known to be a good source for the enzymes
degrading seaweed polysaccharides. Recently four cellulases, i.e., 95, 66, 45, and
21kDa enzymes, were isolated from A. kurodai (Tsuji et al., 2013). The former three
cellulases were regarded as glycosyl-hydrolase-family 9 (GHF9) enzymes, while the
21kDa cellulase was suggested to be a GHF45 enzyme. The 21kDa cellulase was
significantly heat stable, and appeared to be advantageous in performing heterogeneous
expression and protein-engineering study. In the present study, we determined some
enzymatic properties of the 21kDa cellulase and cloned its cDNA to provide the basis
for the protein engineering study of this cellulase. The purified 21 kDa enzyme, termed
AKEG21 in the present study, hydrolyzed carboxymethyl cellulose with an optimal pH
and temperature at 4.5 and 40°C, respectively. AKEG21 was considerably heat-stable,
i.e., it was not inactivated by the incubation at 55°C for 30 min. AKEG21 degraded
phosphoric-acid-swollen cellulose producing cellotriose and cellobiose as major end
products but hardly degraded oligosaccharides smaller than tetrasaccharide. This indicated
that AKEG21 is an endolytic B-1,4-glucanase (EC 3.2.1.4). A cDNA of 1013 bp encoding
AKEG21 was amplified by PCR and the amino-acid sequence of 197 residues was
deduced. The sequence comprised the initiation Met, the putative signal peptide of
16 residues for secretion and the catalytic domain of 180 residues, which lined from
the N-terminus in this order. The sequence of the catalytic domain showed 47-62%
amino-acid identities to those of GHF45 cellulases reported in other mollusks. Both the
catalytic residues and the N-glycosylation residues known in other GHF45 cellulases were
conserved in AKEG21. Phylogenetic analysis for the amino-acid sequences suggested the
close relation between AKEG21 and fungal GHF45 cellulases.

Keywords: Aplysia kurodai, AKEG21, endo-B-1,4-glucanase, cellulase, GHF45, cDNA cloning, primary structure,
phylogenic analysis

(1) endo-B-1,4-glucanase (EC 3.2.1.4) which randomly cleaves

Cellulose, a structural polysaccharide comprising 1,4-linked
B-D-glucopyranose residues, exists mainly in plant cell wall as
crystalline microfibrils (Jagtap and Rao, 2005). Since plant cel-
lulose accounts for almost a half of total carbohydrate biomass
on the Earth, intensive uses of the cellulose are expected to solve
various problems that we are facing in ecological, environmen-
tal and energy fields (Agbor et al., 2011; Yang et al., 2011). In this
respect, degradation of cellulosic materials by cellulose-degrading
enzymes will be a fundamentally important technique because
the cellulose-degrading enzyme can convert insoluble cellulose
to soluble oligosaccharides and glucose without consuming high
energy and producing hazardous byproducts (Michel and Czjzek,
2013; Ojima, 2013; Tsuji et al., 2013). The resulted sugars are
applicable for foods, feeds, pharmaceutics, fermentation sub-
strates, etc.

Complete enzymatic degradation of cellulose is usually
achieved by the collaborative actions of three enzymes, namely,

internal p-1,4-linkages of amorphous regions in cellulose fibers,
(2) cellobiohydrolase (EC 3.2.1.91) which releases cellobio-
syl unit from non-reducing end of cellulose chain, and (3)
B-D-glucosidase (EC 3.2.1.21) which releases glucose unit from
cello-oligosaccharides (Lynd et al., 2002; Perez et al., 2002; Bayer
et al., 2004). Although individual enzyme alone cannot com-
pletely depolymerize crystalline cellulose, the synergistic action
of three enzymes efficiently promotes the depolymerization of
cellulose. Among the three enzymes, endo-f-1,4-glucanase is the
primarily important for the depolymerization of cellulose since
it first acts on cellulose and provides new substrate sites for
cellobiohydrolase and B-D-glucosidase. Accordingly, endo-B-1,4-
glucanase is generally called “cellulase.” Fungal and microbial
cellulases have already been used in various purposes, e.g., deter-
gent, textile, food, paper, pulp, brewing and winery (Sheehan and
Himmel, 1999; Bhat, 2000; Zaldivar et al., 2001; Kuhad et al.,
2011; Mojsov, 2012). Cellulases are also expected as a biocatalyst
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in the production of biofuels from cellulose. If fermentable sug-
ars can be produced from unused cellulosic materials at low
cost, food-fuel conflicts in the bioethanol production using edible
crops will be circumvented.

Cellulase distributes over various organisms, e.g., archaea
(Gueguen et al., 1997; Li et al., 2003), bacteria (Tomme et al.,
1995; Hong et al., 2002; Masuda et al., 2006; Fibriansah et al.,
2007), fungi (de la Cruz et al., 1995; Tomme et al., 1995), plants
(Pesis et al., 1978; Castresana et al., 1990), and herbivorous
invertebrates such as termite, cockroach, crayfish and mollusks
(Watanabe et al., 1998; Yan et al., 1998; Byrne et al., 1999;
Tokuda et al., 1999; Watanabe and Tokuda, 2001; Xu et al., 2001;
Sugimura et al., 2003; Suzuki et al., 2003; Davison and Blaxter,
2005; Nishida et al., 2007; Sakamoto et al., 2007; Sakamoto and
Toyohara, 2009; Tsuji et al., 2013). Previously, cellulase activities
detected in the invertebrate animals were considered to be orig-
inated from symbiotic microbes in their digestive tracts or con-
tamination by foods (Cleveland, 1924; Martin and Martin, 1978).
However, recent biochemical and genomic studies have revealed
that cellulases found in insects, crustaceans, annelids, mollusks,
echinoderms and nematodes are their own gene products.

To date, a large number of primary structures of cellulases
have been enrolled in CAZy data base (Cantarel et al., 2009).
These cellulases have been classified under GHF (glycosyl hydro-
lase family) 5, 6, 7, 8, 9, 10, 11, 12, 26, 44, 45, 48, 51, and
74 on the basis of hydrophobic cluster analysis for amino-acid
sequences (Henrissat et al., 1989; Henrissat, 1991; Henrissat and
Bairoch, 1993). Invertebrate cellulases are enrolled in five families,
i.e., GHF5 (nematodes: Globodera rostochiensis and Heterodera
glycines; Smant et al., 1998), GHF6 (sea squirt: Ciona savignyi,
Matthysse et al., 2004), GHF9 (termite: Reticulitermes speratus,
Watanabe et al., 1998; abalone: Haliotis discus hannai, Suzuki
et al., 2003; sea urchin: Strongylocentrotus nudus, Nishida et al.,
2007), GHF10 (freshwater snails: Ampullaria crossean, Wang
et al., 2003; Pomacea canaliculata, Imjongjirak et al., 2008), and
GHF45 (bivalve: Mytilus edulis, Xu et al., 2001; freshwater snail:
A. crossean, Guo et al., 2008; freshwater bivalve: Corbicula japon-
ica, Sakamoto and Toyohara, 2009). Among these cellulases,
GHF9-type cellulases appear to be most widespread in nature
and well characterized (Davison and Blaxter, 2005). In mollus-
can cellulases, GHF9 enzyme was identified in H. discus hannai
(Suzuki et al., 2003) and A. kurodai (Tsuji et al., 2013), while
both GHF10 and GHF45 enzymes were identified in P. canalic-
ulata (Imjongjirak et al., 2008) and A. crossean (Ding et al.,
2008), and GHF45 enzymes were identified in M. edulis (Xu
etal, 2001), A. crossean (Guo et al., 2008), C. japonica (Sakamoto
and Toyohara, 2009) and A. kurodai (Tsuji et al., 2013). Some
mollusks possess plural cellulases, e.g., GHF9 and GHF45 cel-
lulases (Sakamoto et al., 2007; Guo et al., 2008; Li et al., 2009;
Sakamoto and Toyohara, 2009; Tsuji et al., 2013). The synergistic
action of multiple enzymes appeared to improve the production
of glucose from seaweed cellulose (Tsuji et al., 2013). Among the
molluscan cellulases, GHF45 enzyme has been characterized by its
smaller molecular size compared with other cellulases. Namely,
the molecular size of GHF45 enzymes is ~25kDa, while those
of GHF9 and GHF10 enzymes are 45-63 kDa. The small size of
GHF45 cellulases appeared to be advantageous in performing

protein-engineering and crystallography studies, since low molec-
ular mass proteins are usually heat stable and easily produced
by heterogeneous expression systems. Actually, the GHF45-type
cellulase CjCel45 from freshwater clam was successfully pro-
duced by the Escherichia coli expression system (Sakamoto and
Toyohara, 2009) and the three-dimensional structure of Cel45A
from M. edulis could be analyzed by X-ray crystallography (PDB
ID, IWC21006).

To date, GHF45 cellulase genes have been identified only in
a few mollusks (Xu et al., 2001; Guo et al., 2008; Sakamoto and
Toyohara, 2009) and enzyme proteins have been isolated only
from M. edulis (Xu et al., 2000), A. crossean (Li et al., 2005),
and A. kurodai (Tsuji et al., 2013). Molluscan GHF45 cellulases
were suggested to be acquired by horizontal gene transfer from
fungi by phylogenetic analyses (Scholl et al., 2003; Kikuchi et al.,
2004; Sakamoto and Toyohara, 2009); however, accumulation of
primary structure data seems to be still insufficient for detailed
discussion about the origin and molecular evolution of molluscan
GHF45 cellulases.

The common sea hare A. kurodai is a good source for
polysaccharide-degrading enzymes since it harbor much diges-
tive fluid in gastric lumen (Kumagai and Ojima, 2009; Rahman
et al., 2010; Zahura et al., 2010; Tsuji et al., 2013; Kumagai et al.,
2014). Recently, four cellulase isozymes, i.e., 21, 45, 66, and 95
K cellulases, were isolated from the digestive fluid of A. kurodai
(Tsuji et al., 2013). Among these enzymes, the 21K enzyme was
suggested to be GHF45 cellulase. We also had noticed that the
digestive fluid of A. kurodai contained plural cellulases and the
smallest enzyme was of ~21 kDa. This enzyme was considered to
correspond to the 21K cellulase reported by Tsuji et al. (2013).
Although partial amino-acid sequences of the 21K cellulase were
reported, no entire primary structure has been determined yet.

In the present study, we isolated the ~21kDa enzyme from
the digestive fluid of A. kurodai and investigated its general prop-
erties. Further, we cloned the cDNA encoding this enzyme and
confirmed that this enzyme is a member of GHF45. This cDNA
will provide the basis for protein-engineering studies on Aplysia
GHF45 cellulase.

MATERIALS AND METHODS

MATERIALS

Sea hares identified as A. kurodai (average body length and
weight; ~15cm and ~400 g, respectively) were collected in the
shore of Hakodate, Hokkaido Prefecture of Japan in July 2012.
Approximately 112 mL of digestive fluid was obtained from the
gastric lumen of 14 animals after dissection. The digestive fluid
was dialyzed against 2mM sodium phosphate buffer (pH 7.0)
for 2h and centrifuged at 10,000 x g for 10 min to remove
insoluble materials. The supernatant (crude enzyme) was used
for purification of cellulase. Carboxymethyl cellulose (CMC,
medium viscosity) was purchased from ICN Bio medicals, Inc.
(OH, USA). TOYOPEARL CM-650M was purchased from Toyo
Soda Mfg, Co. (Tokyo, Japan) and Superdex 200 10/300 GL
from GE Healthcare UK Ltd. (Little Chalfont, Buckingham shire,
England). Cellooligosaccharides (disaccharide — hexasaccharide,
G2 — G6) were prepared by limited acid hydrolysis. Briefly, 1 g
of cellulose powder (Wako Pure Chemical Industries Co. Ltd.
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Osaka, Japan) was hydrolyzed with 100mL of 0.2N HCI at
100°C for 1 h, and the supernatant containing cellulose fragments
was neutralized with 1 N NaOH. Approximately 50 mg of cellu-
lose fragments were subjected to gel-filtration through a column
of BioGel-P2 (2 x 100 cm) and cellooligosaccharides were sep-
arately eluted with 10 mM sodium phosphate buffer (pH 7.0)
and stored at —20°C until use. RNAiso Plus and Oligotex dT30
were purchased from TaKaRa (Tokyo, Japan). cDNA synthesis
kit and 5’- and 3’-Full RACE kits were purchased from TaKaRa
and TA-PCR cloning kit comprising pTAC-1 and E. coli DH5a
was from Biodynamics (Tokyo, Japan). Restriction endonucle-
ases, T4 DNA ligase, agarose, E. coli strain DH5a were purchased
from TaKaRa. AmpliTaq Gold PCR Master Mix and BigDye-
Terminator Cycle Sequencing kit were from Applied Biosystems
(Foster city, CA, USA). Bacto-tryptone, Bacto-yeast extract and
other reagents were from Wako Pure Chemicals Industries Ltd.
(Osaka, Japan).

PURIFICATION OF A. KURODAI CELLULASE

Crude enzyme from A. kurodai (~100 mL) was first subjected to
ammonium sulfate fractionation. Cellulase activity was detected
in the fraction precipitated between 40 and 60% saturation of
ammonium sulfate. This fraction was collected by centrifugation
at 10,000 x g for 20 min, dissolved in and dialyzed against 10 mM
sodium phosphate buffer (pH 7.0) for 24 h. The dialysis bag was
changed every 2h to avoid puncturing by cellulase action. The
dialysate was then applied to a TOYOPEARL CM-650M column
(1.5 x 20cm) pre-equilibrated with the same buffer. Proteins
adsorbed to the column were developed by linear gradient of
NaCl from 0 to 0.3 M. Fractions showing cellulase activity were
pooled and dialyzed against 10 mM sodium phosphate buffer
(pH 7.0) and lyophilized. The dried material was dissolved in
0.05M NaCl—10mM sodium phosphate buffer (pH 6.0) and
subjected to AKTA-FPLC (GE Healthcare) equipped by Superdex
200 10/300 GL column. Cellulase was eluted with 0.05 M NaCl—
10mM sodium phosphate buffer (pH 6.0) at a flow rate of
1 mL/min.

ASSAY FOR CELLULASE ACTIVITY

Standard assay for cellulase activity was carried out with a reac-
tion mixture containing 0.5% CMC, 10 mM sodium phosphate
(pH 6.0), and 0.01-0.1 mg/mL of enzyme at 30°C. Reducing sugar
released by the reaction was determined by the method of Park
and Johnson (1949). One unit of cellulase activity was defined
as the amount of enzyme that produces reducing sugar equiva-
lent to 1 wmol of glucose per 1 min. Temperature dependence of
the cellulase was determined at 10-70°C and pH 6.0. pH depen-
dence was determined at 30°C in reaction mixtures adjusted to
pH 4.0-10.0 with 50 mM sodium phosphate. Thermal stability
was assessed by measuring the residual activity in the standard
assay condition after heating at 10-70°C for 30 min. The aver-
age values of triplicate measurements were shown with standard
deviations.

THIN-LAYER CHROMATOGRAPHY
Thin-layer chromatography (TLC) for degradation products of
cellulose and cellooligosaccharides was carried out with Silica

gel-60 TLC plates (Merck KGaA, Darmstadt, Germany). Two nL
of the degradation products (~5mg/mL) were applied to the
TLC plate and developed with 1-butanol/acetic acid/water (2:1:1,
v/v/v). The sugars separated on the plate were detected by heat-
ing at 120°C for 15 min after spraying 10% (v/v) sulfuric acid in
ethanol.

SDS-PAGE

SDS-PAGE was carried out by the method of Porzio and Pearson
(1977) using 10% (w/v) polyacrylamide gel containing 0.1%
(w/v) SDS. After the electrophoresis, the gel was stained with
0.1% (w/v) Coomassie Brilliant Blue R-250-50% (v/v) methanol—
10% (v/v) acetic acid, and the background of the gel was destained
with 5% (v/v) methanol-7% (v/v) acetic acid. Molecular masses
of proteins were estimated with a Protein Marker, Broad Range
(New England Biolabs, Inc. MA, USA).

PROTEIN CONCENTRATION

Protein concentration was determined by either the biuret
method (Gornall et al., 1949) or the method of Lowry et al. (1951)
using bovine serum albumin fraction V as a standard protein.

DETERMINATION OF PARTIAL AMINO-ACID SEQUENCES

The N-terminal amino-acid sequence of cellulase was deter-
mined with specimens electro-blotted to polyvinylidene diflu-
oride membrane and ABI 492 protein sequencer (Applied
Biosystems). The internal amino-acid sequences of cellulase were
determined by mass spectrometry with tryptic and lysylendopep-
tidyl fragments prepared by the digestion with 1/200 (w/w)
enzymes at 37°C for 12h. The fragments were subjected to
matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) using Proteomics Analyzer
4700 (Applied Biosystems) and the amino-acid sequences of
the fragments were analyzed by MS/MS mode with DeNovo
Explorer software (Applied Biosystems). Homology searches for
the amino-acid sequences to the public databases were performed
with the BLAST program (http://blast.ddbj.nig.ac.jp/top-j.html)
provided by DNA Data Bank of Japan.

cDNA CLONING

Total RNA was extracted from ~0.1g of hepatopancreas of
A. kurodai using RNAiso Plus and mRNA was selected from
the total RNA with Oligotex-dt(30) (TaKaRa). Hepatopancreas
cDNA was synthesized from the mRNA with a ¢cDNA synthe-
sis kit (TaKaRa) using random hexanucleotide primers. Cellulase
cDNAs were amplified by the PCR using the hepatopancreas
cDNA and degenerated primers synthesized on the basis of
partial amino-acid sequences. PCR was performed in 20 uL of
reaction mixture containing 50 mM KCl, 15mM Tris—=HCl (pH
8.0), 0.2mM each of dATP, dTTP, dGTP, and dCTP, 2.5 mM
MgCl,, 5 pmol/pL primers, 1 ng/pL template DNA, and 0.5 units
AmpliTaq Gold DNA polymerase (Applied Biosystems). A suc-
cessive reaction consisting of 94°C for 30s, 55°C for 30s, and
72°C for 60s was repeated 40 cycles with Thermal Cycler Dice
mini (TaKaRa). Sizes of amplified cDNAs were estimated by 1.2%
agarose-gel electrophoresis and the target cDNAs were excised
from the gel and cloned with TA-PCR cloning kit (Invitrogen).
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The transformed E. coli was grown in 2 x YT medium supple-
mented by 50 pug/mL ampicillin at 37°C for 14h with shaking
at 150 rpm/min. The plasmids extracted from the transformants
were subjected to sequence analysis with BigDye-Terminator
Cycle Sequencing kit and ABI 3130x! Genetic Analyzer (Applied
Biosystems). The 3’-RACE and 5'-RACE PCRs were carried out
with specific primers synthesized on the basis of nucleotide
sequences of above amplified cDNAs with a successive reaction
at 94°C for 30s, 57°C for 30s, and 72°C for 1.0 min, which
was repeated 30 cycles. The amplified DNAs were cloned and
sequenced as described above.

PHYLOGENETIC ANALYSIS FOR GHF45 CELLULASES

Phylogenetic analysis was carried out with amino-acid sequence
data of A. kurodai cellulase and other GHF45 cellulases which are
enrolled in GenBank (http://www.ncbi.nlm.nih.gov/) and CAZy
database (http://www.cazy.org/fam/acc_GH.html). The amino-
acid sequences of GHF45 cellulases were first aligned with
ClustalW2 program (Larkin et al., 2007). The alignment was then
corrected by trimming the sequences with Gblocks (Castresana,
2000; Talavera and Castresana, 2007). The maximum-likelihood
algorithm implemented in MEGAG6 software (Tamura et al., 2013)
was used to generate phylogenetic tree. The bootstrap values were
calculated from 1,000 replicates.

RESULTS

ISOLATION AND CHARACTERIZATION OF APLYSIA 21 kDa CELLULASE
Cellulase activity was detected in four peak fractions (P-1-P-4)
in TOYOPEARL CM-650M chromatography performed for
the proteins obtained by the ammonium sulfate fractiona-
tion (Figure 1). The N-terminal amino-acid sequences of major
proteins in P-1-P-4 fractions were analyzed with the sam-
ples blotted to PVDF membranes after SDS-PAGE. According
to BLAST search analyses, the 40kDa protein in P-I frac-
tion (N-terminal sequence: RLHIQNGHFVLNGQRVFLSG) was
identified as A. kurodai B-mannanase AkMan (Zahura et al,
2010). The 21 kDa protein in P-2 fraction (N-terminal sequence:
EQKCQPNSHGVRVYQGKKCA) was considered to be a GHF45
cellulase corresponding to 21K cellulase previously reported by
Tsuji et al. (2013). The 45 kDa protein in P-4 fraction (N-terminal
sequence: AKNYGQALGLSIKFYEAQ) was regarded as a GHF9
cellulase similar to H. discus hannai HAEG66 (Suzuki et al., 2003)
and 45K cellulase reported by Tsuji et al. (2013). While 38kDa
protein (N-terminal sequence: RLTVSGKTFRLNNQQVFLSG)
was regarded as the B-mannanase-like protein that had been
annotated in A. california genome (GenBank accession num-
ber, XP_005100017). The 21 kDa cellulase in P-2 fraction was
recovered in high yield, while the GHF9-type cellulase in P-4 frac-
tion poorly recovered. The GHF9-type cellulase exhibited similar
properties as abalone cellulase HAEG66 (Suzuki et al., 2003)
and Aplysia 66K cellulase (Tsuji et al., 2013). Therefore, in the
present study, we focused on the 21 kDa cellulase in P-2 fraction
to characterize it as a GHF45 cellulase.

The 21kDa cellulase in P-2 fraction was purified by gel-
filtration through Superdex 200 (Figure 2). In this chromatog-
raphy, the 21kDa cellulase eluted as a single peak showing a
single band on SDS-PAGE. Thus, we named this enzyme AKEG21
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FIGURE 1 | TOYOPEARL CM-650M column chromatography for

A. kurodai cellulase. Proteins precipitated between 40 and 60%
saturation of ammonium sulfate from the crude enzyme was applied to a
TOYOPEARL CM-650M column (1.5 x 20 cm) and eluted with a linear
gradient of 0-0.3 M NaCl in 10 mM sodium phosphate buffer (pH 7.0) at a
flow rate of 15 mL/h. Each fraction contains 70 mL. SDS-PAGE of the peak
fractions are shown in the inset.
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FIGURE 2 | Purification of AKEG21 by Superdex 200 gel filtration. The
P-2 fraction obtained in the TOYOPEARL CM-650M column
chromatography was subjected to gel filtration through Superdex 200
10/300 GL. Fractions 14-16 were pooled as the purified AKEG21. SDS-PAGE
for cellulase preparations from A. kurodai is shown in the inset. Mk, marker
protein; P-2, the sample after TOYOPEARL CM-650M chromatography; Fr.
15, purified AKEG21.

(Aplysia kurodai endo-B-1,4-glucanase with 21 kDa). By the above
purification procedure, AKEG21 was purified at a yield of 3.3%
with the specific activity 67.3 U/mg (Table 1). Optimal pH of
AKEG21 was 4.5 and more than 80% of maximal activity was
retained in a pH range from 4.3 to 5.6 (Figure 3A). AKEG21
showed an optimal temperature at around 40°C and it was resis-
tant to the incubation at 55°C for 30 min. The temperature that
caused a half inactivation of AKEG21 during 30 min incubation
was ~65°C (Figures 3B,C). These results indicated that AKEG21
was relatively heat-stable among the molluscan cellulases reported
so far.
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Table 1 | Summary of purification of AKEG21.

Purification

Total protein (mg) Total activity (U) Specific activity (U2/mg) Purification (fold) Yield (%)
Crude enzymeb 1440 11,552 8.0 1 100
AS° 798 8912 1.2 14 772
cme 8.9 529.8 59.8 75 4.6
Gel filtration® 5.6 376.1 673 8.4 3.3

40ne unit (U) of cellulase was defined as the amount of enzyme that produces reducing sugar equivalent to 1wmol of glucose per minute from 0.5% CMC.

bCrude enzyme after the dialysis against 2mM sodium phosphate buffer (oH 7.0).
¢Fraction precipitated between 40 and 60% saturation of ammonium sulfate.

9 Active fraction obtained by TOYOPEARL CM-650M chromatography.

CAKEG21 purified by the gel filtration through Superdex 200 10/300 GL.
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FIGURE 3 | Effects of pH and temperature on the activity of at 10-60°C in a reaction mixture containing 0.5% CMC and 10mM
AKEG21. (A) pH dependence of AKEG21 was examined at 30°C using  sodium phosphate (pH 6.0). (C) Thermal stability of AKEG21 was
reaction mixtures adjusted to pH 4-10 with 50mM sodium phosphate assessed by measuring the activity remaining after the heat-treatment
buffer. (B) Temperature dependent activity of AKEG21 was measured at 10-70°C for 30min.

Degradation products of cellulose and cellooligosaccharides
produced by AKEG21 were analyzed by TLC. As shown in
Figure 4A, AKEG21 degraded amorphous cellulose producing
cellobiose and cellotriose. Cellooligosaccharides larger than cel-
lotriose were not detected in the reaction products even after
16 h incubation. On the other hand, AKEG21 showed high activ-
ity toward hexaose (G6) and pentaose (G5) and weak activ-
ity toward tetraose (G4), but no activity toward triose (G3)
(Figure 4B). AKEG21 readily degraded G5 to G2 and G3 (plus
trace amount of G4 and glucose), and degraded G6 to G2 and
G4 along with small amount of G3. These degradation profiles
were practically unchanged even in the longer reaction time

and higher enzyme concentrations although the amounts of the
products were increased (data not shown). These results indi-
cate that AKEG21 is an endo-f-1,4-D-glucanase (EC 3.2.1.4).
However, readily production of cellobiose and small amount of
cellotriose from amorphous cellulose without larger intermedi-
ate oligosaccharides may indicate that this enzyme can act as
cellobiohydrolase-like enzyme as suggested by Tsuji et al. (2013).

CLONING OF AKEG21 cDNA

The N-terminal amino-acid sequence of AKEG21 was determined
as EQKCQPNSHGVRVYQGKKCA- by the protein sequencer
(Table 2). This sequence shared ~40, 40, 55, and 60% amino-acid
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FIGURE 4 | Thin-layer chromatography of degradation products of
phosphoric acid-swollen cellulose and cello-oligosaccharides produced
by AKEG21. (A) The reaction mixture of 1.0 mL containing 2.5 mg of
phosphoric acid-swollen cellulose, 10 MM sodium phosphate (pH 6.0), and 7
U of AKEG21 was incubated at 37°C for up to 16 h. The supernatant of the
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reaction mixture was subjected to TLC. (B) The reaction mixture of 0.05 mL
containing 0.05 mg of G3-G6, 10 MM sodium phosphate (pH6.0), and 7 U of
AKEG21 was incubated at 30°C for 24 h, then subjected to TLC. G1, glucose;
G2, cellobiose; G3, cellotriose; G4, cellotetraose; G5, cellopentaose; G6,
cellohexaose. Mk, marker sugars.

Table 2 | N-terminal and internal amino-acid sequences of AKEG21.

Table 3 | Primers used for amplification of AKEG21-cDNA.

Peptides?® Amino-acid sequences Similarity (%) to other molluscan

GHF45 enzymes®

AKEG21 EQKCQPNSHGVRVYQGKKCA- A. crossean (60.0%, 17-36)

H. discus discus (55.0%, 18-36)
-1 VNDHGYEAHFDLQNNK A. crossean (68.8%, 143-158)

H. discus discus (68.8%, 141-156)
[EY] LTPTGGFVPGNGK A. crossean (84.6%, 95-107)

H. discus discus (61.5%, 92-104)
T CQPNSHGVR A. crossean (77.8%, 20-28)

H. discus discus (44.4%, 21-28)
T2 VWCGQSGKPGTNK A. crossean (61.5%, 130-142)

H. discus discus (46.2%, 128-140)
T3 YNDGHR A. crossean (66.7 %, 41-46)

H. discus discus (83.3%, 41-46)

a|-1 and -2, Lysylendopeptidyl fragments; T-1-T-3, tryptic fragments.
bResidue numbers for corresponding regions in the sequences of A. crossean
and H. discus discus (see Figure 6) are also shown in the parentheses.

identities to those of Eg from M. edulis (DDBJ accession number,
CAC59694), CjCel45A from C. japonica (DDB] accession num-
ber, AB468959), endo-f-1,4-glucanase 1 from H. discus discus
(DDBJ accession number, EF103350) and EG27I from A. crossean
(DDBJ accession number, EF471315), respectively. The sequences
of tryptic and lysylendopeptidyl fragments of AKEG21 also
showed 62-85% identities with the corresponding sequences of
above molluscan cellulases (Table 2). Such high sequence similar-
ities of partial amino-acid sequences between AKEG21 and other
GHF45 cellulases suggested that AKEG21 also belongs to GHF45.

To determine the entire amino-acid sequence of AKEG21, we
amplified AKEG21 ¢cDNA by the PCR using degenerated forward
and reverse primers, cDNA-1(Fw) and cDNA-1(Rv), respectively
(Table 3). The amplified cDNA comprised 405bp and encoded
an amino-acid sequence of 135 residues. Then, 3RACE-cDNA of
519 bp covering the 3’-terminal region was amplified by 3’-RACE
PCR with specific primers designed on the basis of the nucleotide

Primer names Sequences

PCR

cDNA-1(Fw)  5-AARACNCARCCNAAYWSNCAYGGNGTNMGNATG-37
(KTQPNCHGVRM)P

cDNA-1(Rv) 5-TCRAARTGNGCYTCRTANCCRTGRTC-3/
(DHGYEAHFD)

3'-RACE

3Fw 5-TGACCAATAGCTGCCCTATC-3'

3Adapt 5'-CTGATCTAGAGGTACCGGATCC-3/

5-RACE

5RACE(Fw2)  5-TGGATTCGTTCCTGGCAACG-3’

5RACE(Rv2)  5-GTTTGGACATGTTCCAGTCG-3'

CONFIRMATION

5FullFw 5'-ATCTCAGATCTAGAGAACCC-3'

3FullRv 5-CGCAAATCTCACGAAAATCGCG-3/

2R, adenine or guanine, Y, cytosine or thymine; W, adenine or thymine; S, cyto-
sine or guanine,; M, adenine or cytosine; N, adenine or guanine or cytosine or
thymine.

b Amino-acid sequences used for designing the degenerated primers are in the
parentheses.

sequence of the first amplified cDNA. Finally, 5RACE-cDNA of
363bp covering 5'-terminal region was amplified by 5-RACE
PCR with a series of specific primers synthesized on the basis
of the sequence of the amplified cDNA. By overlapping the
nucleotide sequences of 5SRACE-cDNA, first amplified cDNA and
3RACE-cDNA in this order, the nucleotide sequence of total
1013 bp including the complete translational region of AKEG21
was determined (Figure 5). The transcription-initiation codon
(ATG) was found in the nucleotide positions from 162 to 164,
while the termination codon (TGA) was in 753-755. Accordingly,
the coding region of AKEG21 cDNA was found to locate in the
nucleotide positions from 162 to 752 and encode 197 amino-
acids. All the partial amino-acid sequences determined with
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M K T F A A 1

T-3

L-2

L-1

H

TAAATAGATCATATGCGGAACGATACAAAAAAAAAAAA

FIGURE 5 | The nucleotide and deduced amino-acid sequences of
AKEG21. Residue numbers for nucleotides and amino-acids are indicated in
the right of each row. The translational initiation codon ATG, termination
codon TGA, and a putative polyadenylation signal AATAAA are boxed. A
putative signal peptide is indicated by a dotted underline. The amino-acid

TGGATTCGTTCCTGGCAACGGCAAAGCCCCCCAACACAGGAACCCCGTGGTCTTCATGGTGACCAATAGCTGCCC 75
TATCAACGAGAACAGAGTTTGGTGTGGCCAGAGTGGAAAGCCTGGAACAAACATTATCTCAGATCTAGAGAACCS 150
5FullFw
AAAGAGCCACAATGAAGACTTTTGCAGCCATACTCGCAGCACTTATCGCCTGTGCCCTGGCAGAACAGAAATGTC 225
L A A L I A C A L A E O K C 21
N-terminus T.1
AGCCAAACAGCCATGGGGTGAGAGTGTACCAGGGCAAGAAGTGCGCCAGTACCACGAGGTATAACGACGGGCACA 300
Q P N S H GV R V Y QG K K CA ST TR Y ND G H 46
T-1 F
GGGGATCGTGTGGCTGCGGACCCGCAGCCAGTGACACTCCTTTCGACTGGAACATGTCCAAACACGTGACCGCCC 375
R G S ¢C G C G P A A S DTUPFDWNMSI KU HUV TA 71
CTAACCAGATGTACTACGACAATGGCGGGAACAGCCAGTGGTGTGGCAAGAACTGCGGAAAATGTGTCAAGCTTA 450
P N QMY YDNGGN NS QWCGEKNT CGIK C V K _L 96
L-2
CTCCTACTGGTGGATTCGTTCCTGGCAACGGCAAAGCCCCCCAACACAGGAACCCCGTGGTCTTCATGGTGACCA 525
T P T G G F V P G N G K A P Q HRNUP UV V F MUV T 121
ATAGCTGCCCTATCAACGAGAACAGAGTTTGGTGTGGCCAGAGTGGARAGCCTGGAACAAACAAAGTCAACGACC 600
N S ¢C P I N ENUR V W C G QO S G K P G T N K V N D 146
T2 L-1
ACGGCTACGAGGCTCATTTCGACCTGCAGAACAACAAAAACCAAGTTCTCCAAGGTTTGGGCTGGGACAACGCCG 675
H G Y E A H F D L O N N K N QQ VL Q G L G W D N A 171
AGGTCACGTGGCAGGAAGTCAGTTGTCCCCATGACTACGCTAGTCTCTGGAGCAAATGTGAATGCCACGGTCACC 750
E V T W Q E V S C P HD YA S LW S K CETCH G H 196
AfTGAAGTGTTTCGGCACGAACGGGAATCCGACCAACAGCACCTCAGAAATGTCCAGAAATAGATAACAGATAAT 825
197
GAAAGACATTCGTACTTTGCTCTAGAATTTCATEGCGATTTTCGTGAGATTTGCGAATTTTCTGCTTGTACAATT 900
3FullRv
TGAATTTGCAATGACTCGAACCGCACTTGTCAGCTGAATAGTGATGTTCGTTGTGTTCGAGTTGCAAATACAARA 975
1013
sequences determined with intact AKEG21 (N-terminus) and peptide
fragments (L-1, L2, T1-T-3) are indicated with solid lines under the amino-acid
sequence. The positions of 5FullFw and 3FullRv primers are indicated with
arrows under the nucleotide sequence. The sequence data are available from
the DNA Data Bank of Japan with an accession number, AB920344.

peptide fragments, L-1, L-2, and T-1-T-3 (Table 2), were found
in the deduced sequence (Figure 5). A putative polyadenylation-
signal sequence (AATAAA) located at 22 nucleotides upstream
from the poly (A)T tail. This suggested that the origin of
AKEG21cDNA was not intestinal prokaryotes but eukaryote, i.e.,
Aplysia itself. The N-terminus of mature AKEG21 protein was
identified as Glul8 in the deduced sequence indicating that the
N-terminal region of 16 residues except for initiation Met was
the signal peptide for secretion. Indeed, KTFAAILAALIACALA
located in the N-terminus of the deduced sequence was pre-
dicted as the signal peptide by SignalP 4.1 server (http://www.
cbs.dtu.dk/services/SignalP/). Accordingly, the mature AKEG21
was concluded to comprise 180 amino-acid residues with the
calculated molecular mass of 19,854.0 Da (Figure5). The
nucleotide and the deduced amino-acid sequences are available
from the DNA Data Bank of Japan with the accession number
AB920344.

The amino-acid sequence of AKEG21 was aligned with
those of other molluscan GHF45 cellulases (Figure6) and
47, 49, 54, and 62% identities were calculated between
AKEG21 and Eg from M. edulis (GenBank accession number,
CAC59695), CjCeld5A from C. japonica (GenBank accession
number, BAH23793), endo-f-1,4-glucanase 1 from H. discus dis-
cus (GenBank accession number, ABO26608), and EG271 from
A. crossean (GenBank accession number, ABR92637), respec-
tively. The consensus amino-acid sequence T-T-R-Y-X-D that
has been shown to take part in the catalytic site of GHF45

enzymes (Girard and Jouanin, 1999; Guo et al., 2008) was
conserved in AKEG21 as Thr39-Asp44. The N-glycosylation
site (Asn-X-Thr/Ser) was also conserved as Asn64—Ser66 where
Ans64 was the N-glycosylation residue according to the anal-
yses with NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/
NetNGlyc/). Twelve Cys residues that form six disulfide bonds
stabilizing the catalytic domain were also conserved in AKEG21.
Two Asp residues that function as catalytic nucleophile and pro-
ton donor in GHF45 enzymes were conserved as Asp44 and
Aspl54, respectively, in AKEG21. These features in the amino-
acid sequence of AKEG21 indicate that this enzyme belongs to
GHF45.

PHYLOGENETIC ANALYSIS

To reveal the structural relationship between AKEG21 and
other GHF45 cellulases, phylogenetic analysis was performed
using amino-acid sequence data of GHF45 cellulases from
mollusk, fungi, insects, nematode, protists and bacteria. The
tree topology drawn by the maximum likelihood analy-
sis revealed that molluscan GHF45 cellulases are assembled
as a large clade (bootstrap values above 50%) with some
fungal enzymes (Figure7). Whereas, enzymes from insects,
nematode, protists, bacteria and some other fungi formed
another paraphyletic group. These clustering results suggest
that molluscan GHF45 cellulases have been deviated from
other animal cellulases but closely related to some fungal
cellulases.

www.frontiersin.org

August 2014 | Volume 2 | Article 60 | 14


http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.frontiersin.org
http://www.frontiersin.org/Chemical_Biology/archive

Rahman et al.

GHF45 cellulase AKEG45 from Aplysia kurodai

Aplysia MKTFAAIL AALIACALAE QKCQPNSHGV RVYQGKKCAS TTRYNDPGHRG SCGCGPAASD 58
Mytilus MKYLVLSL LVLVYSVSAN QKCSGNP--- RRYNGKSCAS TTNYHDSHKG ACGCGPASGD 55
Corbicula  MKVAAAVLLA LVGLVCVDAN QKCSGNP--- LSYQGKRCAS TTWYABIYHKG ACGCGPDNND 57
Haliotis MKTAVSIL LLFAASAWAN QKCQMHNG-I RMYNGKHCAS TTRYNPGHKG ACGCG--QND 55
Ampullaria MKLFYLL CLAVPLLEAA QLCQPDSRGV RRFNGKPCAS TTRYVPGHKG ACGCGQKGSD 57
* * *. ::*k * ok ok * ok * * *:* :**** .*
Aplysia TPFDWNMSKH VTAPNQMYYD NGGNSQWCGK NCGKCVKLTP TGGFVPGNGK APQHRNPVVF 118
Mytilus AQFGWNAGSF VAAASQMYFD SGNKG-WCGQ HCGQCIKLTT TGGYVPGQGG PVREGLSKTF 114
Corbicula  NQFDWNHSKF VAAASQHLFD PGLKT-WCGA QCGKCVKLTT TGGFVDGQGS HVAEGQSHVF 116
Haliotis TPFPWNNNQY VAAANQKLFS NSGST-WCGD SCGKCVKLTT TGGSIPGAGT GAHAGQSHVF 114
Ampullaria TPFPWNIQKH VTAPSERYFD GGGSSLWCGR NCGKCVKLTP TGGFVPGKGN APPNHNPVVF 117
* %% Lokax, s *kk Kk gk akkK, KKK 2 Kk Lo
Aplysia MVTNSCP-IN ENRVWCGQSG KPGTNKVNDH GYEAHFPLON NKNQVLQGLG WD--NAEVIW 175
Mytilus MITNLCPNIY PNQDWCNQG- -SQYGGHNKY GYELHLPLEN GRS-QVTGMG WN--NPETTW 169
Corbicula  MITNLCPNEW PNLSWCSQS- -SQSGYKNHY GYSEHFPLED GAG-QVAAIG WKGKNPEVTW 173
Haliotis MITNDCPDVA PNLEWCAQKG APGSGHGNTH GYEVHFPLEN NGN-QISKLG WD--NPEVIW 171
Ampullaria QVTNACP-IN GNEEWCGISG APGTGHVNSH GYEVHFBPLQD QVG-QVEALH WD--NPEVTW 173
shE Rk PR L L ks Wk, dgkkax Lr = R, Rk _k
Aplysia QEVSCPHDYA S-----——-- LWSKCECHGH H 197
Mytilus EVVNCDSEHN HDHRTP-SNS MYGQCQCAHQ GKRGLNETSN ESL 211
Corbicula EYVNCDQAHS ADSRTPGTRT EYSQCFCSKH PDGGK 208
Haliotis EWSSCHGSN- —--—-- TPTDQ MWHTCECSH 194
Ampullaria EETSCPGDLQ S--------- NYQQCECHNS G 195
i * . k%
FIGURE 6 | Alignment of the amino-acid sequences of AKEG21 and other  A. crossean (DDBJ accession number, EF471315). Identical, highly
molluscan GHF45 cellulases. The amino-acid sequence of AKEG21 (DDBJ conservative, and conservative residues among sequences are indicated by
accession number, AB920344) was aligned with those of endoglucanase (Eg) asterisk (*), colon (), dot (.), respectively. The consensus amino-acid
from M. edulis (DDBJ accession number, CAC59694), CjCel45A from sequence and residues in catalytic sites of GHF45 cellulases are boxed and
C. japonica (DDBJ accession number, AB468959), endo-B-1,4-glucanase 1 shaded, respectively. The putative N-glycosylation site is underlined and
from H. discus discus (DDBJ accession number, EF103350), and EG27! from N-glycosylated residue is indicated with bold letter.

DISCUSSION

The ocean that covers 70% of surface on the Earth is rich in
biodiversity, e.g., organisms from 34 of 38 animal phyla are liv-
ing in the ocean. Through the adaptation to diverse physical and
chemical conditions of marine environments, marine organisms
are believed to have deviated along with acquiring specific phe-
notypes. Thus, the marine organisms have become capable of
producing variety of characteristic chemical compounds relating
to lipids, proteins and carbohydrates, as a result of adaptation to
marine environments. Such marine bio-products are promising
materials for functional food additives, pharmaceutics, cosmet-
ics, industrial materials, energy sources, etc. Among the marine
bio-products, polysaccharides produced by marine algae, e.g.,
agar, carrageenan and alginate, which have already been used
as gelling agents, viscosifiers and dietary fibers in food, are also
important materials for producing functional oligosaccharides
and fermentable sugars (Nishida et al., 2007; Kumagai and Ojima,
2009; Rahman et al., 2010; Zahura et al., 2010; Takeda et al., 2011;
Wargacki et al., 2012; Tsuji et al., 2013; Yanagisawa et al., 2013;
Enquist-Newman et al., 2014; Kumagai et al., 2014). Actually,
enzymatically degraded seaweed polysaccharides were shown to
exhibit beneficial activities to human (Deville et al., 2007; Wang
et al., 2012; Thomas and Kim, 2013). Further, monosaccharides
produced by the degradation of alginate were found to be avail-
able as a source material for ethanol fermentation (Takeda et al.,
2011; Wargacki et al., 2012; Enquist-Newman et al., 2014). While,
sea lettuce Ulva pertusa was also used as feedstock for acetone
and ethanol (Yanagisawa et al., 2011; van der Wal et al., 2012).
These trends have stimulated the exploration of new enzymes that
convert seaweeds’ polysaccharides to value-added materials.

Herbivorous mollusks produce various kinds of
polysaccharide-degrading enzymes, e.g., alginate lyase (Wong
et al., 2000; Shimizu et al., 2003; Suzuki et al., 2006; Rahman
etal., 2010), mannanase (Zahura et al., 2010, 2011), laminarinase
(Kozhemyako et al., 2004; Kovalchuk et al., 2006, 2009; Kumagai
and Ojima, 2009, 2010; Pauchet et al., 2009), amylase (Kumagai
et al., 2012) and cellulase (Suzuki et al., 2003; Guo et al., 2008;
Sakamoto and Toyohara, 2009). Among these enzymes, cellulase
appears to be most widely distributed in mollusks (Elyakova,
1972; Nishida et al., 2007; Sakamoto and Toyohara, 2009;
Ravindran et al., 2010; Nagano et al., 2011). However, informa-
tion about enzymatic properties and physiological significance
of molluscan cellulases are still poorly understood compared
with the enzymes from microbes (Tomme et al., 1995; Hong
et al., 2002; Masuda et al., 2006; Fibriansah et al., 2007). In the
present study, we isolated a GHF45-type cellulase AKEG21 from
the common sea hare A. kurodai and determined its general
properties.

AKEG21 showed an optimum pH at around 4.5 and more than
80% of maximal activity retained at pH range from 4.3 to 5.6.
This pH range is consistent with the pH range of the digestive
fluid of A. kurodai, i.e., pH 4-6 (Zahura et al., 2011; Tsuji et al.,
2013). Although optimal pH of microbial cellulases is known to
vary from acidic to alkaline range (Hurst et al., 1977; Ito et al,,
1989; Park et al., 2002), those of animal GHF45 cellulases are
usually in acidic pH range. For example, optimal pHs of EG27
from A. crossean (Li et al., 2005) and Cel45A from M. edulis (Xu
et al., 2000) were shown at around 4.4-4.8. While, heat stabil-
ity of AKEG21 was found to be considerably high, i.e., it retained
more than 80% of maximal activity after the pre-incubation at
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FIGURE 7 | Phylogenic relationship for GHF45 cellulases. An unrooted names of organisms indicate as follows: solid circles, mollusks; open
phylogenetic tree for catalytic domains of AKEG21 and GHF45 circles, fungi; solid squares, insects; solid triangles, nematode; solid
enzymes from CAZy database was generated using MEGA 6 software. diamonds, protists; open triangles, bacteria. GenBank accession
Bootstrap values over 50 are indicated on the branches. The scale bar  numbers for each sequence data are shown in the parentheses after
indicates 0.50 amino-acid substitutions. Symbols shown with scientific

the names of organisms.

55°C for 30 min and was not completely inactivated even at 70°C
(Figure 3). Such high heat stability was also reported in EG27
from A. crossean (Li et al., 2005), Cel45A from M. edulis (Xu
etal., 2000) and 21K cellulase from A. kurodai (Tsuji et al., 2013).
EG27 retained ~85% of maximal activity after the incubation at
60°C for 24h (Li et al., 2005) and Cel45A retained more than
70% of the activity after the incubation in boiling water bath for
10 min (Xu et al., 2000). Such stabilities of GHF45 cellulases in
acidic and high temperature conditions may be due to the for-
mation of plural disulfide bonds in the catalytic domain. Such

stability of GHF45 cellulase will be advantageous in perform-
ing both basic researches and biotechnological applications. On
the other hand, M. edulis cellulase Cel45A was reported to show
an unusual psychrophilic feature, i.e., it retains 55-60% of its
maximum activity even at 0°C (Xu et al., 2000). AKEG21 also
showed relatively high activity in low temperature conditions,
e.g., it retained ~40% of the maximal activity at 10°C (Figure 3).
In this respect, molluscan GHF45 cellulases may be applica-

ble for cellulose degradation in acidic and broad temperature
conditions.
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AKEG21 produced cellotriose and cellobiose as major products
from amorphous cellulose and efficiently hydrolyzed cellohexaose
and cellopentaose, and moderately cellotetraose, but not cel-
lotriose and cellobiose. These indicated that AKEG21 recognized
cellotetraose unit in cellulose chain and split the central glycosyl
linkage of tetraose. Such substrate-recognition profiles of AKEG21
were essentially the same as those of from Cel45A from M. edulis
(Xuetal., 2000) and 21K cellulase from Aplysia (Tsuji et al., 2013).

By the ¢cDNA method, an entire amino-acid sequence of
AKEG21 comprising 197 residues was predicted. The sequence of
catalytic domain comprising 180 residues shared 47—-62% amino-
acid identities with the other molluscan GHF45 cellulases and
conserved T-T-R-Y-X-D motif and two Asp residues which were
identified as catalytic site and residues of GHF45 enzymes (Girard
and Jouanin, 1999; Bourne and Henrissat, 2001; Guo et al.,
2008) (Figure 6). AKEG21 possessed a typical N-glycosylation
motif (Asn-X-Thr/Ser) at amino-acid positions of 64—66, and the
Ans64 was predicted to be the N-glycosylation residue (Figure 6).
The 21K cellulase from Aplysia was shown to be glycosylated
(Tsuji et al., 2013). This indicated that AKEG21 was a glyco-
sylated enzyme. Cel45A from M. edulis (Xu et al., 2000) and
CjCel45A from C. japonica (Sakamoto and Toyohara, 2009) were
also suggested to be glysocylated at the N-glycosylation sites,
while no N-glycosylation site was found in GHF45 cellulase from
A. crossean (Guo et al., 2008) and H. discus discus (GenBank
accession number, ABO26608) (Figure 6). On the other hand,
coleopteran GHF45 cellulases, e.g., Ag-EGase I (contain 2
N-glycosylation sites) and Ag-EGase II (contain 3 N-glycosylation
sites) from Apriona germari, and Oa-EGase II (contain 2 N-
glycosylation sites) from Oncideresalbomarginata chamela were
found to be N-glycosylated and the N-glycosylations were impor-
tant for secretion and enzyme activity (Wei et al., 2006; Calderon-
Cortes et al., 2010). Previous report showed that 90% of proteins
possessing the sequence Asn-X-Ser/Thr were glycosylated (Gavel
and von Heijne, 1990). The roles of glycosylation are known to
vary from protein to protein (Bisaria and Mishra, 1989; Wang
and Gao, 2000). It is necessary to examine the physiological sig-
nificance of the N-glycosylation in AKEG21 using recombinant
enzymes expressed in prokaryote cells where no glycosylation
takes place.

AKEG21 contained 12 Cys residues. This suggested that occur-
rence of six disulfide bonds in AKEG21, which may structurally
stabilize the catalytic domain. All the molluscan GHF45 pos-
sess 12 Cys residues in common positions, suggesting that the
stabilization by 6 disulfide bridges is a common feature among
the GHF45 cellulases. Extremely high thermal stability of Cel45A
from M. edulis, which withstands the heat-treatment at 100°C
for 10 min (Xu et al., 2000), may be derived from such disulfide
bonds. AKEG21 was also considerably heat stable probably due to
the multiple disulfide formations.

In most organisms, cellulases are produced as modular
enzymes made up of a catalytic domain and cellulose-binding
domain(s) (CBD) that facilitates adsorption of the catalytic
domain to insoluble cellulose (Gilkes et al., 1991; Henrissat
and Davies, 2000). However, AKEG21 lacked cellulose-binding
domain (CBD). Lack of CBD was also the cases of Cel45A from
M. edulis (Xu et al., 2000), EG27 from A. crossean (Guo et al,,

2008) and CjCel45 from C. japonica (Sakamoto and Toyohara,
2009). Physiological meaning of the lack of CBD in molluscan
GHF45 cellulases is currently obscure; however, low affinity of
enzyme to cellulose substrate may rather suitable for the turnover
of enzyme in the digestive fluid to digest amorphous seaweed
cellulose.

Kinds of animal digestive enzymes appeared to be closely
related to the staple foods of animals (Baldwin, 1949). However,
distribution of cellulase in animal kingdom was found to be
more closely related to their phylogenetic relationships than their
feeding habits (Yokoe and Yasumasu, 1964). GHF45 cellulases
have been found in fungi, bacteria, protists, and some inver-
tebrate animals (Henrissat and Bairoch, 1993; http://www.cazy.
org/Glycoside- Hydrolases.html). Phylogenetic analysis revealed
that molluscan GHF45 cellulases and some fungal enzymes were
clustered as a distinct group (Figure 7). Such clustering of mol-
luscan GHF45 cellulases suggested that they have evolved from
the same origin. Relatively close relation between molluscan cellu-
lases and fungal cellulases suggests that molluscan enzymes were
acquired by horizontal gene transfer from fungi as suggested by
Sakamoto and Toyohara (2009). On the other hand, presence
of potential N-glycosylation sites in all molluscan GHF45 cellu-
lases is in common with some coleopteran cellulases may suggest
that the molluscan cellulases share the common ancestor with
insect GHF45 cellulases and have diverged from them during the
evolutionary process (Davison and Blaxter, 2005; Watanabe and
Tokuda, 2010). Rigorous investigation is necessary before con-
cluding that the animal cellulases are acquired by horizontal gene
transfer from fungi (Ochman et al., 2000; Genereux and Logsdon,
2003).

Besides AKEG21, a GHF9 cellulase of 45 kDa was also found
in the digestive fluid of A. kurodai (see Figure 1). Occurrence of
multiple cellulase genes belonging to different GHFs in mollusks
has already been reported (Zhang et al., 1999; Wang et al., 2003;
Li et al., 2005; Sakamoto et al., 2007; Guo et al., 2008; Sakamoto
and Toyohara, 2009) and synergistic action of multiple cellulases
was recently reported (Tsuji et al., 2013). It may be reasonable
to consider that herbivorous mollusks rely on plural cellulases
to degrade cellulose to obtain carbohydrate nutrient from sea-
weeds. Indeed, the GHF9 cellulase of A. kurodai exhibited rela-
tively higher specific activity compared with the GHF45 cellulase
AKEG21 upon degradation of amorphous cellulose (Tsuji et al.,
2013). Such differences in enzymatic properties were attributed
to the differences in enzymatic parameters (Tsuji et al., 2013).
The protein-engineering study on AKEG21 for application of this
enzyme as biocatalyst for degradation of cellulosic materials from
seaweeds is now under the investigation.
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INTRODUCTION

Carrageenans are sulfated polysaccharides extracted from the cell wall of some
marine red algae. These polysaccharides are widely used as gelling, stabilizing, and
viscosifying agents in the food and pharmaceutical industries. Since the rheological
properties of these polysaccharides depend on their sulfate content, we screened
several isolated marine bacteria for carrageenan specific sulfatase activity, in the aim of
developing enzymatic bioconversion of carrageenans. As a result of the screening, an
iota-carrageenan sulfatase was detected in the cell-free lysate of the marine bacterium
Pseudoalteromonas carrageenovora strain Psc'. It was purified through Phenyl Sepharose
and Diethylaminoethyl Sepharose chromatography. The pure enzyme, Psc -CgsA, was
characterized. It had a molecular weight of 115.9kDaltons and exhibited an optimal
activity/stability at pH ~8.3 and at 40 &+ 5°C. It was inactivated by phenylmethylsulfonyl
fluoride but not by ethylene diamine tetraacetic acid. Psc 1-CgsA specifically catalyzes the
hydrolysis of the 4-S sulfate of iota-carrageenan. The purified enzyme could transform
iota-carrageenan into hybrid iota-/alpha- or pure alpha-carrageenan under controlled
conditions. The gene encoding Psc 1-CgsA, a protein of 1038 amino acids, was cloned into
Escherichia coli, and the sequence analysis revealed that Psc 1-CgsA has more than 90%
sequence identity with a putative uncharacterized protein Q3IKL4 from the marine strain
Pseudoalteromonas haloplanktis TAC 125, but besides this did not share any homology to
characterized sulfatases. Phylogenetic studies show that P carrageenovora sulfatase thus
represents the first characterized member of a new sulfatase family, with a C-terminal
domain having strong similarity with the superfamily of amidohydrolases, highlighting the
still unexplored diversity of marine polysaccharide modifying enzymes.

Keywords: sulfatase, novel family, iota carrageenan, marine bacteria, sulfated polysaccharides, bioconversion

water retention thereby slowing the drying of the algae at low tide

Although sulfated biomolecules are present throughout the tree of
life in terrestrial and marine environments, most of the sulfated
carbohydrates are found in the marine environment, as illustrated
by the structural diversity of sulfated polysaccharides encountered
in the cell wall of macroalgae (Lahaye and Robic, 2007; Pomin
and Mourao, 2008; Popper et al., 2011; Usov, 2011). As such
polysaccharides are absent in the cell wall of fresh water and land
plants; their loss has been postulated to be a consequence of the
land colonization (Michel et al., 2010). These polysaccharides are
thought to be involved in the phenomena of ionic and osmotic
regulations. They are supposed to confer to the algae resistance to
water currents and, due to their highly soluble nature, they allow

(Kloareg and Quatrano, 1988).

The cell wall sulfated galactans of the red algae, referred to as
agars or carrageenans, consist of a linear backbone of galactose
residues linked by alternating $-1,4 and «-1,3 glycosidic bonds.
While all the B-linked residues are in the D configuration (G
monomer), the a-linked galactose units are in the L configuration
in agars (L monomer) and in the D configuration in carrageenans
(D monomer). In carrageenans, the repeating disaccharide units
are classified according to the number and the position of ester
sulfate (S) and by the presence of a 3,6-anhydro-bridge (DA) in
the 4-linked residue (Knutsen et al., 1994). DA units are found
in gelling carrageenans such as the kappa (k; G4S-DA) and the
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iota (1; G4S-DA2S)-carrageenan (Figure 1). Other substitutions,
such as methyl or pyruvate groups, have also been observed,
increasing the diversity of carrageenans which depends also on
the algal source, the growth conditions and the extraction pro-
cedures (Pereira and Mesquita, 2004; Pereira et al., 2009). The
physico-chemical properties of carrageenans, which are exten-
sively used as thickeners and stabilizers in the food and cosmetic
industries (de Ruiter and Rudolph, 1997), depend on their molec-
ular weight, the occurrence of anhydrogalactose and their sulfate
content and it is well established that higher levels of ester sul-
fate induce a decrease of the gel strength (Necas and Bartosikova,
2013). The use of specific enzymes to modify the sulfate pattern of
carrageenans would therefore offer a biotechnological approach
to control their sulfate content and thereby their rheological
properties.

The heterogeneous structure of carrageenans, their gelling
properties, and their interactions with the other components of
red algal cell walls challenge the microorganisms using these poly-
mers as carbon and energy sources. To breakdown the complex
polysaccharides, marine bacteria secrete specific glycoside hydro-
lases (GHs), referred to as agarases and carrageenases, which
catalyze the hydrolysis of the B-1,4 glycosidic bond between two
galactopyranose units of their respective substrate (Michel et al.,
2006). However, these enzymes are not sufficient alone to lead to
the complete substrate assimilation. As revealed by the increas-
ing number of sequenced marine microbial genomes, marine
bacteria possess a large number of sulfatases. Although their
precise function has not been elucidated yet, it is likely that
they play an important role in the degradation of algal sulfated
polysaccharides (Glockner et al., 2003).

While genomic and metagenomic approaches offer promis-
ing strategies for marine biodiscovery (Ekborg et al., 2006; Shin
et al.,, 2010), there are still some limitations, as screening of
such libraries is indeed either sequence based or function based
(Kennedy et al., 2008). These limitations sometimes do not allow
assigning new functions to proteins annotated as hypothetical,
and in such cases, it is still necessary to go through the isolation
and purification of a defined activity in order to ascribe a function
to a gene.

As both exo- and endo-acting sulfatases have been demon-
strated in the case of glycoaminoglycans, we postulate their
existence in the case of carrageenans. We therefore screened
marine bacteria for endo-sulfatases to specifically modify the
sulfation pattern of carrageenans in a polymeric state. In a previ-
ous work, a carrageenan sulfatase converting (- in a-carrageenan
was isolated from P. atlantica T6C and recombinantly overex-
pressed (Préchoux et al., 2013). Analysis of its mode of action
confirmed the endo-character of this sulfatase removing the sul-
fate ester groups, most likely in a random pattern along the
polysaccharide chain. Aiming at monitoring the physico-chemical
properties of carrageenan, we were looking for further sulfa-
tases potentially having different properties as this would allow
to fine tune the rheological properties of these hydrocolloids or to
adapt to different industrial conditions. In this context, we iso-
lated and purified to homogeneity an endo-sulfatase from the
marine bacterium P. carrageenovora Psc'. Despite the fact that
this enzyme has the same specificity as the 1-carrageenan sulfa-
tase from P. atlantica (Préchoux et al., 2013), sequence analysis
revealed that the P. carrageenovora sulfatase did not share any
homology to already known sulfatases. It has, however, more than

A B
SO,
080, OH
4 CH,O0H o i 4 CH,OH o
Psc-1-CgsA| ~--
3 OH 4 & 3 OH 4
G4s G
— —n = —n
(o] D
SO,
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ho 1 4\___CHOH
~ R Y AU - .
(o] o )
4 3 OH 1
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— -n — -n
FIGURE 1 | Structure of the idealized repeating units of 1-(G4S-DA2S) catalyzed by Psc -CgsA. Enzymatic production of B-carrageenan (D) from
(A), a-(G-DA2S) (B), k-(G4S-DA) (C), and B-(G-DA) (D) carrageenans. k-carrageenan (C) has not been yet demonstrated and is represented by
The arrow between G4S-DA2S and G-DA2S illustrates the reaction a dashed arrow.
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90% sequence identity with a putative uncharacterized protein,
Q3IKL4, from the marine strain Pseudoalteromonas haloplanktis
TAC 125. Phylogenetic studies show that P. carrageenovora sul-
fatase thus represents the first characterized member of a new
sulfatase family, with a C-terminal domain having strong simi-
larity with the superfamily of amidohydrolases, highlighting the
still unexplored diversity of marine polysaccharide modifying
enzymes.

MATERIALS AND METHODS

MATERIALS

h-carrageenan (GENU X-7055) was extracted from tetrasporo-
phytic plants of Gigartina skottsbergii, k-carrageenan (GENU
X-6913) was extracted from Eucheuma cottonii and -carrageenan
(GENU X-6908) was extracted from Eucheuma spinosum. All of
these samples were kindly provided by CP Kelco (Copenhagen).
The marine bacteria P. carrageenovora strain PscT (ATCC 43555T)
(Bellion et al., 1982) and Pseudoalteromonas haloplanktis 545"
(DSMZ 6060T) were obtained from the American Type Culture
Collection and the Deutsche Sammlung von Mikroorganismen
und Zellkulturen collection respectively.

PRODUCTION AND PURIFICATION OF THE .-CARRAGEENAN
SULFATASE FROM P. carrageenovora (PSC .-CgsA)

Unless otherwise stated, all purification steps were performed
at 4°C. Hydrophobic interaction chromatography and anion
exchange chromatography were carried out at 18°C. P. car-
rageenovora strain Psc' was grown in 5 L of sulfate free ZoBell
medium (ZoBell, 1941) containing 1g L™! of \-carrageenan.
After 36 h of incubation at 15°C, the culture medium was cen-
trifuged for 60 min at 1400-1800 g. The supernatant was dis-
carded and the cells were slowly suspended for about 1h in
30mL of buffer A (50 mM Tris-HCI, pH 8.3) before lysis with
a French Press. The lysate was centrifuged for 1h at 29000 g.
The cell-free supernatant was brought to 30% (NH4),SO4 satu-
ration (16.4g (NHy4),SO4 per 100 mL of extract) by slow addi-
tion of (NH4),SOy4 salt. The sample was then centrifuged for
1h at 25000 g and the pH of the supernatant was adjusted to
8.3 with 1M Tris-HCI buffer before being loaded on a Phenyl
Sepharose 6 fast flow high sub column (2.0 x 19.5cm; GE
Healthcare) equilibrated in buffer B (30% saturation (NH4),SO4
in 50 mM Tris-HCI, pH 8.3). The stationary phase was washed
with buffer B at a flow rate of 1.5 mL min~! until the absorbance
at 280 nm of the effluent was negligible. Elution of the bound
proteins was then achieved at the same flow rate by apply-
ing a linear decreasing gradient from buffer B to buffer A
during 20 column volumes (CVs). Fractions of 6.5mL were
collected.

The active fractions were pooled and dialyzed for 96 h against
buffer A. The desalted sample (about 140 mL) was loaded at a flow
rate of 2mL min~! on a Diethylaminoethyl (DEAE) Sepharose
fast flow column (1.6 x 13 cm; GE Healthcare) equilibrated in
buffer A. The column was washed at the same flow rate with
buffer A until the absorbance measured at 280 nm was negligi-
ble. Elution of bound proteins was achieved at a flow rate of 2 mL
min~! with a linear increasing gradient from 0 to 1 M NaCl in
buffer A. The final concentration of NaCl was reached after 20

CVsand 5.5 mL fractions were collected. The fractions containing
pure Psc 1-CgsA were pooled and stored at 4°C in buffer A.

At the different steps of purification, the fractions were tested
for sulfatase activity using standard (-carrageenan as substrate.
The standard reaction mixture contained 100 L of protein frac-
tion and 100 wL of 1.2% (w/v) -carrageenan both in 50 mM Tris-
HCI buffer, pH 8.3. Incubation was performed for 12 h at 35°C.
The reaction was stopped by diluting the incubation medium 2-
fold and by centrifuging the samples in a Microcon-10 (Millipore)
to remove the carrageenan. For each sample, the correspond-
ing blank was performed in the same conditions but using the
sample previously boiled for 10 min. The amount of free sulfate
present in the filtrate was assayed by high pressure anion exchange
chromatography (HPAEC) using a Dionex 500 chromatography
system as described previously (Genicot-Joncour et al., 2009).
Briefly, the anions present in the reaction medium were sepa-
rated on an AS11 anion-exchange column (4 x 200 mm, Dionex)
equipped with an AG11 guard column (4 x 50 mm, Dionex).
Elution was performed with an isocratic gradient of 12mM
NaOH at a flow rate of 1 mL min~! using a GP40 gradient pump
(Dionex). Detection of the anions was carried out with an ED40
electrochemical detector in the conductivity mode. The peak of
sulfate eluted separately from the other ions at 3 min and the
concentration of sulfate was deduced from the signal intensity
and calculated from a standard sulfate calibration curve. The
active fractions were analyzed by SDS-PAGE (Laemmli and Favre,
1973) using 12% Criterion precast Bis-Tris gels (Bio-Rad). Gels
were stained routinely with Coomassie blue R-250 and colloidal
Coomassie blue staining when subjected to mass spectrometry
analyses (Candiano et al., 2004). Protein quantification was per-
formed according to Bradford (1976) using the Bio-Rad protein
assay. Bovine serum albumin was used as a standard. Protein con-
centration of pure sulfatase was also estimated at 280 nm using
a Nanodrop 2000 Spectrophotometer (Thermofisher). A molar
extinction coefficient of 172.120 M~! cm™! and a molecular
weight of 115.916 kDaltons (kDa), both deduced from the protein
sequence (see below), were used to calculate the concentration of
the enzyme.

PROTEIN SEQUENCE DETERMINATION OF THE Psc 1-CgsA PROTEIN

The band corresponding to the Psc 1-CgsA sulfatase was excised
from Coomassie blue stained SDS-PAGE and was subjected to in-
gel tryptic digestion as described in Larré et al. (2010). Briefly,
the gel slice was washed with 100 L of 25 mM NH4HCO3, fol-
lowed by dehydration with 100 pL of 50% (v/v) acetonitrile in
25 mM NH4HCOs. Proteins were reduced and alkylated by incu-
bation for 1h at 57°C in the presence of 10 mM Dithiothreitol
(DTT), followed by 45 min of incubation at room temperature
with 55 mM iodoacetamide. The gel slice was further washed
with NH4HCO3 and dehydrated as described before. The band
was then incubated overnight at 37°C with 10 pL of trypsin
(sequencing grade, Promega) solubilized at 12.5ng wL~! in
25mM NH4HCO3.The supernatant was collected and the tryp-
tic fragments were analyzed by Matrix Assisted Laser Desorption
Ionization coupled to a Time-of-Flight analyzer (MALDI-TOF)
and nanoscale capillary liquid chromatography-tandem mass
spectrometry (LC-MS/MS). MALDI-TOF mass spectrometry was
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performed on a M@LDI LR instrument (Waters). One microliter
of the sample was mixed with 1 L of the matrix preparation
(2.5g L™! a-cyano-4-hydroxycinnamic, 2.5g L™! 2,5-dihydroxy
benzoic acid, 70% (v/v) acetonitrile, and 0.1% (w/v) trifluo-
roacetic acid) and deposited onto the MALDI sample probe.
Mass spectra were acquired on the mass-to-charge ratio range
from 800 to 3000. LC-MS/MS analysis was performed using a
nanoflow high pressure liquid chromatography (HPLC) system
(Switchos-Ultimate II, Dionex) coupled to a hybrid quadrupole
orthogonal acceleration time-of-flight mass spectrometer (Q-
TOF Global, Waters). Chromatographic separations were con-
ducted on a reverse-phase capillary column (75 wm i.d., Pepmap
C18, Dionex) at a flow rate of 200nL min~! using a gradi-
ent from 2 to 50% of 0.08% (w/v) formic acid in acetoni-
trile. Mass data were recorded in “data dependent” mode: one
MS spectrum was recorded on the mass-to-charge ratio range
400 to 1500 within 1s, after which the three most intense
ions were selected and fragmented in the collision cell. Raw
data obtained by MALDI-TOF or LC-MS/MS were processed
by means of the Protein Lynx Global Server v. 2.1. Software
(Waters).

Protein identification was carried out by comparing the col-
lected LC-MS/MS data against Uniprot databank. Databank
searches were performed through the use of the Mascot server v.
2.2. program (Matrix Science). The mass tolerance was set to 120
parts per million (ppm) for parent ions (MS mode) and 0.3 Da
for fragment ions (MS/MS mode), and one missed cut per pep-
tide was allowed. Some MS/MS spectra were de-novo sequenced
using the Protein Lynx Global Server v. 2.1. Software. This pro-
cedure was facilitated by the use of the OVNIp program (Tessier
et al., 2010).

CLONING, HETEROLOGOUS EXPRESSION AND PURIFICATION OF THE
Psc 1-CgsA

Genomic DNA from P. carrageenovora Psc! was prepared as pre-
viously described (Barbeyron et al., 1984). The primers forward
(5'-CCCCCCGAATTCTTATTTGTTGTTTTCAAAATAAAGTG
GTTTAC-3'; EcoRI restriction site is underlined) and reverse
(5'-GGGGGGGGATCCCAACAAGACGATGAGCCAAAATGG-
3/; BamHI restriction site is underlined), deduced from the
gene PSHAal171 of P. haloplanktis TAC 125 (Uniprot accession
number Q3IKL4), were used to amplify the Psc t-cgsA gene.
The SignalP 3.0 program (Bendtsen et al., 2004) predicted the
presence of a signal peptide with a cleavage site between residues
Ala?? and GIn?® in the Q3IKL4 protein. Here, the gene without
the signal peptide was cloned in between the BamHI/EcoRI sites
of the expression vector pFO4 (Groisillier et al., 2010) which
encompass an N-terminal fused six-histidine-tag (6 His-tag).
The sequence of the gene was checked using a genetic analyzer
ABI 3130x] (Applied Biosystems) equipped with 50 cm capillaries
and POP7™ polymer. The amplified and verified gene sequence
of Psc t-cgsA was deposited at GenBank with accession number
JN228253. The Psc t-cgsA gene was also optimized for Escherichia
coli codon use by GENEART (Life Technologies), amplified
using the forward primer (5-CCGGGGATCCCAGCAGGAT
GATGAACCG-3"; BamHI restriction site is underlined) and the
reverse primer (5'-GGCCGAATTCTTATTTGTTATTTTCAAA

ATACAG-3'; EcoRI restriction site is underlined) and cloned into
the same expression vector.

For protein expression, transformed E. coli strains BL21(DE3)
(Novagen®) were either grown at 20°C for 72h in ZYP 5052
medium containing 200 pug. mL~! ampicillin (Studier, 2005) or
in Luria Bertani (LB) medium. In the latter case, the recombi-
nant E. coli BL21 (DE3) cells were grown at 37°C in LB medium
containing 100 ug.mL_1 ampicillin and 0.025% (w/v) glucose
until the optical density at 600 nm reached ~1.2-1.5. The cul-
ture medium was then diluted twice with an equal volume of
cold LB medium and buffered with HEPES buffer pH 7 to a
20mM final concentration. Induction was performed by addi-
tion of lactose (0.6%) and isopropyl f-D-1-thiogalactopyranoside
(IPTG) (2 mM) (Korf et al., 2005). The cultivation was further
continued for ~18h at 20°C until the optical density at 600 nm
reached ~5-8. E. coli BL21 (DE3) bearing pFO4 without insert
was used as the negative control. Culture was stopped by centrifu-
gation at 1400-1800 g for 60 min. The pellet was then suspended
in 50 mM Tris-HCI (pH 8.3) buffer containing 200 mM NaCl and
15 mM imidazole (buffer C) before lysis with a French Press. The
lysate was centrifuged for 1 h at 29,000 g. The cell-free supernatant
was then 0.2 uM filtered before being loaded onto a HisPrep
FF 16/10 column (1.6 x 10 cm, GE Healthcare) equilibrated in
buffer C. Elution of the protein was performed in buffer C using
a linear gradient, increasing from 15mM to 500 mM imidazole.
The final concentration of imidazole was reached after 10 CVs and
2mL fractions were collected. Fractions containing the recombi-
nant tagged enzyme were estimated by SDS-PAGE analysis and
by Western blot. Transfer from SDS gel onto ready to use 0.2 pm
nitrocellulose membrane (BioRad) was performed using a Trans
Blot Turbo system in the conditions specified by the manufacturer
(BioRad). Monoclonal anti-polyhistidine peroxidase conjugate
(Sigma) was used at a final concentration of 1/10,000 to specifi-
cally recognize the his-tagged fusion proteins. Immuno-detection
was performed by chemiluminescence using the Clarity Western
ECL Substrate kit (BioRad) and visualization was achieved using
the Chemi-Capt 50001 software. Recombinant enzyme activity
was tested using 4- methylumbeliferyl sulfate (potassium salt,
Sigma), further on called MUES, as substrate. Unless explicitly
indicated in the text, the standard conditions included 8-20 pg
sulfatase, 50 mM Tris-HCI pH 8.3, 200 mM NaCl, 850 uM MUES
in a 150 pul reaction volume. The reaction was carried out for
up to 120 min at 35°C and the increase of absorbance was mea-
sured as a function of time at 360 nm using a Saphire2 microplate
reader (Tecan, Minnedorf, Switzerland). For each reaction, a
blank was made using the negative control at the same protein
concentration than that of the sample.

BIOCHEMICAL CHARACTERIZATION OF THE NATIVE Psc -CgsA

Sulfatase activity of the native enzyme was characterized using
L-carrageenan as substrate and the amount of sulfate released
was determined by HPAEC as described above. pH optimum
determination was performed at 35°C in a pH range of 5.8-9.5.
Assays were carried out by incubating 50 ul of L-carrageenan
(1.8% w/v in water) with 80 .l of 500 mM buffer and 40 pl of
sulfatase solution (600 g mL~! in 50 mM Tris-HCI pH8). The
solutions used to buffer the reactions were as follows: 500 mM
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2-(N-morpholino) ethanesulfonic acid (MES) (pH 5.5 to pH
6.9), 500 mM Bis-Tris Propane (pH 6.5 to pH 9.5) and 500 mM
Tris-HCI (pH 7 to pH 9). The optimal temperature was deter-
mined by measuring the amount of sulfate released upon incu-
bation of 35 1 of sulfatase solution (600 g mL™") with 1151l
of -carrageenan (0.6%, w/v) both in 50 mM Tris-HCI pH 8.0 in
a range of 5-55°C in steps of 5°C. The effect of ionic strength
on enzyme activity was assessed using increasing NaCl concen-
tration from 0 to 500 mM. The influence of phenylmethylsulfonyl
fluoride (PMSF), magnesium chloride (MgCl,), and DTT on the
sulfatase activity was tested at final concentrations of 1 and 2 mM,
whilst chelators agents were tested at final concentrations rang-
ing from 2 to 10 mM. All these assays were performed at 30°C by
incubating 50 pl of t-carrageenan (1.5% w/v in 50 mM Tris-HCI
pH8) with 20 I of sulfatase solution (670 g mL™!) in 120 pl
total volume The relative activity was defined as the percentage of
the activity observed without addition of these reagents.

BIOCHEMICAL CHARACTERIZATION OF THE RECOMBINANT
SULFATASE

Sulfatase activity of the recombinant enzyme was characterized
using MUES in the standard conditions described above. The
influence of pH on the activity was determined using the same
buffers as for the native enzyme. The effect of different additives
on the recombinant enzyme activity was studied in the same con-
centration conditions as those used for the characterization of the
native enzyme. However, prior to the determination of the effect
of ionic strength on the enzyme activity, the sample of recom-
binant enzyme was dialyzed overnight against 50 mM Tris-HCI
pH8.3. In the same way as for the native enzyme, the relative activ-
ity was defined as the percentage of the activity observed without
addition of these reagents.

KINETIC PARAMETERS OF NATIVE AND RECOMBINANT Psc (-CgsA

As the L-carrageenan is viscous even at low concentration, it was
not possible to prepare a sufficient range of (-carrageenan con-
centrations to allow for the accurate determination of kinetic
parameters of the enzymes. For this reason, the Michaelis param-
eters of both enzymes, purified from P. carrageenovora culture
medium and recombinantly expressed in E. coli, were deter-
mined at optimum conditions of the native enzyme, using MUFS
as substrate. Kinetic measurements were conducted in 150 ul
final volume and 80 1 of sulfatase were incubated with 2 ul of
MUES at final concentrations ranging from 5.2 to 206.5 wM. The
formation of methylumbelliferone was measured as a function
of time at 360 nm (molar extinction coefficient of 5143 M~!
cm™1) (Viladot et al., 1998), using a Saphire2 microplate reader
(Tecan, Minnedorf, Switzerland). The experiments were carried
out in triplicates. Kinetic experiments were performed for up to
120 min at 35°C. The initial velocities were measured on the lin-
ear section of the kinetics plots and the apparent Ky, and Viax
were calculated from an hyperbolic regression analysis using the
software Hyper32 version 1.0.0. (http://homepage.ntlworld.com/
john.easterby).

NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY
The (-carrageenan incubated with pure native Psc -CgsA was
freeze dried, exchanged twice with 99.97 atom % 2H,O and then

dissolved in 2H,0 at a final concentration of 10 mg mL~!. The
product was then transferred into a 5mm NMR tube and 'H-
NMR spectra were recorded at 70°C, using a BRUKER Advance
DRX 500 spectrometer equipped with an indirect 5 mm gradient
probehead TXI 'H/*3C/3'P. Chemical shifts are expressed in ppm
in reference to trimethylsilylpropionic acid (TSP), which was used
as an external standard. No suppression of the HOD signal was
performed.

SEQUENCE AND PHYLOGENETIC ANALYSIS

Searches for protein sequence similarities were performed in
Uniprot database using the BlastP program (Altschul et al., 1997).
Protein structure prediction was performed with the Phyre2
server (Kelley and Sternberg, 2009). A multiple alignment was
generated with 421 sequences using the MAFFT program and L-
INS-i algorithm (Katoh et al., 2005) and manually refined. From
the multiple alignments, 171 positions were used to build a phy-
logenetic tree by the Maximum Likelihood method using the
Whelan and Goldman evolution model (Whelan and Goldman,
2001). Reconstruction of the tree and bootstrap analysis (resam-
pling of 100) were conducted with the MEGA v. 5.05. Software
(Tamura et al., 2011).

RESULTS

SCREENING AND PURIFICATION OF THE Psc 1-CgsA

The marine bacterium P. carrageenovora was screened for poten-
tial sulfatase activity capable to catalyze the hydrolysis of sul-
fate from carrageenans. As a consequence the use of car-
rageenans as substrate was mandatory during the screening
and the sulfate assay was performed by HPAEC as described
previously (Genicot-Joncour et al., 2009). To avoid interfer-
ence of ions with the detection of sulfate groups during chro-
matography analysis, P. carrageenovora strain Psc' was grown in
ZoBell medium.

Carrageenan-sulfatase activities were detected only when the
culture medium was supplemented with k-, .- or h-carrageenan.
As reported in Table 1, carrageenan-sulfatase activities were mea-
sured both in the bacterial pellet and in the culture supernatant.
t- and h-carrageenan proved to be good inducers of carrageenan-
sulfatases that were active on k-, t- and \-carrageenan. In this
study, we focus our attention on the (-carrageenan sulfatase activ-
ity detected in the pellet of P. carrageenovora cultures induced by
the \-carrageenan.

The newly detected enzyme, further on named Psc 1-CgsA, was
purified by a combination of ammonium sulfate fractionation,
hydrophobic interaction chromatography and ion exchange chro-
matography. The first chromatographic step using hydrophobic
interaction chromatography on phenyl-Sepharose was efficient
in purifying the sulfatase as this one elutes between 91 and
78 mS cm ™!, just before the majority of the proteins (Figure 2A).
All the active fractions were pooled and dialyzed before being
loaded on top of the anion exchange chromatography column
(DEAE Sepharose). At this stage, the sulfatase eluted between
300 and 370 mM NaCl i.e., 29.5 and 32.3mS cm™! respectively
(Figure 2B). The purified enzyme gave a single band with an
apparent molecular mass of 110 kDa in SDS-PAGE under reduc-
ing conditions (Figure 2C).
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Table 1 | Sulfatase activity in cultures of P carrageenovora Psc™ and P haloplanktis 5457,

Inducer Total Proteins Substrate
K-carrageenan L-carrageenan \-carrageenan

Supernatant K-carrageenan 1.6 (1.1) n.d. (1.5) n.d. (13.4) 0.6 (n.d.)

\-carrageenan 1.6 (0.5) 6.3 (n.d.) 11.9 (n.d.) n.d. (n.d.)

\-carrageenan 2.35(0.8) n.d. (n.d.) n.d. (73.2) 4.5(77)
Pellet K-carrageenan 6.5 (4.1) 0.9 (n.d) n.d. (n.d.) n.d. (n.d.)

\-carrageenan 10.5 (3.8) 4.0 (n.d) 4.7 (n.d.) n.d. (n.d.)

\-carrageenan 30 (5.9) 2.1(nd) 10.4 (n.d.) 0.4 (n.d.)

Cultures of P carrageenovora Psc! and P haloplanktis 5457 were induced with 0.1% (W/v) k-, 1-, or A-carrageenan. Incubations were performed for 12 h as described
in material and methods using k-, t- or A-carrageenan as substrate. Activities are expressed in nmole of sulfate released per minute and per mg of total proteins

(nmole min~" mg~"). The amount of total proteins are expressed in mg. Data in brackets are relative to Pseudoalteromonas haloplanktis 5457 . n.d. means that no

activity was detected.

IDENTIFICATION OF THE Psc 1-CgsA PROTEIN, A NOVEL SULFATASE
Following digestion of the pure Psc 1-CgsA protein by
trypsin, the peptide fragments were analyzed by LC-MS/MS
and compared to the Uniprot database. Eight peptides
(YVEPTFSPDGK, VIENGVIITDGK, DLGEPMESPDGR,
SLGAGEVWLYHK, YVYFSHDATPGK, FTQNLDTDEFDVK,
LLNSPAWSPDGDYLVAR, VSPDGQYLAFAER) were identi-
cal to peptides found in a putative uncharacterized protein
Q3IKL4 (117.873kDa), encoded in the genome of the marine
strain P. haloplanktis TAC 125 (Medigue et al., 2005). In depth
sequencing by MALDI-MS and by de novo allowed to cover 14
additional sequence stretches (LYESEHATEFR, QQVIEAGR,
TDVWNHPR, AGENLS, LVYTTW, VLDG-PL, WSLNPG-
YSV, LTSDLA—QPR, QPQFG—DR, YELF-QYSR, ELF-QYSR,
VTPEVE—LNSP, LF-A-TM-VGKK, ELETVL). Altogether,
peptide sequencing of the Psc 1-CgsA provided coverage of
23% of the 1060 amino acids of the P. haloplanktis Q3IKL4
protein (Figure 3). The sequence of the here described novel
Psc 1-CgsA was further confirmed as described in the following
section.

SEQUENCE DETERMINATION, CLONING AND OVEREXPRESSION OF
THE +-CgsA SULFATASE
The nucleotide sequence encoding the Q3IKL4 protein without
the peptide signal was used to design specific oligonucleotide
primers that were used to clone and sequence the gene encod-
ing the Psc 1-CgsA (1-cgsA) from P. carrageenovora. After suc-
cessful expression and sequencing, the translation of the t-cgsA
gene yielded a protein of 1037 amino acids (GenBank acces-
sion number JN228253) with a theoretical isoelectric point (pI)
value of 6.78 and a molecular weight of 115.9kDa. This mass
corresponds to the apparent molecular mass of the purified
native and expressed Psc 1-CgsA (~110kDa), deduced from
SDS-PAGE. As expected, all the peptide sequences identified by
mass spectrometry analysis were present in the protein sequence.
The Psc 1-CgsA shares 92.6% sequence identity with the puta-
tive uncharacterized protein Q3IKL4 of P. haloplanktis TAC 125
(Figure 3).

Psc 1-CgsA was expressed as a soluble protein at about 6.5 mg
L=! in E coli BL21 (DE3) when induced with 0.2% lactose

(ZYP 5052 medium). The yield was more than doubled (16.9 mg
L™!) when induction was carried out with both lactose (0.6%)
and IPTG (2 mM). After affinity chromatography on a HisPrep
sepharose column, the enzyme was pure (Figure 2D). As shown
on Figure 2D, the use of anti-histidine antibody allows recogniz-
ing the his-tagged protein which migrates as a single band at the
expected size.

BIOCHEMICAL CHARACTERIZATION OF THE NATIVE Psc -CgsA
PROTEIN

The purified sulfatase was kinetically evaluated using carrageenan
as substrates. The amount of sulfate released after incubation of
the pure sulfatase using (-, k- or h-carrageenan was monitored by
HPAEC. In the presence of k- and \-carrageenan, no desulfation
was observed, even after prolonged incubation. In contrast, strong
desulfation occurred when (-carrageenan or hybrid 1-carrageenan
containing about 20% of v-carrabiose was used as substrate, high-
lighting the specificity of this sulfatase toward the t-carrabiose
moiety.

As shown in Figure4, the desulfation reaction of
t-carrageenan by the Psc-u sulfatase was slow, in the range
of hours. The rate of sulfate release increased with the concentra-
tion of 1-carrageenan up to 0.6% (w/v). At higher concentrations
the medium became very viscous interfering with the enzyme
diffusion. When 0.5% (w/v) L-carrageenan was used, the rate of
desulfation was linear for the first 15 h. Under these experimental
conditions the temperature optimum was determined to be 40
£ 5°C and the pH optimum was measured at 8.3 (Table2).
The Psc 1-CgsA could be kept for several months at 4°C at this
pH. Addition of sodium chloride at high concentrations affects
the enzyme activity. Indeed, at 500 mM NaCl, the activity drops
to 17.5% of the optimal activity, observed at 200 mM NaCl
(Table 2).

With the aim to determine the specificity of the L-carrageenan
sulfatase more precisely, the structural modification of -
carrageenan was monitored, as a function of time, by 'H NMR
(Figure4). The signals of 'H NMR spectrum of the stan-
dard (-carrageenan (Figure 4 top spectrum: 0 h) were attributed
on the basis of previously reported analyses (van de Velde
et al., 2002). The signal observed at 5.32 ppm corresponds

Frontiers in Chemistry | Chemical Biology

August 2014 | Volume 2 | Article 67 | 26


http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology
http://www.frontiersin.org/Chemical_Biology/archive

Genicot et al. A novel sulfatase family
A B
5000 180 5000 | o0
5 4300 160 L 80
2 1000 o 1 5000 4 ] ;
E | G
S 120 ~ K
& E o, ¢
So 100 @
) 80 2 S
£E - 4 38
25 40 3 i
20
- =r== 0
0 200 400 600 800 1000 1200 1400 1600 80 180 260 380
Elution volume (ml) Elution volume (ml)
c M 1 2 D M123 M’
250 - 250- &
150 = 150- 4
- 100- e 150-
100
75- 100-
75 = 759
50- w
50 == W 37- 50+ '
371 %
37 == .
25- o
20-
25
A5 15+ %
10- o

25 = -

FIGURE 2 | Purification of the (-carrageenan sulfatase. (A) Purification of
the native (-carrageenan sulfatase on a Phenyl Sepharose 6 fast flow high
sub column (2.0 x 19.5cm). Elution of proteins was performed using a
decreasing gradient from 30% saturation (NH4)2SO4 in buffer A to 0%
(dashed lines). The absorbance of the fractions (6.5 ml) was measured both
at 280 nm (blue curve) and at 215 nm (red curve). Active fractions containing
sulfatase activity are surrounded with a rectangle. They were pooled and
dialyzed against buffer A prior being loaded on top of the anion exchange
chromatography, as described in material and methods. (B) Purification of the
native \-carrageenan sulfatase on a DEAE-Sepharose fast flow column

(1.6 x 13 cm). Elution of proteins from the anion exchange chromatography
was performed using an increasing gradient from 0 to 1 M NaCl (dashed line).
The absorbance of the elution fractions was measured at 215 nm (open
squares). Fractions containing pure Psc 1-CgsA are surrounded with a

rectangle. (C) SDS- PAGE analysis of the native \-carrageenan sulfatase
isolated from P carrageenovora. Elution fractions from the DEAE Sepharose
chromatography were separated on 12% SDS-PAGE and stained with
Colloidal Coomassie Blue (Lanes 1-2). Precision protein standards from
Bio-Rad were used as markers (Lane M, from top to bottom: 250 kDa,
150kDa, 100 kDa, 75kDa, 50kDa, 37 kDa, and 25 kDa). (D) SDS- PAGE and
Western Blot analysis of the recombinant his-tagged -carrageenan sulfatase
after affinity chromatography. Lane M corresponds to the molecular weight
markers (as above and in addition 20 kDa, 15kDa, and 10kDa). Lanes 1 to 3:
elution fractions from the HisPrep chromatography. Precision Plus protein
dual color standards from BioRad were used as makers for the Western blot
(Lane M, sizes same as lane M). Lanes 4, 5, and 6 correspond to the
Western blot analysis of the his-tagged sulfatase. Revelation was performed
by chemiluminescence as described in material and methods.

to the anomeric proton of the 4-linked anhydrogalactose unit
(DA2S-H1). The G4S-H4 and DA2S-H3 protons, which signals
are at 4.91 ppm and 4.85ppm respectively, are also indicated
on the spectrum. These signals decreased after 15h of incu-
bation of 41.25mg of (-carrageenan with 1.12mg of 1-CgsA
whilst two other signals, at 5.26 ppm and 4.80 ppm, appeared
(Figure 4, middle spectrum: 15h). To overcome heat inactiva-
tion of the enzyme, 300 g of Psc 1-CgsA were added after
60 h. This addition, combined with prolonged enzymatic incu-
bation (up to 120h), allowed the complete modification of
the (-carrageenan (Figure 4, bottom spectrum: 120h). Based
on the analyses reported by Falshaw et al. (1996), this spec-
trum is characteristic of alpha (a)-carrageenan. Signals assignable
to k- (5.1 ppm) or beta (B)-carrabiose units (5.09 ppm) or to

the production of reducing and non-reducing ends were not
observed. This suggests that Psc 1-CgsA specifically catalyzes
the conversion of L-carrabiose into a-carrabiose units (Figure 1)
within a polysaccharide chain and is devoid of glycoside hydrolase
activity.

BIOCHEMICAL CHARACTERIZATION OF THE RECOMBINANT (-CgsA
PROTEIN

The purified recombinant 1-CgsA was able to specifically remove
sulfate from (-carrageenan. After 24 h of incubation at 35°C and
pH 8.3, the amount of sulfate released represents roughly 3% of
the total sulfate of the polymer. Although this is not sufficient
to detect the conversion of L-carrageenan into o-carrageenan by
'H NMR, this low but significant activity confirmed that the
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FIGURE 3 | Sequence alignment of Psc 1-CgsA and Q3IKL4_PSEHT from P, haloplanktis TAC 125 using the program MEGA 5. The ESPript 3 program
(Robert and Gouet, 2014) was used to enhance the conserved amino acids which are shown in white letters on a red background.
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product of the cloned gene was a (-carrageenan sulfatase. As a
consequence of the low activity, all further characterization of the
recombinant enzyme was performed using an artificial substrate
which is MUFS. As shown on Table 3A, both native and recom-
binant enzymes are most active at 35°C and pH 8.3. Although
the recombinant sulfatase shows an activity in MES comparable
to that observed in the Tris buffer, its activity drops drastically in
the 3-morpholinopropane-1-sulfonic acid (MOPS) buffer and in
the phosphate/citrate buffer deviating from the trend of pH pro-
file (data not shown). This therefore suggests that, in the case of
the later buffer, inorganic phosphate may be an inhibitor of the
L-sulfatase.

The activity of the recombinant 1-CgsA was investigated in
presence of different additives (Table 3A), to be compared to the

DA28-H1 (1)  DA28-H3 () |
_‘ DA2S-H3 (1) ! ’
G4S-H4 g%‘l

DA2S-H1

S5 0h
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FIGURE 4 | \-carrageenan desulfation with pure native .-carrageenan
sulfatase. "HNMR spectra monitoring the bioconversion of standard
-carrageenan (Top spectrum, 0 h) into a-carrageenan (Bottom spectrum).
This conversion was performed after 120 h of incubation of -carrageenan
with pure Psc 1-CgsA (Bottom spectrum, 120 h). Intermediate structures
observed after 15 h of incubation (Middle spectrum, 15h), are hybrid
-/a-carrageenans whose composition was deduced by integrating the
a-anomeric signal of DA2S-H1 (1) or («) indicated on the spectra (Falshaw
et al., 1996; van de Velde et al., 2002).

native enzyme. Among them, Mg?* and DTT inhibit slightly the
enzyme whilst the addition of chelating agents such as EDTA an
EGTA at 2 mM does not affect the activity. EDTA has to be used
at a concentration of 10 mM to induce a slight decrease of the
activity. The recombinant enzyme is completely inhibited when
the concentration of NaCl reaches 500 mM. At 200 mM NaCl, the
recombinant enzyme has 89.6% of its optimal activity observed
at 100 mM NaCl.

The Michaelis parameters of both enzymes using an artifi-
cial substrate have been determined in optimal conditions using
MUES as substrate (Figure5). These preliminary experiments
show that while the K, of both enzymes are in the same order
of magnitude, the kcat of the native enzyme is about 3 times that
of the recombinant enzyme (Table 3B).

DISCUSSION

DISCOVERY OF A .-CARRAGEENAN SULFATASE, 1-CgsA, SPECIFICALLY
RELEASING SULFATE FROM THE D-GALACTOSE-4-SULFATE UNITS IN
t-CARRAGEENAN

Many genes encoding sulfatases have been cloned from all king-
doms of life (Sasaki et al., 1988; de Hostos et al., 1989; Paietta,
1989; Yang et al., 1989; Hallmann and Sumper, 1994; Ferrante
et al.,, 2002; Medigue et al., 2005; Sardiello et al., 2005; Frese
et al., 2008), but the number of characterized sulfatases remains
limited and does not reflect the huge chemical diversity of sul-
fated biomolecules. The recent discovery that a vast number of
sulfatases are present in marine bacteria (Glockner et al., 2003;
Barbeyron, personal communication) highlights the untapped
resource of this type of activity in the marine environment.
Indeed, most of the characterized sulfatases are specific of metab-
olizing glycosaminoglycans (Buono and Cosma, 2010), due to
their importance in pathogenicity or human health. Nevertheless,
it has been shown that the sulfatase from Sphingomonas sp.
AS6330 (Kim et al., 2004) and the arylsufatase AtsA from P. car-
rageenovora PscT (Lim et al., 2004; Kim et al., 2005) catalyze
the desulfation of agar. Recently, a formylglycine-dependent
endo-4S-1-carrageenan sulfatase from the marine bacterium
P. atlantica T6c has been purified and characterized (Préchoux
et al., 2013). In the present study we have identified, sequenced

Table 2 | Biochemical characterization of the native Psc 1-CgsA compared to two other polysaccharide sulfatases described in the literature.

Characteristics

Native Psc .-CgsA

P, atlantica sulfatase

P carrageenovora arylsulfatase

Sulfatase family
Polysaccharide substrate
Molecular mass
Theoretical pl

Optimal temperature
Optimal pH

Optimal (NaCl]

EDTA 1mM

PMSF 1 mM

Phosphate buffer

New sulfatase family
-carrageenan
115.9kDa

6.8

35-45°C

8.3

200mM

0% inhibition

91% inhibition

82% inhibition

Formylglycine family
L-carrageenan
55.7kDa

71

35°C

75

~25mM

Data not available
Data not available
Data not available

B- lactamase superfamily New sulfatase family
Agar

35.8kDa

5.4

45°C

7.0-8.5

~500mM

53.2% inhibition

26% inhibition

Inhibition

Both the native Psc 1-CgsA and the (-carrageenan sulfatase from P atlantica (Préchoux et al., 2013) were characterized using t-carrageenan as substrate. The data

are compared to those of the arylsulfatase isolated from P carrageenovora (Barbeyron et al., 1995, Lim et al., 2004, Kim et al., 2005).
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and characterized a novel L-carrageenan sulfatase, Psc 1-CgsA,
first member of a new family of sulfatases. NMR studies of
the reaction products unambiguously demonstrate that Psc -
CgsA catalyzes the removal of the sulfate ester group localized
on the position C4 of the G4S moieties from the i-carrabiose
units, leading to the formation of a-carrabiose units. Despite the
complete absence of sequence homology, this activity appears
to be the same as that already described for the formylglycine-
dependent sulfatase from the marine bacterium P. atlantica Téc,
indicating that this catabolic activity plays an important role
in carrageenan metabolization.The desulfation is L-carrageenan
specific, since neither the P. atlantica 4S-i.-carrageenan sulfa-
tase nor the here described Psc 1-CgsA sulfatase are able to
catalyze the removal of the 4S sulfate group from k-carrabiose
units. In k-carrageenan, the G4S residues are located between
two neutral anhydrogalactose residues whilst in t-carrageenan
the G4S moieties are positioned between two sulfated anhydro-
galactose residues (Figure 1). This finding therefore allows the
assumption that the substrate specificity in these endo-sulfatases
includes the recognition of at least one additional sulfated anhy-
drogalactose in their substrate binding site to display the observed
specificity.

Table 3 | Characterization of the native and the recombinant Psc
1-CgsA.

(A) BIOCHEMICAL CHARACTERIZATION

Characteristics Native Psc .-CgsA Recombinant Psc .-CgsA

Optimal temperature (°C) 35-45 35
Optimal pH 8.3 8.4+0.3
Optimal [NaCl] (mM) 200 100
EDTA 10mM 132.8% + 12.9 93.6% + 3.3
EGTA 10mM 125.5% +9.2 100.9% + 8.5
MgCly up to 2mM 37.8% £ 2.8 81.7% £ 2.5
DTT 1 mM 46.8% + 4.2 74.8% + 6.9
PMSF 2 mM 0% 34.1% £+ 13.4

Characterization of the native enzyme has been performed using - carrageenan
whereas MUFS was used for the recombinant enzyme. As stated in material and
methods, incubation with 1- carrageenan was performed during 12 h whilst kinet-
ics with MUFS were carried out for 2 h. Unless otherwise stated, the activity is
expressed as the percentage of the initial activity observed without addition of

reagenrs.

(B) KINETIC PARAMETERS

Enzyme Apparent kcat Kcat/Km
Km (M) (min~") (WM~1 min~1)

Native Psc 1-CgsA 219+82 6.32 £ 0.38 0.280 £+ 0.05

Recombinant -CgsA 13.4+£4.9 1.64 £0.23 0.12 £ 0.04

Arylsulfatase from 68 ND ND
P carrageenovora

Preliminary kinetic parameters of the native and recombinant Psc (-CgsA were
measured using the optimal reaction conditions of the enzymes as determined
above and the artificial substrate MUFS at concentrations ranging from 5.2 to
206.5uM. Data are compared to that of the P carrageenovora arylsulfatase
(Barbeyron et al., 1995) using the same substrate. N.D. means not determined.

THE .-CARRAGEENAN SULFATASE (-CgsA IS A MODULAR ENZYME
BELONGING TO A NOVEL CLASS OF SULFATASES

Despite their identical substrate specificity, the t-carrageenan
sulfatases of P. carrageenovora Psc' and P. atlantica Téc have
very different biochemical characteristics (Table 2) and can also
be distinguished by their primary sequence that do not share
enough similarity to allow an accurate sequence alignment.
The (-carrageennan sulfatase from P. atlantica Téc is indeed a
formylglycine sulfatase and in this respect it has the characteristic
signatures of family 1 formylglycine-dependent sulfatases,
namely [SAPG]-[LIVMST]-[CS]-[STACG]-P-[STA]-R-x(2)-
[LIVMFW](2)-[TAR]-G and G-[YV]-x-[ST]-x(2)-[IVAS]-G-
K-x(0,1)-[FYWMK]-[HL] (Prosite signatures PS00523 and
PS00149 respectively), which are well conserved in this family of
enzymes. These signatures are not present in the Psc 1-CgsA sulfa-
tase, thus indicating that this latter enzyme does not belong to the
well-defined and represented family of formylglycine-dependent
sulfatases. Sequence alignment of the Psc-u sulfatase with the
protein Q3IKL4 from P. haloplanktis and 9 other proteins chosen
amongst the ones representing the new sulfatase family revealed
that no cystein amino acids are conserved (Supplementary Figure
1). However, several conserved serine could potentially be sub-
jected to post-translational modification. Therefore, and based on
sequence data alone, it cannot be completely excluded (although
improbable) that this sulfatase potentially reveals the existence of
a new formylglycine-dependent family. It would however involve
a serine modification. Interestingly, a t-carrageenan sulfatase was
revealed to be very active in P. haloplanktis 5457 extracts. This
enzyme was induced in similar conditions to those observed for
induction of the Psc -CgsA (Table 1, data in brackets). Since the
genomes of both sequenced strains of P. haloplanktis TAC 125
(Medigue et al., 2005) and P. haloplanktis ANT/505 (GenBank
ADOP00000000.1) do not contain any formylglycine-dependent
sulfatase genes, it is tempting to assume that the sulfatase activity
detected in P. haloplanktis 5457 is due to a 1-CgsA-type enzyme,
such as in P. carrageenovora. Indeed, as described above, proteins
orthologous to Psc t-CgsA are present both in P. haloplanktis TAC
125 and ANT/505.

A BlastP sequence similarity search with the Psc 1-CgsA used as
query sequence against the Uniprot database revealed that Psc -
CgsA showed more than 90% identity with putative uncharacter-
ized proteins from several marine species of Pseudoalteromonas.
Moreover, many proteins from different marine strains such as
Colwellia psychrerythraea 34H (Methe et al., 2005) and Shewanella
sediminis HAW-EB3, belonging to the amidohydrolase superfam-
ily, exhibited more than 60% of identity with the Psc 1-CgsA
sulfatase (Supplementary Figure 1). Three-dimensional structure
modeling of Psc 1-CgsA using the Phyre2 (Kelley and Sternberg,
2009) tool reveals that Psc 1-CgsA most likely has a multi-modular
arrangement that covers 94% of the residues and are modeled
with more than 90% of confidence. From this model it is hypoth-
esized that Psc 1-CgsA consists of an N-terminal module (from
residues 24 to 618 approximately) featuring a first B-propeller
fold composed of six blades (from residues 24 to 300 approxi-
mately), and a second p-propeller fold composed of seven blades
(from residues 310 to 618 approximately). This type of organi-
zation has already been observed among carbohydrate processing
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FIGURE 5 | Hyperbolic regression determination of the kinetic
parameters of both the native (A) and the His-tagged (B) Psc .-CgsA.
Kinetics were performed at 35°C using MUFS at different concentrations
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from 5.2 to 206.5 WM. These plots have been performed using the software
Hyper32 version 1.0.0. (http://homepage.ntlworld.com/john.easterby). They
are representative of experiments performed in triplicates.

enzymes, such as glycoside hydrolases from the clans GHE, GHF,
GH]J, and for \-carrageenases (Guibet et al., 2007), but also in
the PL11 family of polysaccharide lyases involved in the degra-
dation of anionic polysaccharides. The C-terminal module (com-
prising amino acids 663-1060 in Psc 1-CgsA) displays a typical
TIM-barrel fold found in the amidohydrolase superfamily. This
superfamily includes an outstanding set of enzymes that catalyze
the hydrolysis of a wide range of substrate having amide or ester
groups. For example, urease, amidohydrolase, guanine deami-
nases and phosphoesterase share the same three-dimensional fold
describing this superfamily (Seibert and Raushel, 2005).

A phylogenetic analysis of the C-terminal module found in Psc
1-CgsA and in 420 sequences of enzymes classified as belonging to
the amidohydrolases superfamily showed that Psc 1-CgsA was not
related to any known activity in this superfamily (Figure 6). In
contrast, it appears that Psc 1-CgsA belongs to a clade composed
of uncharacterized proteins only. In this cluster, a sub-clade sup-
ported by a node with a relatively good bootstrap value (73%) is
composed of 122 sequences displaying the same modular organi-
zation as Psc 1-CgsA (i.e., the presence of B-propeller modules at
the N-terminal extremity) (Supplementary Table 1). The topol-
ogy of the phylogenetic tree suggests that Psc 1-CgsA and these
122 sequences represent a novel family of sulfatases, which might
have different substrate specificities, as supported by the low per-
centage of sequence identity between some proteins within this
clade.

PRODUCTION AND ANALYSIS OF THE RECOMBINANT
1-CARRAGEENAN SULFATASE

In addition to the identification of the native Psc .-CgsA enzyme,
the gene coding for Psc 1-CgsA was successfully cloned and
heterologously expressed in E. coli, although the purified recom-
binant enzyme displayed lower activity on the natural substrate
than the native form. The biochemical characteristics of the native
and the recombinant enzymes, measured on the artificial sub-
strate MUFS, are very similar (Table 3A), but the kcat of the native
enzyme is roughly about 3 times that of the recombinant enzyme
(Table 3B). The slightly different biochemical behavior of native

vs. recombinant enzyme might be due to intrinsic elements in
the native protein that E. coli does not supply, such as poten-
tial post-translational modifications and/or the requirement of a
cofactor or a chaperone during protein folding, preventing the
production of a fully active recombinant enzyme. Future work
and a more detailed biochemical depiction of different recom-
binant homologs of this novel sulfatase family are necessary, and
will shed more light on the precise catalytic mechanism and mode
of action of this newly discovered enzyme family.

DECIPHERING A NEW PATHWAY FOR CARRAGEENAN
BIODEGRADATION

The degradation pathway of k-carrageenan by P. carrageenovora
Psc” has been partially determined and involves a k-carrageenase
(Weigl and Yaphe, 1966a; McLean and Williamson, 1979a;
Barbeyron et al., 1994; Michel et al., 2001) to produce oligosac-
charides which are readily degraded into neocarrabiose through
the concerted action of a glycosulfatase (Weigl and Yaphe,
1966b; McLean and Williamson, 1979b) and a neocarratetraose
monosulfate hydrolase (McLean and Williamson, 1981). For the
catabolism of L-carrageenan a similar pathway might be assumed
as a low (-carrageenase activity has been detected in the crude
extract of P. carrageenovora PscT (Henares et al., 2010). However,
based on our results with Psc 1-CgsA, we propose an alter-
native mechanism in which i-carrageenan is first desulfated
and converted into a-carrageenan. The latter likely constitutes
a metabolic intermediate probably subject to further degrada-
tion by an a-carrageenase and/or desulfation by other sulfatases,
leading to the end-product of galactose residues. Except for the
conversion of t- into a-carrageenan, these steps are speculative
and need to be corroborated.

BIOCONVERSION OF RED ALGAL POLYSACCHARIDES

a-Carrageenan has been observed in the cell wall of several red
algae such as Catenella nipae Zanardini (Zablackis and Santos,
1986), Sarconema filiforme (Sonder) Kylin (Chiovitti et al., 1998;
Kumar et al., 2011) and in some Solieria spp. (Chiovitti et al.,
1997; Bondu et al., 2010). Although structural studies revealed
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FIGURE 6 | Phylogenetic tree of the amidohydrolase module present in
Psc -CgsA and in 420 sequences of enzymes classified as
amidohydrolases. The maximum likelihood tree was built with the MEGA v.
5.05. Software, using the substitution model WAG. Evolutionary rate
differences among sites (5 categories) were modeled using a discrete
Gamma distribution, from an alignment produced by the MAFFT program
with the LINSi algorithm (Katoh et al., 2005). Phylogenetic analysis was

performed using 171 positions, defined from the multiple sequence
alignment. All ambiguous positions were removed for each sequence pair.
Only the bootstrap values higher than 40 are shown. The potential new
sulfatase family (in red) was delimited on the basis of sequence similarities to
the here identified sulfatase and the bootstrap value (73) of the best node
(the deepest, the first red node) in the tree. Numbers in brackets indicate the
number of sequences involved in each group.
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that this carrageenan referred to as hybrids of a-/t-carrageenan
in which the a-carrabiose content does not exceed 30-40%
(mol/mol) (Falshaw et al., 1996), it has been shown that the
sodium salt of such hybrids exhibit twice the capacity to suspend
cacao particles in milk compared to k-carrageenan which is com-
monly used for that purpose (Zablackis and Santos, 1986). As
suggested by Figure 4, the Psc-1-CgsA sulfatase could be used to
produce carrageenan with controlled ratio of 1-/a-carrabiose and
even pure a-carrageenan. It is therefore more than likely that new
hybrids of a-/i-carrageenans or pure a-carrageenan will harbor
new and interesting functional properties.

Recent marine genomic projects have shown that marine bac-
teria are a potential source of large sulfatase diversity, with the
presence of huge multigenic sulfatase families, as exemplified by
the formylglycine-dependent sulfatase family (up to 300 genes in
the Lentisphaera araneosa HTCC2155" genome) (Thrash et al.,
2010). Since the origin of these bacteria is marine, it is tempt-
ing to assume that a large portion of these enzymes are involved
in the degradation of sulfated polysaccharides from marine algae
(Glockner et al., 2003). In addition to these sulfatases accessible
through genome mining, our work demonstrates that the sulfa-
tase diversity extends even beyond those that have already charac-
terized members. By screening a marine bacterium for sulfatase
activity on carrageenan substrate, we have successfully identi-
fied and characterized a new sulfatase family, members of which
were annotated “hypothetical proteins with unknown function”
before hand. Altogether, these data open up a large field for future
work, necessitating substantial experimental effort to provide all
the biochemical details to assign precise substrate specificities
to these newly identified sulfatases. The immediate gain of such
efforts will be a large panel of new marine polysaccharide sulfa-
tases that represent interesting enzymatic tools to fine-tune the
physico-chemical properties of algal polysaccharides.
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Many marine triterpene glycosides have in vitro and in vivo activities with very low
toxicity, suggesting that they are suitable agents for the prevention and treatment of
different diseases, particularly cancer. However, the molecular mechanisms of action of
natural marine compounds in cancer, immune, and other various cells are not fully known.
This review focuses on the structural characteristics of marine triterpene glycosides and
how these affect their biological activities and molecular mechanisms. In particular, the
membranotropic and membranolytic activities of frondoside A and cucumariosides from
sea cucumbers and their ability to induce cytotoxicity and apoptosis have been discussed,
with a focus on structure-activity relationships. In addition, the structural characteristics
and antitumor effects of stichoposide C and stichoposide D have been reviewed along
with underlying their molecular mechanisms.
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INTRODUCTION
Many marine natural products have biological activities and low
toxicity suitable for administration and exhibit wide diversity in
their mechanisms of action. Glycosides, substances consisting of
a sugar moiety attached to a triterpene or steroid aglycone, are
widely distributed in plants. Triterpene glycosides are also found
in marine invertebrates and are characteristic secondary metabo-
lites of echinoderms, octocorals, and sponges (Stonik et al., 1999;
Kalinin et al., 2008; Bordbar et al., 2011).

Stichoposide C (STC) (compound 1) and stichoposide
D (STD) (compound 2) are hexaosides isolated from the
holothurian Stichopus chloronotus (Figure1) (Kitagawa et al.,
1981; Stonik et al., 1982a). These compounds are also found
in other representatives of the family Stichopodidae such as
Thelenota ananas (Stonik et al., 1982b). The structural differences
between STC and STD are a sugar residue; STC has quinovose,
while STD has glucose as the second monosaccharide unit (indi-
cated as the asterisk in compound 1 and 2). Frondoside A
(compound 3) and cucumariosides are derived from the edible

sea cucumbers Cucumaria frondosa and C. japonica, respectively
(Girard et al., 1990; Stonik et al., 1999) (Figure 2). C. japonica is a
source of several different cucumariosides such as cucumarioside
A-2 (compound 4), A4-2 (compound 5), and Ay-1 (compound
6) (Figure2) (Avilov et al., 1990; Drozdova et al., 1993, 1997;
Stonik et al., 1999). Frondoside A and cucumariosides are pen-
taosides, with the main structural difference between the two
compounds being the functional group at C-16 of the aglycone
(acetoxy or keto group) and the third carbohydrate unit in the
carbohydrate chain (indicated by an asterisk in compound 3
and 4). Interestingly, despite such similar structures, the biologi-
cal activity and mechanism of frondoside A and cucumariosides
appear to differ.

This review highlights the structural characteristics and mech-
anisms of action of marine triterpene glycosides, such as sti-
choposides, frondoside A, and cucumariosides. The biological
activities and molecular mechanisms of several additional
marine triterpene glycosides that have been studied are
summarized.
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FIGURE 1 | Structures of STC (1) and STD(2).

THE STRUCTURAL CHARACTERISTICS OF MARINE
TRITERPENE GLYCOSIDES

Triterpene glycosides are the most abundant secondary metabo-
lites in terrestrial plants and sea cucumbers. Marine triterpene
glycosides are the predominant secondary metabolites of
holothurians and are suggested to be responsible for their
general cytotoxicity (Zhang et al., 2006a,b,c,d; Kim and Himaya,
2012; Colorado-Rios et al., 2013). Last 20 years more than
100 new triterpene glycosides were isolated. Really, only by
Russian group from Pacific Institute of Bioorganic Chemistry
(PIBOC) at Vladivostok, about 30 new glycosides were isolated
from Eupentacta (Cucumaria) fraudatrix (Silchenko et al,
2011, 2012a,b,¢,d, 2013b,c), 14 new glycosides from Cucumaria
frondosa (Girard et al., 1990; Silchenko et al., 2005a,b, 2007b), 7
from Stuarocucumis liouvillei (Antonov et al., 2008, 2011), 6 from
Cladolabes schmeltzi (Silchenko et al., 2013d), 6 from Cucumaria
okhotensis (Silchenko et al., 2007a, 2008), 5 from Synallactes
nozawai (Silchenko et al., 2002), 5 from Actinocucumis typica
(Silchenko et al., 2013a), 4 from Cucumaria conicospermium
(Avilov et al., 2003), 3 from Mediterranean species (Silchenko
et al., 2005c), 3 from Pentamera calcigera (Avilov et al., 2000a,b),
3 from Australostichopus (Stichopus) mollis (Moraes et al., 2005),
3 from Achlionice violaecuspidata (Antonov et al., 2009), 2
from Synapta maculata (Avilov et al., 2008), 1 from Cucumaria
koriaiensis (Avilov et al., 1997), 1 from Psolus eximus (Kalinin
1997), and so on. Several series of structures were also
reviewed (Kalinin et al., 2012; Kim and Himaya, 2012). Reviews,
completely described all the last glycosides were not yet pub-
lished. Several early reviews are mentioned in our papers (Stonik
1999; Kalinin et al., 2005). These are grouped into four
main structural categories, based on their aglycone structures:
3B-hydroxyholost-9(11)-ene aglycone skeleton (structure 7),
9BH-3p-hydroxyholost-7-ene skeleton (structure 8), other

et al.,

et al.,

holostane type glycosides and nonholostane glycosides (Figure 3)
(Kim and Himaya, 2012).

Triterpene glycosides of holothurians typically have carbohy-
drates and triterpenoid moieties (Kerr and Chen, 1995; Bordbar
et al., 2011). The triterpenoid moieties consist of lanostane
derivatives (Zhou et al., 2005) where the majority belongs to the
holostane type (Dang et al., 2007). Holostane type triterpene gly-
cosides include a 38, 20S-dihydroxy-5a-lanostano-18(20)-lactone
structural feature (structure 9). The glycone part of natural prod-
ucts isolated from the sea cucumbers consists of two to six sugar
units and is linked to the C-3 position of the aglycone unit
(Chiludil et al., 2003; Kalinin et al., 2005). Quinovose, glucose,
3-O-methylglucose, xylose, and 3-O-methylxylose are the main
sugars present in the carbohydrate moieties of these glycosides
(Iniguez-Martinez et al., 2005). In the structure of the oligosac-
charide chain, the first monosaccharide unit is always a xylose,
whereas 3-O-methylglucose or 3-O-methylxylose is always at the
terminus. In some glycosides, sulfate groups are attached to the
oligosaccharide chain. Most of these are mono-sulfated glycosides
with a few occurrences of di- and tri-sulfated glycosides (Chiludil
et al., 2003).

MEMBRANOTROPIC AND MEMBRANOLYTIC EFFECTS OF
TRITERPENE GLYCOSIDES

Membranolytic effects such as increased membrane permeabil-
ity, loss of barrier function, and the rupture of cell membrane
are considered to be the basic mechanisms underlying a vari-
ety of biological activities exerted by triterpene glycosides from
both sea cucumbers and higher plants. However, the molecu-
lar mechanisms of action of these compounds in biomembranes
are not fully understood. The triterpene glycosides attach to cell
membranes, interact with membrane lipids, and form glycoside-
sterol complexes in biomembranes, modulating the membrane
microviscosity and the activities of embedded membrane proteins
(Stonik et al., 1999; Pislyagin et al., 2012). The formation of mul-
timeric channels in sterol-containing lipid bilayers by triterpene
glycosides may also be a basic mechanisms involved in increas-
ing the permeability of membranes to ions and peptides (Li et al.,
2005).

Although there are many subtle structural and functional
differences between marine and plant triterpene glycosides,
knowledge from earlier research with plant triterpene glyco-
sides suggests that marine triterpene glycosides may have similar
effects on membranes. For example, extensive studies on the
membranotropic effects of plant triterpene glycosides have been
performed for decades, especially with natural compounds from
Panax ginseng C.A. Meyer (Im and Nah, 2013). The structures
of some pharmacologically important plant triterpene glycosides
are shown in Figure 4. Ginsenosides or ginseng saponins are
major pharmacologically active ingredients of ginseng, which
are composed with an aglycone of a dammarane skeleton and
one or more covalently linked sugar moieties (Nah, 2014).
Ginsenoside Rb; has two glucopyranosyl sugar chains at C-
3 and C-20 positions, respectively (compound 10) (Figure 4).
Ginsenoside Re has one glucose-rhamnose disaccharide moiety
at C-6 position and one glucopyranosyl moiety at C-20 posi-
tion (compound 11). Ginsenoside Rgz has two glucopyranosyl
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sugar chains only at C-3 position (compound 12). Glycyrrhizin,
the main sweet-tasting constituent of licorice root, consists of
a disaccharide of two glucuronic acids linked at C-3 position
of the pentacyclic triterpene aglycone, glycyrrhetinic acid (com-
pound 13). Recently, a detailed mechanism for the membrane
permeabilization induced by the triterpenoid monodesmosidic
saponin, a- and d-hederin (triterpene saponins) has been pro-
posed (Lorent et al., 2013). This mechanism includes three
steps of cholesterol-independent binding to the membrane,
interaction with cholesterol and asymmetric lateral distribu-
tion of saponin, and pore formation and budding of the lipid
bilayer due to the increased curvature stress (Lorent et al,
2013).

More recently, at lower concentrations (in the nanomolar
or low micromolar ranges) than those causing hemolytic and
cytotoxic effects, the triterpene glycosides from marine sponges
and sea cucumbers were found to act on specific membrane
transport proteins and change their activities. For example, fron-
doside A and cucumarioside A,-2 inhibited the ATP-binding cas-
sette (ABC) transporter, multidrug-resistance protein-1 (MDR1)
(Wink et al., 2012; Menchinskaya et al., 2013). Membrane trans-
porters which are modulated by triterpene glycosides and thus
can be proposed as potential therapeutic targets are summa-
rized in Table 1. Although the majority of researches on the
membranotropic effects were done with plant triterpene glyco-
sides, understanding the reported targets of membrane transport
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proteins might provide a basis for the exploration of target
molecules for marine triterpene glycosides and their development
as drugs.

Selective inhibition of Na*-K*-ATPase and Ca?*-ATPase in
sarcoplasmic/endoplasmic reticulum (SERCA), in combination
with increased Ca?* influx through L-type voltage-gated cal-
cium channels, transient receptor potential canonical (TRPC)
channels, and the ryanodine receptor led to an increase of
cytosolic Ca?* levels. This might explain the positive inotropic
effect of triterpene glycosides (Gorshkova et al., 1999; Wang
et al., 2008; Lin et al.,, 2012; Hwang et al., 2013; Wong et al,,
2013). Furthermore, triterpene glycosides inhibited voltage-gated
Na*t channels (Nay1.2 and Nay1.4) (Lee et al., 2008). In addi-
tion, triterpene glycosides could induce K* currents through
voltage-gated Kt channel (Ky1.4), calcium-activated K* chan-
nel (BKc,), and human Ether-a-go-go Related Gene (hERG) K+
channels (Kv11.1), which might be responsible for their vasodila-
tory and antiarrhythmic effects (Lee et al., 2009; Choi et al,
2011a,b; Xu and Huang, 2012). The antiepileptic and neuro-
protective effects of triterpene glycosides might be due to the
inhibition of excitatory N-methyl-D-aspartate (NMDA) recep-
tors and nicotinic acetylcholine receptors, as well as the activation

of inhibitory y-amino butyric acid (GABA) receptors (Lee et al.,
2006, 2013a,b).

ANTICANCER ACTIVITIES OF MARINE TRITERPENE
GLYCOSIDES

The antitumor action of the triterpene glycosides from sea
cucumbers was discovered by Nigrelli (1952), and most of the
marine triterpene glycosides that have been studied since that
time are cytotoxic toward cancer cells. Nigrelli (1952) showed
that injection of a “holothurin” solution inhibited the growth of
Sarcoma-180 tumor cells and induced regression of the tumor.
Injection of Krebs-2 ascitic tumor cells treated with holothurin
into healthy mice failed to induce marked tumor growth up to
80 days (Sullivan et al., 1955). In addition, holothurin, which is a
substance containing as a main constituent holothurin A, inhib-
ited the growth of epidermal carcinoma (KB) tumor cells (Nigrelli
etal., 1967).

Many triterpene glycosides from various species of sea cucum-
bers have diverse biological activities, including anticancer activ-
ity. For example, glycosides from 19 species of the families
Holothuriidae and Stichopodidae (the glycosides in majority
belong to holothurin A and B series) inhibited the growth
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Table 1 | Membrane transporters as potential targets of triterpene glycosides from sea cucumbers and plants.

Type Membrane transporter Name of compound Species References
Pump Nat-K*+-ATPase Glycyrrhizin Glycyrrhiza glabra [toh et al., 1989
Glycyrrhetinic acid
Psolusosides A and B Psolus fabricii Gorshkova et al., 1999
Ca?t-ATPase in Cyclopiazonic acid Penicillium cyclopium Uyama et al., 1992
sarcoplasmic reticulum Astragaloside IV Astragalus Xu et al., 2008
membranaceus
Multidrug-resistance Saikosaponin-d Bupleurum falcatnum Wong et al., 2013
protein-1 Ginsenoside Rp, Panax ginseng Yun et al., 2013
Glycyrrhizin Glycyrrhiza glabra Fu et al., 2014
Cucumarioside Az-2 Cucumaria japonica* Menchinskaya et al., 2013
Frondoside A Cucumaria okhotensis* Menchinskaya et al., 2013
Nat-CaZt exchange Echinoside-A and -B Pearsonothuria graeffei Yamasaki et al., 1987
Channel \oltage-gated Voltage-gated Na* Ginsenoside Rgs Panax ginseng Lee et al., 2008
channel Ginsenoside Rby Panax ginseng Xu and Huang, 2012
Ginsenoside Rgs Panax ginseng Lee et al., 2009
Calcium-activated Dehydrosoyasaponin | Desmodium McManus et al., 1993
K*channel adscendens
Ginsenoside Rgs Panax ginseng Choi et al., 2011a
Human ethera-go-go Ginsenoside Rgs Panax ginseng Choi et al., 2011b
related gene KT channel
L-type voltage-gated Ginsenoside Rb, Panax ginseng Linetal, 2012
calcium channel
Ligand-gated Nicotinic acetylcholine Ginsenoside Rgs Panax ginseng Lee et al., 2013a
receptor
N-methyl-D-aspartate Ginsenoside Rh; Panax ginseng Lee et al., 2006
receptor Ginsenoside Rgs Panax ginseng Kim et al., 2002
GABA 4 receptor Ginsenoside Rgs Panax ginseng Lee et al., 2013b
Ryanodine receptor Ginsenoside Re Panax ginseng Wang et al., 2008
Mechanosensitive Transient receptor 20-0O--d- a metabolite of ginseng Hwang et al., 2013
potential canonical Glucopyranosyl-20(S)- saponin
protopanaxadiol
Others Augaporin-1 Ginsenoside Rgs Panax ginseng Pan et al., 2012
Augaporin-4 Astragaloside IV Astragalus Lietal., 2013
membranaceus
Carrier Glucose transporter Ginsenoside Rb, Panax ginseng Shang et al., 2008

(GLUT1, GLUT4)

*Sea cucumbers.

of Sarcoma-37 cells at in vitro concentrations ranging from
6.2 to 100 pg/ml (Kuznetsova et al., 1982). Although the anti-
cancer mechanisms of the triterpene glycosides have not been
investigated in detail, the biologic actions, structure-activity rela-
tionships, and molecular mechanisms of stichoposide C, frondo-
side A, and cucumariosides have been most intensively studied
(Aminin et al., 2001; Jin et al.,, 2009; Yun et al., 2012; Yun,
2014) and are discussed in the following sections. In addition, the
potential molecular mechanisms of other triterpene glycosides
have been described.

STRUCTURE-ACTIVITY RELATIONSHIPS OF MARINE
TRITERPENE GLYCOSIDES

The molecular mechanisms of action of marine triterpene glyco-
sides can be understood by uncovering the relationships between
their structure and activities. However, the structure-activity
relationships of marine triterpene glycosides have not been inten-
sively studied. As shown in structure 14, the presence of an
18(20)-lactone in the aglycone, with at least one oxygen group
nearby (indicated by an asterisk in structure 14), is signifi-
cant for the biological activity of triterpene glycosides bearing a
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9(11)-double bond (Kitagawa, 1988) (Figure 5). Glycosides that
have a 7(8)-double bond in their aglycone without a 16-keto
group are more active in hemolytic test than those with a 16-
keto group (Kalinin et al., 1996). In general, the characteristics
of the attached glycone structure may be related to the biological
activities of the marine triterpene glycosides.

Many investigators have suggested that the bioactivity of the
triterpene glycosides results from their strong membranolytic
activity. It was reported that the membranolytic activity of triter-
pene glycosides was due to the formation of complexes between
the glycosides and the 5(6)-unsaturated sterols within target cel-
lular membranes (Kalinin, 2000). A linear tetrasaccharide chain
of triterpene glycosides is necessary for the effects leading to mod-
ification of the cellular membrane (Kitagawa, 1988; Kalinin et al.,
1992). Stichoposide A (STA) (compound 15), which had two
monosaccharide units, and stichoposide E (STE) (compound 16),
which has a xylose residue as the second monosaccharide unit
(indicated by an asterisk in compound 16), had lesser membra-
notropic activity than other stichoposides (Kalinin et al., 2008)
(Figure 6). Maltsev et al. (1985) reported that glycosides with
quinovose as the second monosaccharide unit were more active
hemolytics than other triterpene glycosides.

The presence or absence of a sulfate group in the sugar chain
of triterpene glycosides influences their bioactivity (Kalinin, 2000;
Kim and Himaya, 2012). A sulfate group at C-4 of the first
xylose of non-branched glycosides with a linear tetrasaccharide

FIGURE 5 | Structures of 18(20)-lactone in the aglycone with oxygen
group.

unit (compound 17) does not significantly affect the activity
of triterpene glycosides, but the absence of a sulfate group at
C-4 of the xylose residue (compound 18) decreases their activ-
ity (indicated by an asterisk in compound 17 and 18) (Figure 7)
(Kitagawa, 1988; Kalinin et al., 1992). In contrast, the presence of
a sulfate at C-4 of the first xylose in branched pentaosides with 3-
O-methyl group on the terminal monosaccharide increases their
activities, while the same sulfate decreases the activity of branched
pentaosides that have glucose as the terminal residue. Sulfate
groups attached to the C-6 position of terminal glucose or 3-
O-methylglucose residues in triterpene glycosides greatly reduce
their activity (Kalinin, 2000; Kim and Himaya, 2012).

STICHOPOSIDES

STC

STC (also called stichloroside C1) is a quinovose-containing
hexaoside, originally isolated from the holothurian S. chlorono-
tus (Kitagawa et al., 1981; Stonik et al., 1982a) but is also found in
other representatives of the family Stichopodidae such as T. ananas
(Stonik et al., 1982b). STC has quinovose as the second monosac-
charide unit. The antitumor activity of STC appears to be related
to its membranotropic effects (Kalinin et al., 2008). We previ-
ously reported that STC induced apoptosis of human leukemia
and colorectal cancer cells through the activation of both intrin-
sic and extrinsic pathways (Yun et al., 2012). Anticancer agents
increase ceramide levels, to variable extents, in all types of cancer
cells (Taha et al., 2006). Ceramide is generated either by de novo
synthesis or by sphingomyelin hydrolysis through the action of
several types of sphingomyelinase (SMase) such as acid, neutral,
or alkaline SMase (Strum et al., 1997; Brown and London, 1998;
Kolesnick et al., 2000; Hannun and Obeid, 2008). Both acid and
neutral SMase are involved in ceramide generation in response to
apoptotic stimuli (Levade and Jaffrezou, 1999; Goni and Alonso,
2002; Gulbins and Kolesnick, 2002). Moreover, under conditions
where the classical apoptotic pathway fails, intracellular genera-
tion of ceramide may function as part of a backup system that
enables caspase-independent programmed cell death (Taha et al.,
2006). We demonstrated that STC induced apoptosis through
the generation of ceramide by the activation of acid and neutral
SMases (Yun et al., 2012). Therefore, the target of STC seems to
be SMase leading to increases in ceramide and apoptosis.

FIGURE 6 | Structures of STA (15) and STE (16).
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STD

STD is a hexaoside containing glucose at the second monosac-
charide unit. We have shown that STD can induce apoptosis of
human leukemia cells via the extrinsic and intrinsic pathways
(Park et al., 2012a). We previously compared the potency of STC
and STD in the induction of apoptosis using human leukemia
K562 and HL-60 cells. STC was two to five times more potent
than STD in inducing cell death [IC50 = 0.5 (K562 cells) and
0.3 (HL-60 cells) uM for STC; 1.0 (K562 cells), and 1.5 (HL-60
cells) uM for STD] (Park et al., 2012a). These results are consis-
tent with the relative membranotropic activities of STC and STD,
suggesting that their anticancer activities may be related to their
membranotropic activities. More importantly, STC and STD did
not have any toxicity in normal hematopoietic progenitor cells or
in a mouse tumor model (Yun et al., 2012; Yun, 2014).

It was shown that STD induced apoptosis by activating
ceramide synthase 6 (CerS6) and increasing cellular levels of
ceramide (Yun, 2014). The activation of CerS6 appears to be sub-
sequent to the activation of the death receptor Fas (CD95) by STD
(Yun, 2014). These results suggest that the difference in only one
sugar between STC and STD may influence both the potency and
the molecular mechanisms for their activities. However, further
studies on the relationship between the structure and the activity
of these molecules are needed to improve the efficacy and safety
of these compounds in treating cancer patients.

FRONDOSIDE A AND CUCUMARIOSIDES

BIOLOGICAL ACTIONS OF FRONDOSIDE A AND THE CUCUMARIOSIDES
Frondoside A has a sulfate, an acetoxy group at C-16 of the
aglycone, penta-saccharide chain with xylose as the third
monosaccharide residue, and 3-O-methylglucose as the terminal
monosaccharide residue (Girard et al., 1990). Cucumarioside
A4-2 has a 16-keto group in the aglycone and a glucose residue
as the third monosaccharide unit in the carbohydrate chain
(Kalinin et al., 1992, 1996). Cucumarioside A,-2 has 3-O-
methylglucose instead of glucose as the terminal monosaccharide
unit. Cucumarioside A;-2 is probably biogenetically connected
with A4-2 (Kalinin et al., 1992). Therefore, the main structural
differences between frondoside A and the cucumariosides, as
shown in Figure2, are in a functional group at C-16 of the
aglycone and the third carbohydrate unit in the carbohydrate
chain.

Frondoside A and cucumariosides show anticancer activities
in vitro and suppress tumor growth in vivo (Tian et al., 2005; Tong
et al.,, 2005; Li et al., 2008). The antitumor activity of frondo-
side A and cucumariosides is a result of their activity to induce
apoptosis of cancer cells (Li et al., 2008; Jin et al., 2009; Roginsky
et al,, 2010), including HL-60, NB-4, and THP-1 leukemic cells
(Jin et al., 2009).

The cancer inhibitory effect of frondoside A in tumor-bearing
mice might partly result from other biological activities, includ-
ing its antiangiogenic and antimetastatic effects (Li et al., 2008;
Al Marzougqi et al., 2011; Ma et al., 2012; Attoub et al., 2013).
In addition, frondoside A inhibited the invasion of breast can-
cer cells via its ability to decrease matrix metalloproteinase
(MMP)-9 expression through inhibition of nuclear transloca-
tion and transactivation of NF-kB and AP-1 (Park et al., 2012b).
Park et al. (2012b) also showed that frondoside A significantly
inhibited PI3K/Akt, ERK-1/2, and p38 MAPK activation in 12-O-
tetradecanoyl-phorbol-13-acetate (TPA)-stimulated breast can-
cer cells, indicating that frondoside A inhibited TPA-induced
NF-kB and AP-1 activation via inactivation of the PI3K/Akt,
ERK1/2 and p38 MAPK pathways. Frondoside A also decreased
AP-1-dependent transcriptional activities in JB6-LucAP-1 cells
(Silchenko et al., 2008).

It is well established that prostaglandin E receptor, EP,4 that is
expressed in a number of different malignancies, can promote the
migration of tumor cells in vitro (Timoshenko et al., 2003; Wang
and Dubois, 2010). EP4 also promotes the invasive behavior of
inflammatory breast cancers, one of the more aggressive forms of
breast cancers (Robertson et al., 2010). Frondoside A inhibited
metastasis of breast cancer cells by antagonizing EP4 and EP, (Ma
etal., 2012).

Cucumariosides increased the lysosomal activity and intra-
cellular Ca™ concentrations of macrophages. These effects are
related to the chemical structures of the molecules. For exam-
ple, although there was no direct correlation, Silchenko et al.
(2013c) suggested that the lysosomal activity and cytotoxicity of
cucumarioside depended on features of both the aglycone and the
carbohydrate chain. Holt et al. (2012) have investigated the effect
of frondoside A on NK cells and demonstrated that prostaglandin
E; (PGE,) significantly suppressed the secretion of interferon-y
(IFNy) from NK cells while frondoside A restored the capacity
of NK cells to secrete IFNy in the presence of PGE,. Other
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studies reported that in vitro treatment of peritoneal macrophages
with cucumarioside A,-2 stimulated cell adhesion as well as their
spreading reaction and motility (Aminin et al., 2011), whereas
frondoside A suppressed MMP-9 enzymatic activity, secretion,
and expression in MBA-MB-231 human breast cancer cells, lead-
ing to inhibition of invasion and migration of these cells (Park
et al., 2012b). Therefore, it is important to compare the effects of
frondoside A and cucumariosides on the migration and spreading
of various kinds of cells, including cancer and immune cells.

EFFECTS OF SULFATE GROUPS ON THE HEMOLYTIC ACTIVITY OF
CUCUMARIOSIDES

The structures of the aglycone and carbohydrates in cucumar-
iosides may confer membranolytic activity (Stonik et al., 1999).
Kalinin et al. (1996) demonstrated that the membranolytic prop-
erties of cucumariosides correlated with their cytotoxicity to
tumor cells. Cucumarioside A;-2 had in vitro cytotoxic and
hemolytic effects on sea urchin embryos with ECsgs of 0.45 and
5png/mL, respectively (Aminin et al., 2006, 2010). The LDsg
of cucumarioside A,-2 for mice was 10 mg/kg after intraperi-
toneal injection (Polikarpova et al., 1990). The membranolytic
action of cucumariosides may be mediated through formation
of molecular complexes with sterols in membranes and subse-
quent generation of solitary ion channels and large aqueous pores
(Anisimov, 1987; Verbist, 1993; Kalinin et al., 2008). In addition,
the glycosides effectively increased the microviscosity of the lipid
bilayer of cell membranes (Pislyagin et al., 2012).

Marine triterpene glycosides contain different numbers of sul-
fate groups bound with sugars. Cucumarioside A,-2 has a sulfate
group at C-4 of the first xylose residue and cucumarioside Ag-2
has an additional sulfate group at C-6 of the terminal 3-O-
methylglucose residue. The hemolytic activity of cucumarioside
A,-2 was significantly greater than its desulfated derivative and
was higher than that of cucumarioside Ag-2 (Kalinin et al., 1996).
Moreover, cucumarioside A;-2 had more active hemolytic activ-
ity than cucumarioside A3, which has an additional sulfate group
at C-6 of the third monosaccharide unit (Kalinin et al., 1996). The
increase in intracellular Ca** concentrations was also influenced
by the number and positions of sulfate groups in the carbohy-
drate moiety of the molecules. Cucumarioside A-2 was more
active in inducing a rapid increase in cytosolic Ca?T content,
when compared to the poly-sulfated derivative of A;-2, cucumar-
ioside A7-1 (indicated by an asterisk in compound 5) (Agafonova
et al., 2003). In addition, the mono-sulfated cucumariosides A,-2
and A4-2 stimulated peritoneal macrophage lysosomal activity,
while desulfation of their carbohydrate moiety completely abol-
ished this activity (Aminin et al., 2001). Therefore, the hemolytic
and cytotoxic activities of triterpene glycosides may be dependent
on the positions of sulfate groups attached to the carbohydrates.

CYTOTOXIC EFFECTS OF FRONDOSIDE A AND CUCUMARIOSIDES ON
CANCER CELLS

Frondoside A showed potent cytotoxicity against various can-
cer cells, including HeLa, HL-60, and lung cancer cells such
as LNM35, A549, and NCI-H460-Luc2 (Silchenko et al., 2008;
Jin et al., 2009; Attoub et al., 2013). Moreover, frondoside A
enhanced the inhibition of lung tumor growth induced by the

anticancer agent, cisplatin (Attoub et al., 2013). The ICsq of fron-
doside A in HL-60 cells was approximately 5- to 10- fold lower
than that of cucumarioside A,-2 (Jin et al., 2009), although the
in vivo toxicity of these two compounds for mice was similar
(Polikarpova et al., 1990; Aminin et al., 2001). Overall, the struc-
tures of both the aglycone and the carbohydrate chain seem to
be very important for the cytotoxic activity of frondoside A and
the cucumariosides against cancer cells. However, some changes
in the carbohydrate residues may not play a significant role in
the cytotoxicity of triterpene glycosides because the cucumario-
side A,-2 and cucumarioside A4-2 differ only in the structure
of their terminal monosaccharide residue having glucose and
methylglucose, respectively.

Silchenko et al. (2012d) suggested that amphiphilicity might
affect the cytotoxic potency of cucumarioside by demonstrating
that the presence of a 25-OH group in the aglycone moiety of
triterpene glycosides (cucumarioside H;) (indicated by an aster-
isk in compound 19) significantly decreased their cytotoxicity,
but the cucumarioside having 25-ethoxy group (cucumarioside
Hy4) had potent cytotoxic activity against lymphocytes and very
high hemolytic activity (Figure 8). Our study suggested that the
acetyl group at C-16 of the aglycone moiety might play a sig-
nificant role in the cytotoxicity of triterpene glycosides because
frondoside A had more potent effects than cucumarioside A;-2
(Jin et al., 2009). In contrast, the presence of acetyl groups in
steroids increased their cytotoxic potency (Mimaki et al., 2001).

APOPTOTIC EFFECTS OF FRONDOSIDE A AND CUCUMARIOSIDES ON
CANCER CELLS

Frondoside A caused a concentration-dependent reduction in
the viability of lung cancer cells (LNM35, A549, and NCI-
H460-Luc2), melanoma cells (MDA-MB-435), breast cancer cells
(MCEF-7), and hepatoma cells (HepG2) over 24 h, and increased
the activities of caspases-3 and -7 in LNM35 lung cancer
cells (Attoub et al., 2013). It was also shown that treatment
of human pancreatic cancer cells with a low concentration of
frondoside A induced apoptosis through increased activities of
caspases-9, -3, and -7, increased bax, and decreased bcl-2 and
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FIGURE 8 | Structure of cucumarioside Hohaving 25-OH group.
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mcl-1 (Li et al., 2008). Our results demonstrated that mitochon-
drial membrane permeability was not changed, and the accu-
mulation of cytochrome ¢ in the cytosolic fraction was not
observed in HL-60 cells treated with frondoside A (Jin et al.,
2009). Similarly, frondoside A had more potent effects than
cucumarioside A4-2 on apoptosis in leukemic cells but did
not induce caspase activation before early apoptosis, whereas
cucumariosides A;-2 and A4-2 showed similar effects on pro-
caspase cleavage and mitochondrial permeability (Jin et al., 2009).
Moreover, the annexin-V positivity induced by frondoside A was
not inhibited by the pancaspase inhibitor, zZVAD-fmk, whereas
both the annexin-V positivity and cleavage of caspases induced by
cucumarioside A,-2 were efficiently blocked by zZVAD-fmk. These
results suggest that frondoside A initiates apoptosis in a caspase-
independent manner in some cancer cells. Determination of the
structural characteristics responsible for the differential effects of

frondoside A and cucumariosides on inducing apoptosis in cancer
cells will be essential to reveal their mechanisms of action.

OTHER MARINE TRITERPENE GLYCOSIDES

Previous studies demonstrated that marine triterpene glyco-
sides from sea cucumbers had anticancer activities (Stonik, 1986;
Stonik et al., 1999). However, the molecular mechanisms for their
anticancer activities were only partly defined. Here, we briefly
review potential molecular mechanisms for the anticancer activ-
ity of several marine triterpene glycosides. A summary of this
information is shown in Table 2.

ECHINOSIDE A AND DS-ECHINOSIDE A

Echinoside A (EA) and DS-echinoside A (DSEA) belong to
the holostane glycoside type with an 18(20)-lactone. Both have
identical aglycone structures and there are only small structural

Table 2 | Potential molecular mechanisms for anticancer activity of marine triterpene glycosides.

Name Species Actions Molecular mechanisms ICso References
Frondoside A Cucumaria frondosa Inhibition of proliferation  Increased expression of p21 4g/mL (AsPC-1 cells) Lietal., 2008
Induction of apoptosis Caspase-independent pathway, 1 uM (HL60 cells) Jin et al., 2009
mitochondrial pathway, 2. 5uM (MDA-MB 231
increased expression of p53 cells) Al Marzouqui
Decreased expression of Bcl-1 4 pg/mL (AsPC-1 cells) etal., 2011
and Mcl-1, increased expression
of Bax
Antimetastatic activity Inhibition of MMP-9 activation 1T uM (MDA-MB-231 Lietal.,, 2008
Inhibition of prostaglandin cells) Park et al., 2012b
receptors EP4 and EP; 0.5uM (Line 66.1 cells) Ma et al., 2012

Stichoposide C  Thelenota anax Induction of apoptosis

Extrinsic and intrinsic pathway,
activation of acid SMase and

0.3 M (HL60 cells) Yun et al., 2012

0.5 M (K562 cells)

neutral SMase, ceramide
generation

Stichoposide D Thelenota anax Induction of apoptosis

Extrinsic and intrinsic pathway,

1.5uM (HL-60 cells) Park et al., 2012a

activation of ceramide synthase 1.0 uM (K562 cells) Yun, 2014

6, ceramide generation
Cucumaioside  Cucumaria japonica Induction of apoptosis Caspase-dependent pathway 3 M (HL60 cells) Jin et al., 2009
Ap-2, Ag-2
Echinoside A Holothuria nobilis Induction of apoptosis Inhibition of the noncovalent 2.4 M (human cancer Lietal., 2010

Peasonothuria graeffei Cell cycle arrest

binding of topoisomerase 2a to
DNA

cell lines) Zhao et al., 2012

2.7 M (HepG2 cells)

Increased expression of p716,
p21, and c-myc, decreased
expression of cyclin D1

Ds-echinoside A Peasonothuria graeffei Antimetastatic activity

Inhibition of NF«B dependent

2.7 uM (HepG2 cells) Zhao et al., 2011

MMP-9 and VEGF expression
Philinopside A Pentacta quadrangularis  Induction of apoptosis Inhibition of receptor tyrosine 1.5—2.4 uM (Sarcoma Tong et al., 2005
kinase autophosphorylation 180, BEL-7402, MCF-7
cells)
Philinopside E Pentacta quadrangularis ~ Antimetastatic activity Inhibition of VEGFR2 signaling ~ ~4pM Tian et al., 2005

Inhibition of interaction between 2.5uM

Tian et al., 2007

KDR and a3 integrin
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differences in their carbohydrate chains. EA has a sulfate group
at C-4 of the first xylose residue (compound 20) but DSEA is a
non-sulfated triterpene glycoside (compound 21) (indicated by
an asterisk in compound 20 and 21) (Figure9). Li et al. (2010)
have shown that EA, which was isolated from the sea cucumber
Holothuria nobilis, displayed potent anticancer activities through
inhibition of the noncovalent binding of topoisomerase 2a to
DNA, resulting in double strand breaks and subsequent cell apop-
tosis. EA is the first marine-derived topoisomerase inhibitor iden-
tified with a saponin skeleton. Zhao et al. (2012) demonstrated
that EA, isolated from Pearsonothuria graeffei, inhibited cell pro-
liferation by arresting the cell cycle in the Go/G; phase and induc-
ing apoptosis, with DSEA exerting the strongest effect. DSEA
exhibited more potent anticancer activity than EA. This suggests
that the sulfate group at C-4 of the first xylose residue may reduce
the anticancer activity of EA. Zhao et al. (2011) demonstrated that
DSEA, isolated from the sea cucumber Pearsonothuria graeffei,
inhibited the main steps involved in metastasis of HepG2 cells,
including suppression of cell migration, adhesion, and invasion.
DSEA suppressed MMP-9 and VEGF expression and enhanced
the expression of TIMP by blocking the NF-kB signaling pathway
in a dose-dependent manner. This indicated that a desulfation
reaction at xylose C-2 might be related to NF-«B targeting in
tumor metastasis.

PHILINOPSIDE A AND E

Philinopside A (PA) (compound 22) is a compound isolated
from the sea cucumber Pentacta quadrangularis (Figure 10). PA
exhibited antitumor effects both in vitro and in vivo through the
inhibition of autophosphorylation of receptor tyrosine kinases,
including growth factor receptor, platelet derived growth factor
receptor-B, and fibroblast growth factor receptor (Tong et al.,
2005).

Philinopside E (PE) (compound 23) is a new sulfated saponin
from sea cucumbers. PE inhibits cell adhesion, migration, and
invasion through the inhibition of vascular endothelial growth
factor receptor 2 (VEGFR2) signaling leading to the suppres-
sion of Akt, ERK, focal adhesion kinase, and paxillin (Tian et al.,
2005). In addition, Tian et al. (2007) have shown that PE specifi-
cally interacted with the extracellular domain of the kinase insert
domain-containing receptor (KDR) to block its interaction with
VEGEF and inhibited downstream signaling. More specifically, PE
markedly suppressed a,f3 integrin-driven downstream signaling
as a result of disturbing the physical interaction between KDR
and o,B3 integrin in human microvascular endothelial cells, fol-
lowed by disruption of the actin cytoskeleton organization and
decreased cell adhesion to vitronectin (Tian et al., 2007).

CONCLUSIONS

Sea cucumbers contain physiologically active triterpene glyco-
sides. Biological effects, including anticancer activities of sev-
eral marine triterpene glycosides are observed in vitro and
in vivo. Research regarding the mechanisms of action of marine
triterpene glycosides on membrane transporters is very limited
despite extensive studies on similar compounds in plants. Taking
into account the structural and functional differences between
marine and plant triterpene glycosides, more intensive stud-
ies are required with natural marine triterpene glycosides to
assess their potential as novel drugs for the treatment of dis-
eases, including cancer. The STC has anticancer activity through
the generation of ceramide by a different mechanism from STD
because of the sugar moiety. The anticancer effects of frondoside
A and cucumariosides might be through inhibition of tumori-
genesis and metastasis and modulation of antitumor immune
responses. However, both frondoside A and cucumariosides
also possess membranolytic, cytotoxic, and apoptotic properties
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with different potencies and mechanisms. Structural differences
between frondoside A and cucumarioside seem to be responsi-
ble for their different biological activities. Thus, identification of
the structural characteristics controlling the biological activities
of marine triterpene glycosides is essential for developing marine
drugs.
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Although polysaccharides are ubiquitous and the most abundant renewable
bio-components, their studies, covered by the glycochemistry and glycobiology fields,
remain a challenge due to their high molecular diversity and complexity. Polysaccharides
are industrially used in food products; human therapeutics fall into a more recent research
field and pharmaceutical industry is looking for more and more molecules with enhanced
activities. Glycosaminoglycans (GAGs) found in animal tissues play a critical role in
cellular physiological and pathological processes as they bind many cellular components.
Therefore, they present a great potential for the design and preparation of therapeutic
drugs. On the other hand, microorganisms producing exopolysaccharides (EPS) are
renewable resources meeting well the actual industrial demand. In particular, the diversity
of marine microorganisms is still largely unexplored offering great opportunities to
discover high value products such as new molecules and biocatalysts. EPS-producing
bacteria from the marine environment will be reviewed with a focus on marine-derived
EPS from bacteria isolated from deep-sea hydrothermal vents. Information on chemical
and structural features, putative pathways of biosynthesis, novel strategies for chemical
and enzymatic modifications and potentialities in the biomedical field will be provided. An
integrated approach should be used to increase the basic knowledge on these compounds
and their applications; new clean environmentally friendly processes for the production of
carbohydrate bioactive compounds should also be proposed for a sustainable industry.

Keywords: marine-derived polysaccharide, biodiversity, biological activity, structure, modification, GAG-mimetic,

biosynthesis

GLYCOPOLYMERS AND THEIR IMPORTANCE IN
GLYCOBIOLOGY

Polysaccharides are natural macromolecules composed of osidic
monomers and present in all organisms: microorganisms, plants
and animals. Polysaccharides, such as starch, glycogen, and cel-
lulose, are common. However, some other specific classes of
polysaccharides exist based on their origin, chemical structure
and function. Although polysaccharides are ubiquitous, their
chemical structure varies greatly from one to the other. They
have various roles within the cells, from structural involve-
ment to numerous biological activities including interactions.
Therefore, studying the polysaccharide chemical structure and
structure-related activities remains a challenge for glycochemists
and glycobiologists. Polysaccharides can be distinguished by their
osidic composition: homopolysaccharides, which contain a single
type of monosaccharide, and heteropolysaccharides composed of
different osidic residues and usually displaying a regular back-
bone structure with a repeating unit. This repeating unit may
be linear or branched and may contain up to 10 monomers as
well as organic or inorganic substituents such as phosphate, sul-
fate, and lactic, succinic, acetic and pyruvic acids. The chemical
structure including monosaccharide composition and repeat-
ing unit sequence as well as non-carbohydrate substituents is

species-specific (Decho, 1990) and may vary, most of the time,
with production, culture conditions and the physiological state
of the organism. The linkages most commonly found between
monomers are $-1,4 or B-1,3 giving a more rigid backbone vs.
a-1,2 and «-1,6 for more flexible zones. The overall physical
properties of polysaccharides are also influenced by the monosac-
charide composition, the osidic sequence and the network formed
by the single polymer chains (Poli et al., 2010). These poly-
mers are high-molecular weight macromolecules usually above
106 g mol .

Most of the polysaccharides used in the industry are extracted
from plants, algae, and animals. A few of them come from
bacteria and have industrial applications in the paper, food,
biotechnological, environmental or health industry (Finore et al.,
2014). The most famous examples of microbial used macro-
molecules have been listed in Tablel (Kumar et al., 2007;
Freitas et al., 2011). Owing mainly to their rheological prop-
erties, fungal exopolysaccharides (EPS) have also found several
applications in the food, cosmetic and pharmaceutical indus-
tries as well as in oil recovery (Mahapatra and Banerjee, 2013).
Scleroglucan produced by Sclerotium rolfsii, schizophyllan, a
structurally similar molecule produced by Schizophyllum com-
mune and pullulan from Aureobasidium pullulans are the most
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Table 1 | Examples of microbial used macromolecules (adapted from Kumar et al., 2007; Freitas et al., 2011).

Exopolysaccharide Source

Main applications

Xanthan Xanthomonas campestris

Alginate Pseudomonas aeruginosa, Azotobacter vinelandii
Dextran Leuconostoc mesenteroides

Cellulose Acetobacter xylinum

Hyaluronic acid
Gellan
Curdlan

Sphingomonas paucimobilis

Sinorhizobium meliloti, Agrobacterium radiobacter,
Alcaligenes faecalis

Succinoglycan
Levans

Sinorhizobium meliloti, Alcaligenes faecalis
Various

Streptococcus equi, Streptococcus zooepidemicus

food industry as texturizing agent, petroleum industry, health care
food hydrocolloid, wound care, drug encapsulating agent

food industry, biomedical as plasma volume expander
biotechnological supports for separation

food industry, biomedical as artificial temporary skin,
biotechnological separations as hollow fiber and membranes
human health cosmetics

food industry, biotechnology (culture medium gelification)

food and pharmaceutical industries, bioremediation

food and pharmaceutical industries, oil recovery
food industry (prebiotic)

common fungal polysaccharides of high-added value (Survase
et al,, 2007; Mahapatra and Banerjee, 2013). Some of these
polysaccharides are homolog counterparts of plant or animal
macromolecules. Compared to these sources, microorganisms
allow a better controlled production in bioreactors, devoid of no
variation due to physiological state or season encountered for the
highest organisms (Bertagnolli et al., 2014) and an easier extrac-
tion without any drastic or environmentally toxic compounds.
However, downstream processing of bacterial polysaccharides
still represents an important cost intensive step (Kreyenschulte
etal., 2014). Moreover, microorganisms cultivation in fermenters
allows the optimization of the growth and the production yield
either by the study of physiology or by genetic engineering. For
the high-added value pharmaceutical industry, bacterial polysac-
charides can be produced at a viable economic cost. The pro-
duction in controlled conditions is in agreement with the Good
Manufacturing Practices (GMP) such as well-defined medium,
controlled environment without the risk for viral or pathogen
agents. The advantages of a bacterial source over plant, algal
or animal source have made it attractive to obtain macro-
molecules for various industrial purposes and strengthened their
study.

Complex carbohydrates and glycoconjugates have a basic
importance in biological systems and cellular processes, either
physiological or pathological. They play a major role as struc-
tural agents in connective tissues, and they are ubiquitously
present on cell surfaces, mediating the interaction of the cells
with other cells, with the extracellular matrix, with biotic or
abiotic surfaces and with other molecules. But their study
that falls into the field of the glycobiology was greatly hin-
dered by technical issues; no sequencing tool such as that
existing in proteomics or genomics is available to date while
glycopolymers potential chemical diversity is far greater than
proteins and nucleic acids (Turnbull and Field, 2007; Merritt
et al, 2013). While genes and proteins syntheses are based
on a template, polysaccharide biosynthesis is regulated by a
number of physiological and metabolic parameters including
the availability of sugar precursors and the expression level of
enzymes. The number of osidic residues combined with the
anomeric configuration of the linkages and the possibility of

branching result in unique complexity and diversity of carbo-
hydrates molecules. Nonetheless, some advances in analytical
techniques have revealed the vast and diverse chemical struc-
tures of carbohydrates existing in nature (Grice and Wilson,
2010); insights into the structure-function relationship allow
determining their role in diverse cellular processes. Glycobiology
becomes therefore a major research field allowing the understand-
ing of human diseases and the discovery of novel therapeutic
compounds.

Glycosaminoglycans (GAGs) are glycopolymers found in ani-
mal tissues and composed of uronic acid and neutral or hex-
osamine residues. They are covalently bound to a core protein
and are the major constituent of proteoglycans. Their carbohy-
drate backbone is unique for each cell type. GAGs are essential
for life of animals since they are involved in their development
and organogenesis (De Angelis et al., 2013). Two GAG macro-
molecules are frequently used in various industry fields, namely
hyaluronic acid and heparin.

Hyaluronic acid is a polysaccharide ranging from 500 to 1000
103 g mol~!, with a disaccharidic linear and non-sulfated repeat-
ing unit (Table 2). It is widely used in osteoarthritis treatment
as synovial fluid because of its effect on the cartilage, in oph-
thalmology treatments and surgery because of its visco-elastic
properties, and in wound healing as well as in the cosmetic
industry (moisturizing agent, wrinkle filler).

Heparin is a polyanionic molecule of about 80 10° g mol~!
with 20 to 40% of sulfates exhibiting several biological activi-
ties such as anticoagulant, anti-thrombotic, anti-inflammatory,
antiviral and anticancer (Hirsh et al., 2001). It has been dis-
covered in the early twentieth century and used medically for
over 70 years. The commercially available drug is extracted from
a mucous lining of pig intestines. In parallel, low-molecular
weight (LMW) heparin (6-10 103g mol™!) has been devel-
oped for use as an anticoagulant to increase benefit-risk ratios
(Hirsh et al.,, 2001). In 1983, the pentasaccharide unit responsi-
ble for the anti-coagulant and anti-thrombin activity within the
heparin molecule was identified, chemically synthesized (Choay
et al.,, 1983) and it is now commercialized (Petitou et al., 2002)
(Table 2). Although this molecule presents, as the unfraction-
ated and LMW heparin, some undesirable bleeding side effects
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Table 2 | Repeating unit chemical structures of main glycosaminoglycans and of some marine exopolysaccharides.

Heparin antithrombin-binding site pentasaccharide (Choay et al., 1983)
—4)-0-D-GleNp2S6S-(1—4)-B-D-GlcAp-(1—4)-0-D-GleNp2S3S6S-(1—4)-a-L-IdoAp2S-(1—4)-0-D-GleNp2S6S-(1—

Hyaluronic acid
—3)-B-D-GlcpNAc-(1—-4)-B-D-GlepA-(1—

EPS ST716
from Alteromonas macleodii subsp. fijiensis (Raguenes et al., 1996; Rougeaux et al., 1998)
—» 4)-B-D-Glcp-(1 —»4)-0-D-GalpA-(1 —» 4)-0-D-Galp-(1—»

4,6-Pyr-B-D-Manp

EPS HYD721
from Pseudoalteromonas sp. (Rougeaux et al., 1999a)
—» 4)-B-D-Manp-(1 —» 4)-B-D-Glcp-(1—» 4)-0-D-Galp-(1—» 4)-B-D-Glcp-(1 —»
2 3

t t
1 1
o-L-Rhap B-D-Galp

B-D-GlcpA
4

f

1
[SO;H] — 3-B-D-Manp

EPS HE800
from Vibrio diabolicus (Raguenes et al., 1997a; Rougeaux et al., 1999b)
—3)-B-D-GlepNAc-(1—4)-B-D-GlepA-(1 —4)-B-D-GlepA -(1 —4)-0-D-GalpNAc-(1 —

EPS GY785
from Alteromonas infernus (Raguenes et al., 1997b; Roger et al., 2004)
[SO;3Na]
2
[—4)-B-Glep-(1—-4)-0-GalpA-(1—4)-a-Galp-(1—]
3
T
1
B-Glep-(1—6)-0-Galp-(1—4)-B-GlepA-(1—4)-B-GlcpA
2 3
T T
1 1
o-Glep o-Glep

Galp, galactose; GalpA, galacturonic acid; GalpNAc, N-Acetyl-galactosamine; Glcp, glucose; GlcAp or GlcpA, glucuronic acid, GlcoNAc, N-Acetyl-glucosamine;
GIcNp2S6S, N-sulfate-6-O-sulfate-glucosamine; GlcNp2S3S6S, N-sulfate-3,6-di-O-sulfate-glucosamine; GlcNp 2S6S, N-sulfate-6-O-sulfate-D-glucosamine; IdoAp2S,

2-O-sulfate-iduronic acid;, Manp, mannose; Pyr, pyruvate group, Rhap, rhamnose; SO3H, sulfate group.
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(Hirsh et al., 2001; Crowther and Warkentin, 2008), it remains
a lead molecule to study the structure-activity relationship. A
heparin contamination crisis arose in the early 2008; some
Chinese heparin preparations caused severe side effects result-
ing in the death of more than 100 patients (Liu et al., 2009).
The impurity was identified as a variant of chondroitin sulfate,
in which sulfate groups exhibited an unusual pattern (Guerrini
et al., 2008). Today, despite the risk of contamination during the
extraction process or by animal pathogenic agents, heparin from
natural sources continues to be widely used clinically. Still new
alternative macromolecules are looked for. In this context, marine
microbial polysaccharides stand for a promising source of macro-
molecules with reduced risk of contamination by mammalian
pathogenic agents. New emerging products of high added-value
from the marine environment, showing structural homology to
heparin such as the presence of sulfate groups, offer the promis-
ing opportunity of novel biologically active compounds (Pomin,
2014a).

Exopolysaccharides (EPS) are glycopolymers that microor-
ganisms secrete in their surrounding environment (Sutherland
et al., 1972). They can be capsular polymers, which are attached
to the cell membrane through the lipopolysaccharides (LPS)
anchored in the membrane or other specific proteins (Decho,
1990). EPS can also be produced as a slime loosely bound
around the cell or dispersed in the environment (Sutherland,
1982). Bacterial polysaccharides are also present within the mem-
brane cell as a major constituent of the LPS and may be
involved in pathogenicity. These glycopolymers have mostly a
protective role and permit resistance under extreme environmen-
tal conditions by participating in the cell membrane integrity,
trapping nutrients, allowing adhesion to surfaces, protecting
from toxic compounds and adverse conditions such as freezing
(Jannasch and Taylor, 1984; Decho, 1990; Finore et al., 2014).
EPS production requires energy from cells representing a car-
bon investment for microorganisms but the benefits to growth
and survival are higher than the production cost (Poli et al,
2011).

THE MARINE BIOSPHERE AS A SOURCE OF NEW
GLYCOPOLYMERS

Representing more than 70% of our planet, ocean is an
under-explored and under-exploited vast reservoir for biological
organisms and chemical compounds. France owns an expanded
maritime domain as well as oceanographic ships, submarine and
robots allowing to explore the marine biosphere, and especially
deep seas. The marine biosphere is heterogeneous because a
large range of ecosystems exist such as microbial mats, Antarctic
sea ice, hypersaline marine environments, shallow and deep-
sea hydrothermal vents. They are characterized by physical and
chemical parameters such as pressure, temperature, pH, chemi-
cal compounds, usually toxic. Within the deep-sea hydrothermal
vents, large physico-chemical gradients exist; for example, the
temperature varies from 2°C, the temperature of the surround-
ing sea water to the hot temperature of the hydrothermal plume,
which can reach 350°C (Baross and Hoffman, 1985). Due to their
microbial diversity, these ecosystems might offer promising new
biomolecules (Deming, 1998).

MARINE ECOSYSTEMS WITH A FOCUS ON DEEP-SEA HYDROTHERMAL
VENTS

Deep-sea hydrothermal vents result from oceanic plate tectonic
and submarine volcanic activities. They appear at the sea ridges
or on subduction back-arc areas, at a depth of 500 to 4000 m
(Figure 1). Seawater at high temperature (up to 350°C) and
charged with metals and other compounds such as hydrogen sul-
fide, hydrogen, ammonia, carbon dioxide flows out of structures
built from precipitates called chimneys. Depending on the com-
position of the fluid, the plume appears with different intensity
of white or black color (white or black smokers) (Burgaud et al.,
2014). Due to volcanic activities of the crust, these ecosystems
are ephemeral (Van Dover et al., 2002). Some other active areas
with a diffuse emission of warm or cold water also exist. Deep-
sea ecosystems also include cold seeps and sediments or microbial
mats (Jannasch and Taylor, 1984). The first hydrothermal vent
was discovered in 1977 in the Galapagos area at a depth of 2600 m
(Jannasch and Taylor, 1984), although deep-sea biology started
with the Challenger expedition (1873-1876). The presence of bac-
teria in the open ocean seabed is known since the 1880s from
the Travaillier and Talisman expeditions (1882-1883) (Zobell and
Morita, 1959), when the first microorganisms were found at
5000 m deep (Jannasch and Taylor, 1984). In the 1950s, Galathea
expedition collected bacteria-containing sediment samples from
10,000 m deep (Zobell and Morita, 1959).

Deep-sea hydrothermal ecosystems, the most productive
ecosystems from the deep ocean, are based on a primary
chimiosynthetic production of organic matter sustaining an
abundant fauna which is mainly composed of endemic species
(Jannasch and Taylor, 1984). These oases of life contrast to the
vast surrounding desertic seafloors. A large variety of microbial
lifestyles has been described in these ecosystems based on the
respiratory type (aerobic-anaerobic), energy and carbon sources.
It is adapted to extreme conditions (barophiles needing high
pressure, acidophiles-alcalophiles, psychrophiles, mesophiles and
extremophiles -growing at temperatures from around 3°C, the
temperature of seawater, to 105°C-) (Jannasch and Taylor, 1984).
New microorganisms with very diverse metabolisms have then
been isolated from marine environment especially in deep-
sea habitats (Miroshnichenko and Bonch-Osmolovskaya, 2006).
Halophiles are also encountered in some marine ecosystems.
The high biodiversity potentially offers a large chimiodiversity.
Besides their fundamental interest in basic studies for life origin
understanding, chimiosynthetic metabolisms and mechanisms of
resistance to high temperatures, these microorganisms arise a
great biotechnological interest for the isolation of new enzymes
and biomolecules with new or enhanced activities.

FROM MARINE MICROBIAL BIODIVERSITY TO NEW BIOACTIVE
MOLECULES

Marine biodiversity is not known currently because only a
very small fraction of the microorganisms can be cultivated
(Hugenholtz, 2002; Delong et al., 2006). There are reports on par-
ticular marine environments with high microbial diversity; this
is the case for deep-sea hydrothermal vents in North Atlantic
(Sogin et al., 2006). The next generation high throughput DNA
sequencing (NGS) methodologies can provide a way to estimate
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FIGURE 1 | Global distribution of hydrothermal vent fields (2009) from
http://www.interridge.org/irvents/files/Ventmap_2009.jpg, accessed
2014, September 9. Hydrothermal vent sites from Mid-Ocean Ridge (circles),
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Arc volcano (triangles), Back-arc spreading center (squares), other (diamonds)
are shown (active sites are red, unconfirmed are yellow). Ridges are in plain
line, trench are in dashed line. Light blue indicates exclusive economic zones.

the biodiversity and can be useful to drive some cultivation
experiments (Rocha-Martin et al.,, 2014): when the analysis of
metagenomic data sets reveals incomplete pathway for a given
compound essential for growth, this compound has to be added
as an exogenous source. For example, because SAR11 marine
alpha-proteobacteria clade has been shown to be deficient in
assimilatory sulfate reduction genes, addition of reduced sul-
fur compounds in the cultivation medium was tested and was
revealed necessary for growth (Tripp et al., 2008).

When the biodiversity increases, the chimiodiversity also
increases. Therefore, the chemical study of the marine organ-
isms will most probably result in the discovery of new therapeutic
compounds. In particular, it is well recognized that the chemi-
cal diversity of marine and microbial compounds is the broadest
one (Grabowski et al., 2008). Although microorganisms from
the sea have been studied for several decades, their develop-
ment for biotechnology started only recently (see Imhoff et al.,
2011). Today, only a small fraction of the known species has
been studied for their biochemical metabolites. Marine microor-
ganisms together with sponges, molluscs, algae, echinoderms are
rich source of polysaccharides. Chitin, the second most abundant
polysaccharide after cellulose, is found particularly in the shell
of crustaceans. Alginates, another marine-derived polysaccharide,
are extracted from the cell wall of brown algae (Phaecophyta).
Marine-derived polysaccharides naturally bearing sulfate groups
are also industrially relevant: carrageenan (red algae), fucoidans
(brown algae) and fucans (marine invertebrates) (Berteau and
Mulloy, 2003; Kusaykin et al., 2008), ulvan from green sea-
weeds (Chlorophyta) (Lahaye and Robic, 2007). Microorganisms

producing polysaccharides have also been isolated from marine
ecosystems especially from deep-sea hydrothermal vents.

Marine chimiodiversity finds applications in human health
as therapeutic agents for innovative biological activities. New
compounds with new chemical structure can also enable a
better understanding of the cellular processes (pathological or
not): inhibitors of enzymes involved in inflammatory diseases
(manoalide) and phosphorylation processes (okadaic acid), both
extracted from sponge, are available for biochemical research
(Fenical, 1997). Some examples of marine molecules are already
commercialized as analgesic (the peptidic Prialt®), anti-viral
(mainly from corals and sponges), anti-cancer (the alkaloid
Yondelis® by PharmaMar), or as biomaterials (the calcium car-
bonate chemical compound Biocoral® by Biocoral from coral).
Only a few of them are carbohydrates: alginate of plant origin
and chitosan obtained from shrimp extracted chitin have been
successfully integrated within wound dressings (Stop Hemo® by
Brothier Laboratory in France, Nu-Derm® by Johnson & Johnson
in USA) and are also used as encapsulation matrices (geniaBeads®
by genialab in Germany). Most of the marine molecules are
still in research or clinical development, among which four are
from marine microorganisms (Imhoff et al., 2011); this leaves the
marine biotechnology still at a very promising phase; great efforts
are still necessary to get advances in clinical applications.

Bioactive compound prospecting starts with the sampling of
organisms. The choices of methods to prepare extracts and to
screen for the production of bioactive metabolites are critical
steps since they can result in different molecules or even in dif-
ficulties to find the activity. The diversification of sources by the
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exploration of new ecological niches can maintain an effective
process leading to innovative results. Compounds should then be
isolated, structurally characterized especially including the stere-
ochemistry which can be the main issue for its activity. Biological
properties have to be studied in detail, in vitro and subsequently
in vivo before clinical development stages. Alternatively, synthetic
analogs can be studied instead of natural molecules. Chemical
synthesis would offer access to structurally defined oligosaccha-
rides in sufficient purity and quantity to carry out biological
studies. In addition, the synthesis can bring a library of analog
compounds slightly differing in the chemical structure as well
as in the activity. This library would be a useful tool to estab-
lish the structure-activity relationship. Synthetic analogs of the
active pentasaccharide in heparin have been well studied due to
the high value of this drug and its side effects (Avci et al., 2003).
However, synthetic products are sometimes hard to make because
of the complexity of the molecule. This is particularly the case for
polysaccharides for which only small oligosaccharides have been
obtained to date (Boltje et al., 2009). This issue still limits the
progress of glycobiology research and much effort are made to
develop oligosaccharide synthesis methodologies. Recently, Galan
et al. have shown that ionic liquids could be very useful as solvents
and promoters of synthetic reactions (Galan et al., 2013).

MARINE EXOPOLYSACCHARIDES

MICROBIAL POLYSACCHARIDE DIVERSITY

Several EPS-producing marine strains have been studied, which
led to the discovery and isolation of novel macromolecules
(Finore et al., 2014). Marine bacterial polysaccharides have been
the subject of several reviews (Guezennec, 2002; Nazarenko et al.,
2003; Mancuso Nichols et al., 2005b; Laurienzo, 2010; Satpute
et al., 2010; Freitas et al., 2011; Senni et al., 2011; Colliec-Jouault
and Delbarre-Ladrat, 2014; Pomin, 2014b). Most of the marine
derived EPS are bacterial (classical bacteria i.e., mesophilic and
heterotrophic; extremophilic microorganisms i.e., psychrophilic,
thermophilic and halophilic); archaea have also been shown to
produce EPS (Rinker and Kelly, 2000; Nicolaus et al., 2010; Poli
et al., 2011; Finore et al., 2014; Sinquin and Colliec-Jouault,
2014). In the present manuscript, the main focus was put on
the extremophilic prokaryotic marine microorganisms that were
shown to produce EPS, with an emphasis on bacteria isolated
from deep-sea hydrothermal vents.

Mancuso Nichols et al. (2004) described the production of EPS
by the marine strains Pseudoalteromonas CAMO025 and CAMO036
isolated in Antarctica sea water and sea ice. Some other strains
from Arctic sea ice have been shown to produce EPS with cry-
oprotective effect (Liu et al., 2013).

The halophilic strains Halomonas maura (Arias et al., 2003),
Halomonas ventosae (Martinez-Canovas et al., 2004), Halomonas
alkaliantarctica (Poli et al., 2007), Hahella chejuensis (Poli et al.,
2010) and the archaeal halophilic Haloferax mediterranei (Anton
etal., 1988; Parolis et al., 1996) isolated from hypersaline environ-
ments were also shown to produce EPS; some of them are sulfated
(Poli et al., 2010).

Marine thermophilic anaerobes Sulfolobus, Thermococcus and
Thermotoga were described to produce EPS (Vanfossen et al.,
2008). Thermococcus litoralis produces an EPS which contains

sulfate and phosphorus substituents (Rinker and Kelly, 2000);
the archaea Sulfolobus solfataricus has also been shown to pro-
duce a sulfated polysaccharide (Nicolaus et al., 1993). Geobacillus
sp., Bacillus thermodenitrificans and B. licheniformis thermophilic
strains have been isolated from shallow marine hydrothermal
vents of Vulcano Island (Italy) and the polysaccharide they pro-
duce has been analyzed (Poli et al., 2010).

Several bacteria Dbelonging to gamma-proteobacteria
Alteromonadales or Vibrionales orders and isolated from
the deep-sea polychaete annelids Alvinella pompejana and
A. caudata tissues have been shown to produce different EPS:
HYD1545 (Vincent et al., 1994), HYD1644 (Dubreucq et al,
1996), HYD721 (Rougeaux et al., 1999a), HYD657 produced by
A. macleodii subsp. fijiensis biovar deepsane (Cambon-Bonavita
et al,, 2002) and HE800 produced by Vibrio diabolicus (Raguenes
et al., 1997a; Rougeaux et al., 1999b). This latter polysaccharide
possesses a particular hyaluronic acid-like chemical structure and
contains both hexosamines and uronic acids alternating in the
repeating unit sequence (Table 2) (Sinquin and Colliec-Jouault,
2014).

Another gamma-proteobacterium isolated from a deep-sea
hydrothermal vent shrimp (A. macleodii subsp. fijiensis biovar
medioatlantica) was shown to produce the EPS MS907 (Raguenes
et al., 2003) whereas Alteromonas macleodii subsp. fijiensis pro-
ducing the pyruvated EPS ST716 (Raguenes et al., 1996; Rougeaux
et al., 1998) and Alteromonas infernus producing the sulfated EPS
GY785 were isolated from hydrothermal fluids (Raguenes et al.,
1997b; Roger et al., 2004) (Table 2).

Other Pseudoalteromonas strains produce diverse EPS: SM9913
isolated from deep-sea sediments produces an acetylated EPS
(Qin et al., 2007), SM20310 from the arctic sea ice produces a
complex o-mannan (Liu et al., 2013).

Pseudomonas, Alteromonas, Paracoccus and Vibrio sp. bacteria
producing EPS under laboratory conditions have also been iso-
lated from microbial mats in French Polynesia, another marine
ecosystem considered as extreme. Among them, Paracoccus zeax-
anthinificiens subsp. Payriae and Vibrio sp. RA 29 are described to
produce sulfated polysaccharides and Vibrio sp. MO 245 would
produce a polymer very similar to the Vibrio diabolicus one
(Guézennec et al., 2011).

When known, the chemical and structural diversity of these
few molecules confirms the high value of the marine environment
as a source of exciting chimiodiversity.

ALGINATE AND CHITOSAN, TWO MAJOR MARINE POLYSACCHARIDES
Alginate traditionally extracted from brown algae and the most
important polysaccharide from this type of seaweeds is also pro-
duced by soil bacteria Azotobacter and Pseudomonas species as an
exopolysaccharide (Gomez D’ayala et al., 2008). Although they
are not marine bacteria, the polysaccharide is usually refered as
marine derived. A gene cluster for alginate biosynthesis have been
identified in Vibrio sp. QY102 suggesting this polymer would be
involved in the formation of biofilm by Vibrio sp. QY102 (Shi
et al., 2008).

The bacterial alginates are all composed of mannuronic (M)
and guluronic (G) acids arranged in homo-blocks (M or G) and
hetero-blocks (MG) as algal alginates; but that from Pseudomonas
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does not have block G; in addition many of bacterial alginates
are acetylated. G-rich alginates and M-rich alginates have differ-
ent physico-chemical and biological properties (Colliec-Jouault
and Delbarre-Ladrat, 2014). Although their osidic composition
is similar, bacterial alginates vary considerably in their structure
depending on the producing strain and in the case of alginate
produced by seaweeds, on seasonal and environment variations
(Gomez D’ayala et al., 2008; Bertagnolli et al., 2014). Industrial
production of alginate reaches 30,000 tons annually and it is used
as a viscosifier, stabilizer and gelling agent (Hay et al., 2013).
Chitin and chitosan, its partially N-deacetylated derivative, are
the most abundant marine polysaccharides; they have great inter-
est for biotechnological applications. They are mainly extracted
from shellfish waste. To date no bacterium has been described
to produce either chitin or chitosan. Nonetheless, some bacteria
have been shown to produce PNAG, poly-N-acetyl-glucosamine,
a B-1,6-linked N-acetyl-D-glucosamine homopolymer, struc-
turally close to chitin, B-1,4-linked N-acetyl-D-glucosamine
homopolymer (Whitney and Howell, 2013; Ye et al., 2014).

PRODUCTION AND PHYSIOLOGICAL CONDITIONS INFLUENCE
Production of polysaccharides by bacteria is a physiological pro-
cess that takes place under a diversity of environmental conditions
(Kumar et al., 2007), usually in response to a stress including
the adaptation to extreme environment (Lapaglia and Hartzell,
1997). In the marine environment, bacteria are usually attached
to biotic or abiotic surfaces and are embedded in a slime,
an exopolymeric matrix composed of proteins, polysaccharides,
DNA and small organic molecules; they form biofilms as a protec-
tive response to a stress (Lapaglia and Hartzell, 1997; Guezennec,
2002; Liu et al., 2013). Therefore, it is important to identify any
relationship between the biosynthesis of EPS and biofilm forma-
tion regulation in order to better control the production process
(Rehm, 2010). Limitations in the availability of nutrients such
as nitrogen, phosphorous, sulfur, potassium (Kumar et al., 2007;
Sabra and Hassan, 2008), as well as temperature, osmotic or pH
shifts (Gorret et al., 2001; Kumar et al., 2007) are stressing factors
enhancing EPS production. Moreover, a suitable carbon source to
be added to the production or growth medium is also a main fac-
tor for the yield and features of the produced molecule (Donot
etal., 2012). Its excess, in fact, is concomitant with another com-
ponent limitation such as nitrogen (Freitas et al., 2011). In some
cases, the osidic composition of the molecule can change with the
carbon substrate (Grobben et al., 1996; Poli et al., 2007; Freitas
etal., 2011).

Production yield of marine EPS is usually around 1g L™}
(Decho, 1990). Industrial development is conceivable for a pro-
duction yield around 10 g L™!. Production costs are driven by the
yield of polysaccharide, the amount and cost of carbon source,
and by the downstream processes needed for molecule separation.
Therefore, studies on production optimization are needed even if
some bacterial strains are naturally able to produce EPS at a high
yield (e.g., 50 g L™! or over) such as Agrobacterium sp. (curdlan),
Xanthomonas campestris (xanthan), Zymomonas mobilis (levan),
Alcaligenes faecalis (curdlan), Bacillus sp. (levan) (Donot et al.,
2012). Factors such as medium composition and fermentation
conditions i.e., temperature, pH and aeration stand for the main

studied variables to optimize the fermentation process (Mancuso
Nichols et al., 2005a; Sabra and Hassan, 2008; Finore et al., 2014).
The nutritional conditions can also affect the molecular weight as
well as the osidic composition of the EPS in some cases (Mancuso
Nichols et al., 2005a; Poli et al., 2009; Donot et al., 2012; Finore
etal., 2014). A novel Alteromonas macleodii strain has been shown
to produce 23.4 g L=! exopolysaccharide when grown on 15% lac-
tose which is the highest yield obtained for marine EPS (Mehta
etal., 2014).

Fermentation is usually performed in batch or fed-batch. Heat
transfer and oxygen supply limitations are however encoun-
tered when EPS are highly viscous (Kreyenschulte et al., 2014).
Depending on the producing bacterium, the EPS may be
produced during the growth (cellulose, gellan or alginate by
Azotobacter vinelandii), when the growth has ended (curdlan by
Alcaligenes faecalis), during the stationary phase (Raguenes et al.,
1996) or both (xanthan by X. campestris) (Decho, 1990; Freitas
et al., 2011). The marine EPS HYD1644 is produced only after
the initial exponential growth phase (Samain et al., 1997). In
Pseudomonas sp., an EPS is produced during the exponential
phase and another one with a different chemical structure is
produced during the stationary phase (Christensen et al., 1985).
Some reports emphasize the benefit of a growth-production
uncoupling by using a bacteriostatic to stop the growth together
with the addition of the carbonated substrate and/or shift in
temperature or pH (Looijesteijn and Hugenholtz, 1999).

DOWNSTREAM PROCESS FOR EPS RECOVERY

After fermentation, the downtream process for the recovery of
EPS is an important step for the production costs and commercial
value of the molecule. Process steps will depend on the molecule,
on other undesired molecules produced, but also on the level of
purity required.

Downstream process, consisting of the removal of insol-
uble particles, isolation of the product and further purifica-
tion, is based on classical steps of extraction and purification.
Each method has its advantages and disadvantages (Sinquin
and Colliec-Jouault, 2014). Various molecules are usually asso-
ciated with polysaccharides that act as sponges for some proteins,
amino acids, DNA, RNA, salts, metals, fatty acids either dissolved
in seawater based medium or released after cell lysis (Decho,
1990; Freitas et al., 2011; Donot et al., 2012). The presence of
degrading enzymes or of a second biopolymer must also be
taken into account for a good purification process (Kreyenschulte
et al., 2014). Therefore some isolation procedures may be better
adapted than others as reviewed by Donot et al. (2012).

Centrifugation or filtration step is usually used to remove
cells from the culture broth without lysis and EPS isolation
(Kreyenschulte et al., 2014). Culture broth is sometimes subjected
to heating at the end of the fermentation to kill the bacteria
and denature potential polymer-degrading enzymes (Freitas et al.,
2011) but this may result in some cell lysis and release of com-
pounds in the soluble medium. The deactivation of the cells is
alternatively carried out by chemical, enzymatic or mechanical
treatment (Kreyenschulte et al., 2014).

Separation and purification of the biopolymer can be obtained
by precipitation with the addition of alcohol or by complexing
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metal ions (Kreyenschulte et al., 2014). However, ethanol pre-
cipitation may trap and co-precipitate proteins and ions (Kumar
et al., 2007) and needs a large amount of alcohol. Filtration or
ultrafiltration is recognized as a good method to separate high
molecular weight from other small adsorbed compounds and has
been used since a long time (Wilkie et al., 1957; Kreyenschulte
et al., 2014). Some additional extractions to remove contami-
nating compounds may be appropriate such as new precipita-
tion, chemical extraction or enzymatic treatment but they may
decrease the recovery yield (Decho, 1990; Freitas et al., 2011).
These separation steps can in turn be hindered when polysaccha-
ride is highly viscous; higher temperature or dilution in water may
facilitate the process however increasing the costs (Freitas et al.,
2011). The choice of the whole procedure has to be adapted to
polymer characteristics as well as to the desired recovery yield,
purity and integrity degrees. After isolation, the polysaccharide is
freeze dried for a better conservation. Polysaccharides are highly
hydrophilic due to hydroxyl groups, especially when they are
polyanionic (carboxyl groups), a widespread feature in marine
environment, or when they bear sulfate groups; therefore they
always conserve a content of water (De Angelis et al., 2013).

PUTATIVE PATHWAYS OF BIOSYNTHESIS

The genetics of the EPS biosynthesis begins to be better under-
stood; however, information appears disparate because it depends
on the concerned microorganism and the polysaccharide that it
produces.

However, depending on the type of polysaccharide, some gen-
eral mechanisms can be described (Rehm, 2010). An extracellular
glycosyltransferase (GT) is responsible for the biosynthesis out-
side the cell of homopolysaccharides such as dextran, levan,
mutan. This particular GT (usually sucrase) cleaves a disaccharide
substrate (usually sucrose) and transfers one of the two obtained
monomers to the polymer chain (Rehm, 2010). The occurrence
of these enzymes is however limited in marine microorganisms
(Decho, 1990).

Except for mechanisms involving sucrase, the biosynthesis
starts with the production of nucleotide sugars which will be
linked in the repeating unit of the molecule. They are biosynthe-
sized within the central cellular metabolism with usually known
enzymes (Rehm, 2010). The repeating unit is then synthesized
by appropriate GTs (Whitfield, 2006; Rehm, 2010). After comple-
tion, the repeating unit is exported outside the cell and polymer-
ized on the growing EPS chain. Based on biosynthesis and export
mechanisms, three pathways have been described.

Some simple heteropolysaccharides (two different residue
types maximum such as hyaluronic acid) as well as some
homopolysaccharides (cellulose, chitin) are synthesized by a syn-
thase enzyme which polymerizes nucleotide sugars while export-
ing the growing polymer chain outside the cell (Weigel and De
Angelis, 2007; Rehm, 2010). The second pathway relies on the
ABC transporter for exportation of the entire polysaccharide syn-
thesized on a lipid carrier (Whitney and Howell, 2013). The third
mechanism depends on Wzx-Wzy proteins.

The Wzx-Wzy dependent mechanism has been widely stud-
ied in Gram negative bacteria especially for heteropolysaccharide
production. Biosynthesis is catalyzed by a membrane-spanning

multiprotein complex (Rehm, 2010). A particular GT involved
in the initiation step, the phosphoglycosyltransferase (pGT),
anchors the first osidic residue to a membrane lipid carrier (unde-
caprenyl phosphate) through a phosphoryl bond (De Vuyst et al.,
2001; Whitfield, 2006). After completion of the repeating unit by
successive GTs, it is exported outside the cell across the inner
membrane by Wzx and subsequently polymerized by the Wzy
protein (Whitfield, 2006). The lipid carrier anchor is also recog-
nized for the translocation of the repeating unit across the inner
membrane (Rehm, 2010). The final translocation across the outer
membrane involves a member of the outer membrane polysac-
charide export protein family such as Wza (Reid and Whitfield,
2005). Heteropolysaccharides from the Gram-positive lactic acid
bacteria are synthesized by a very similar mechanism (De Vuyst
et al., 2001).

Besides these four types of biosynthesis mechanisms (extra-
cellular, synthase-, Wzx-Wzy- and ABC-transporter), some other
gene clusters showing a peculiar mechanism have been described.
In general, the overall regulation of the biosynthesis is not
completely understood as well.

Sphingans are  heteropolysaccharides  produced by
Sphingomonas bacteria, some of whom are of marine origin
(Cavicchioli et al., 1999). These polymers are characterized
by a tetrasaccharide backbone structure containing rhamnose
or mannose (1), glucose (2) and glucuronic acid (1). Gellan,
diutan, welan, rhamsan, and sphingan S-88 are examples of
them differing by their side chain and substituents (Harding
et al., 2004; Freitas et al., 2011). The biosynthesis of sphingans
has been recently reviewed by Schmid et al. (2014). The orga-
nization of genes required for diutan, welan, gellan, S-88 and
S-7 biosynthesis shows similarities; genes for polysaccharide
and protein secretion, as well as an operon for the synthesis
of dTDP-rhamnose are conserved suggesting a well-conserved
mechanism for polysaccharide biosynthesis and secretion
(Yamazaki et al., 1996; Harding et al., 2004; Coleman et al., 2008).
The mechanism starts by the transfer of glucose-1-phosphate
on the isoprenylphosphate lipid. Successive GTs transfer the
other sugar nucleotide to the repeating unit similarly to the first
steps of Wzx-Wzy dependent mechanisms (Coleman et al., 2008;
Schmid et al., 2014). A putative gene for lyase is only present
in diutan gene cluster. Comparison of the three gene clusters
allowed also the identification of a candidate gene encoding the
protein responsible for the addition of rhamnosyl side chain.

Alginate biosynthesis genes in Azotobacter and Pseudomonas
bacteria are similar (Rehm and Valla, 1997), the 12-core genes are
clustered in a single operon. Only slight differences exist especially
in the regulation (Donot et al., 2012; Hay et al., 2013). Alginate
is synthesized as polymannuronnic acid in an undecaprenol-
independent manner (Remminghorst and Rehm, 2006) and is
O-acetylated in the periplasm. The gene cluster includes genes
for the precursor synthesis (GDP-mannuronic acid), the poly-
merization, the translocation across the inner membrane and
the periplasm where alginate encounters some modifications
(O-acetylation and C5-epimerization of mannuronic acid to
guluronic acid), and the alginate secretion (Remminghorst and
Rehm, 2006; Hay et al., 2013). In the case of alginate biosyn-
thesis by Azotobacter vinelandii and Pseudomonas fluorescens, the
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molecular mechanisms of polymerization and export are not fully
understood (Rehm, 2010), but are based on a synthase-dependent
mechanism (Whitney and Howell, 2013).

The groups of genes necessary for the biosynthesis of an het-
eropolysaccharide are typically clustered at one genetic locus of
12-25kb including genes for the synthesis of the repeating unit
(GTs), genes for export, polymerization and regulation (Laws
et al., 2001). These clusters are also well known in lactic acid
bacteria (LAB) such as Streptococcus spp. (Wu et al., 2014) and
Bifidobacterium spp. (Hidalgo-Cantabrana et al., 2014); in LAB,
EPS biosynthesis gene clusters are often located on plasmids
(Kumar et al., 2007; Donot et al., 2012). Furthermore, Escherichia
coli polysaccharide biosynthesis pathways have become a refer-
ence model in these studies (Whitfield, 1995, 2006; Willis and
Whitfield, 2013).

The activated precursors are also needed for the synthesis of
some other cellular components such as peptidoglycan for mem-
branes (Merritt et al., 2013). Therefore, it is of high importance to
understand the fluxes of carbon, nitrogen and energy leading both
to cells and bioactive molecules or, at least, to modulate them by
physiological optimizations or genetic engineering (Rehm, 2010).
It is highly probable, due to their respective role, that cell wall
biosynthesis has priority, LPS and finally EPS synthesis (Decho,
1990).

With the post-genomic era, more clusters involved in biosyn-
thesis of polysaccharides are described together with some regula-
tions issues. An understanding of how the high-molecular weight
polymers are biosynthesized may lead to better efficiencies in EPS
production at an industrial level and a better comprehension of
how varies the composition upon production conditions. New
strategies like genetic engineering of producing microorganisms
are being developed to enhance polysaccharide yield and allow an
economically effective production (Ates et al., 2011; Finore et al.,
2014). On the other hand, the prediction of metabolic network
can allow the identification of key factors for an enhanced pro-
duction: from the genome sequence, mannitol was identified as a
stimulator for levan biosynthesis by Chromohalobacter salexigens
(Ates et al., 2011), experimental evidence was achieved later in
another halophilic bacterium Halomonas smyrnensis (Ates et al.,
2013). Metabolic engineering approaches can complement ongo-
ing efforts on fermentation process engineering with the aim to
optimize EPS production (Merritt et al., 2013). In this strategy,
research on K5 EPS biosynthesis is a good example as reviewed
by Wang et al. (2011). Fermentation process has been optimized
for a better yield and productivity of heparosan. Conversion of
UDP-glucose to UDP-glucuronic acid by the UDP-glucose dehy-
drogenase together with the UDP-N-Acetyl-glucosamine pathway
have been identified as limiting steps to keep balanced supply of
nucleotide sugars both for heparosan biosynthesis and cell wall
synthesis. Genetic engineering targeting these metabolic reactions
has revealed the necessity of a balanced over-expression of KfiA
and KfiC GTs. Since a part of the K5 polysaccharide remains
linked to the cell membrane, the gene of the K5 lyase capable of
breaking this linkage has been genetically modified to increase the
amount of K5 released in the supernatant (Wang et al., 2011). K5
lyase gene can also be genetically engineered to control the chain
length (Wang et al., 2011).

NOVEL STRATEGIES FOR CHEMICAL AND ENZYMATIC MODIFICATIONS
Overall, physical and bioactive features of polysaccharides are
based on molecular chemical structure: the osidic sequence and
linkages in the repeating unit, but also the substituents, influ-
ence the conformation and geometry of polysaccharide chains
as well as polysaccharide-polysaccharide and polysaccharide-
protein interactions (Powell et al., 2004; Pomin, 2009). The chem-
ical structure determines the physical properties such as solubility
in water or interactions with ions (Geddie and Sutherland, 1993;
Kumar et al., 2007). For examples, the acetyl content in chitosan
sulfate influences the inhibition of propyl endopeptidase which
is involved in progressive memory deficits and cognitive dysfunc-
tions (Je et al., 2005). The sulfate groups in heparin participate in
the molecular conformation and influence the binding with cal-
cium cations (Chevalier et al., 2004). They also have a great effect
on the anticoagulant activity (Franz and Alban, 1995; Garg et al.,
2002; Huang et al., 2003; Liu and Pedersen, 2007). The antiprolif-
erative activity of the heparin molecule depends on the molecular
size but not on 3-O-sulfo group (Garg et al., 2002) and requires
both N-acetylation and N-sulfation (Longas et al., 2003). As
found for heparin structure-function relationships, the amount
of sulfate groups, their distribution pattern and the molecular
weight are of great importance for GAG-like activities. Therefore,
marine polysaccharides may be structurally modified e.g., depoly-
merized and (over-)sulfated to render them active or to enhance
already existing activities (Chopin et al., 2014).

Chemical modifications are widely used for this purpose
(Gomez D’ayala et al., 2008; Laurienzo, 2010; Senni et al., 2011):
acid hydrolysis (Colliec et al., 1994), radical depolymerization
(Nardella et al., 1996), N-deacetylation (Zou et al., 1998), sul-
fation (Nishino and Nagumo, 1992; Guezennec et al., 1998).
However, several drawbacks such as lack of control and regioselec-
tivity, use of organic solvents, non-homogeneous conditions are
identified (Al-Horani and Desai, 2010). More recently, ionic liq-
uids have been used for cellulose sulfation in homogeneous media
(El Seoud et al., 2007; Gericke et al., 2011). Only few reports
deal with chemical modifications on marine EPS (Gomez D’ayala
et al., 2008). Low-molecular weight oversulfated derivatives of
the EPS GY785 from the deep-sea bacterium A. infernus and of
the EPS HE800 from V. diabolicus have been obtained by depoly-
merization by acid hydrolysis or free-radical reaction followed by
sulfation with sulfur trioxide pyridine complex (Colliec-Jouault
et al., 2001; Senni et al., 2011). The low-molecular weight and
oversulfated derivatives thus obtained exhibit biological activi-
ties similar to heparin and other GAGs (Ruiz Velasco et al., 2011;
Senni et al., 2011, 2013; Sinquin and Colliec-Jouault, 2014).

Target compound yield by chemical process is low after purifi-
cation steps and sulfation lacks specificity giving undesirable
by-products or uncontrolled final product chemical structure
resulting in non-homogeneous products (Chopin et al., 2014).
Enzymes, because of their specificity, may allow a better control of
the reactions catalyzed. Moreover, enzymatic reactions are more
friendly to the environment without the need of solvent or toxic
chemicals.

To date, several strategies combining chemical and enzymatic
methods for the synthesis of GAGs have been developed (De
Angelis et al., 2013). After sugar backbone isolation or synthesis,
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modifications, usually using enzymes cloned from vertebrates up
to now, are performed in vitro.

Escherichia coli K5 polysaccharide has the same chemical struc-
ture as the biosynthetic precursor of heparin (heparosan); it has
been modified by combinations of chemical and enzymatic meth-
ods and converted to “biotechnological heparin” (Kusche et al.,
1991; Naggi et al., 2001; Urbinati et al., 2004; Lindahl et al.,
2005). N-deacetylation and N-sulfation were achieved by chemi-
cal reactions, and C5-epimerization of glucuronic acid (GlcA) to
iduronic acid (IdoA) was carried out using the enzyme epimerase.
The sulfation reaction was not regioselective enough and was
improved in 2005 to yield the desired 2-O-sulfated IdoA (Lindahl
et al., 2005); at that time, even if the chemical structure of this
neoheparin was still not identical to the heparin AT-binding
sequence, biological properties were similar to those of hep-
arin. Other similar chemoenzymatic processes have been patented
(Zopetti et al., 2006).

The sulfation step is crucial in these biotechnological pro-
cesses. Although chemical sulfation is not specific enough, only
a few biotechnological processes involve sulfotransferases (STs).
In particular, a selectivity toward the sulfation state of the sub-
strate exists (De Angelis et al., 2013). Enzymatic sulfations are
however limited by the need of the expensive sulfate donor 3'-
phosphoadenosine 5'-phosphosulfate (PAPS). Chondroitin sul-
fate E has been synthesized from chondroitin sulfate A using a
sulfotransferase extracted from squid cartilage (Habuchi et al,,
2002). In this study, dermatan sulfate has also been oversulfated
with the same enzyme. Enzymatic sulfation has been used to
prepare heparan sulfate from chemically desulfated N-sulfated
heparin (Chen et al., 2005). Using heparan sulfotransferases (2-
OST, 6-OST, 3-OST) expressed in E. coli and immobilized, as
well as PAPS regeneration system, the polysaccharide substrate
was subjected to different enzymatic modifications resulting in
heparan sulfates with distinct biological activities.

However, although promising, chemoenzymatic methods still
need more research efforts to allow the synthesis of GAG-like
macromolecules. These multiple step processes are expensive due
to the PAPS cost and the production capacity remains limited
for a demand in heparin of about 100 tons per year (De Angelis,
2012).

Chitin and chitosan have been extensively studied for their
biotechnological applications and have been subjected to a large
range of modifications to modulate their biological properties,
hence determining their applications (Gomez D’ayala et al,
2008). Removal of acetyl groups (deacetylation) from chitin is
the first of the studied modifications among others including
carboxymethylation, sulfation, acylation (Gomez D’ayala et al.,
2008).

A new alternative to chemical and enzymatic modifications
to obtain targeted polysaccharide chemical structure could also
be the genetic engineering. This will be feasible if more EPS
structures are known together with biosynthetic genetic clus-
ters as well as relationship between structure and bioactivity.
EPS biosynthesis pathway reconstruction is feasible with genome
sequence and functional annotation and it can be engineered to
obtain tailor-made polymers (Schmid et al., 2014). If biosynthe-
sis mechanisms are known, the over-expression or inhibition of

targeted genes may lead to enhanced EPS production. It may
also allow a better insight into protein function as well as the
biosynthesis of tailored molecules with desired features in terms
of molecular weight, osidic structure and functional substituents.
The activity of GT GumK involved into the biosynthesis of xan-
than has been modified by protein engineering; this resulted in a
variation in the xanthan production yield highlighting the possi-
bility to obtain tailor-made xanthan molecules by GT engineering
(Barreras et al., 2008). Attempts to determine genes involved
in the molecular weight control of diutan in Sphingomonas sp.
were not successful (Coleman et al., 2008), suggesting that the
chain length regulation is very complex whatever the biosyn-
thesis mechanism considered (Whitfield, 2010). In Pseudomonas
aeruginosa, the GDP-mannose dehydrogenase has been identified
by over-expression studies as a key regulator protein in alginate
biosynthesis (Tatnell et al., 1994).

On the other hand, genomic data would also allow the identifi-
cation of new enzymatic tools to modify glycopolymers. Enzymes
would become promising biotechnological tools for in vitro syn-
thesis or in vivo biosynthesis engineering. The marine biodiversity
has already shown a great potential in providing new biocatalysts
(Trincone, 2010). Depolymerising enzymes can be used in in vitro
depolymerization process but also as tools to study the chemi-
cal structure. Carbohydrate sulfotransferases and other enzymes
grafting substituents such as acetate, as well as enzymes catalyzing
their removal, may be used in vitro for binding or for elimina-
tion of substituents which are of great importance for the final
bioactivity of the molecule. GTs specificity are difficult to char-
acterize especially when they belong to the polyspecific family 4
or 2 (http://www.cazy.org/). Identifying both the polysaccharide
chemical structure and the genetic cluster for the biosynthe-
sis would allow the knowledge of the GT enzymatic function
in the biosynthetic pathway by genetic knockout. It would also
provide useful directions to determine enzymatic specificity and
characterize the enzymes.

Recombinant production can be envisioned when polysac-
charide biosynthesis cluster is known: it consists in the cloning
of the entire biosynthesis cluster in an appropriate heterol-
ogous host. This is a new strategy developed together with
the expansion of synthetic biology (Winter and Tang, 2012;
Cameron et al.,, 2014; Church et al.,, 2014). Up to now, only
less complex polymers have been studied in recombinant pro-
duction such as hyaluronic acid (Chien and Lee, 2007; Cimini
et al., 2011), chondroitin (Ninomiya et al., 2002) and heparosan
(Roman et al., 2003).

CONCLUDING REMARKS

Natural bioactive molecules attract many interests in the search
for new therapeutic drugs. Marine environment shields a high
diversity of natural products and can be indeed a treasure chest
for industrial and pharmaceutical purposes. Due to their func-
tions in survival and competitiveness of marine bacteria in low
nutrients and adverse environments, the EPS are ubiquitous in
the marine environment.

In addition to various marine origins (animals, seaweeds,
invertebrates), microorganisms provide glycopolymers with orig-
inal chemical structure and promising biological activities. The
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marine biotechnology has not yet reached an economically
significant field but is a promising field for sustaining convenient
macromolecules.

It is also assumed that new isolated bioactive molecules are
also the matter for bioinspired new molecules obtained by synthe-
sis. For this purpose, both the discovery of new natural bioactive
molecules and their structural characterization are still of con-
siderable importance to obtain well characterized molecules with
truly identified mechanism of action. Basic and applied research
efforts in this field require a close collaboration between biologists
and chemists and expertise in marine microbiology, biochem-
istry, biology, chemistry and computational sciences to fulfill
screenings, structural characterization, bioactivity studies and
biosynthesis understanding and metabolic engineering issues.
With the synthetic biology approach, a new era is available for
the polysaccharide production field by simple ways.
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INTRODUCTION
a-Galactosidase (a-D-galactoside galactohydrolase; EC 3.2.1.22)
catalyzes the hydrolysis of terminal a-linked galactose residues
in oligosaccharides and polymeric galactomannans. They have
found a number of useful potential biotechnological and medi-
cal applications. An interesting application of a-galactosidase in
biomedicine is the processing of B-red blood cells for conversion
into universal O-red blood cells (Olsson et al., 2004 ). In medicine,
it plays a crucial role in the treatment of Fabry’s disease (Breunig
etal., 2003) and for overcoming xenorejection for xenotransplan-
tation (Ezzelarab and Cooper, 2005). a-Galactosidases are used
in the food and feed industry to improve the quality of prod-
ucts containing oligosaccharides of raffinose series (Anisha and
Prema, 2008).

a-Galactosidases are wide distributed in marine bacteria,
especially among y-proteobacteria (Ivanova et al., 1998) and
Bacteroidetes (Bakunina et al., 2012), however, an a-galactosidase
isolated from the marine bacterium Pseudoalteromonas sp.
KMM 701 was the first biochemicaly characterized marine o-
galactosidase. It catalyzes the hydrolysis of a-galactose residues
from non-reducing end of B-trisaccharides and is capable for
reducing a serological activity of B-red blood cells at neutral pH.
Furthermore, the a-galactosidase is able to interrupt the adhe-
sion of pathogens to human buccal epithelium (Balabanova et al.,
2010). These properties showed the great therapeutic potential
and opened up broad prospects for application of the enzyme
in medicine. The a-galactosidase gene was isolated (GenBank
DQ530422) and the amino acid sequence was reconstructed

The recombinant a-galactosidase of the marine bacterium (a-PsGal) was synthesized
with the use of the plasmid 40Gal, consisting of plasmid pET40b (+) (Novagen) and
the gene corresponding to the open reading frame of the mature a-galactosidase of
marine bacterium Pseudoalteromonas sp. KMM 701, transformed into the Escherichia coli
Rosetta(DE3) cells. In order to understand the mechanism of action, the stereochemistry
of hydrolysis of 4-nitrophenyl a-D-galactopyranoside (4-NPGP) by a-PsGal was measured
by "H NMR spectroscopy. The kinetics of formation of a- and p-anomer of galactose
showed that a-anomer initially formed and accumulated, and then an appreciable amount
of B-anomer appeared as a result of mutarotation. The data clearly show that the enzymatic
hydrolysis of 4-NPGP proceeds with the retention of anomeric configuration, probably, due
to a double displacement mechanism of reaction.

Keywords: Recombinant retaining a-galactosidase, marine bacterium, "H NMR spectroscopy

(UniProt Q19AXO0). The marine bacterium Pseudoalteromonas
sp. KMM 701 a-galactosidase has been found to belong to
GH36 family in CAZy classification, according to its amino acids
sequence (Balabanova et al., 2010).

The question of stereochemical outcome of enzymatic hydrol-
ysis of glycosides is principal in the understanding of a catalytic
mechanism and in classification of glycoside hydrolases. 'H NMR
spectroscopy is a direct way for determining the stereochemical
configuration of the product anomers.

The paper aims to produce the recombinant a-galactosidase
of marine bacterium Pseudoalteromonas sp. KMM 701 (a-PsGal)
and investigate stereochemistry of the glycoside hydrolysis for
understanding the enzymatic mechanism of action.

MATERIALS AND METHODS

RCOMBINANT «-GALACTOSIDASE CONSTRUCTION

For the a-PsGal gene amplification, Encyclo Taq Polymerase
(Eurogene), genomic DNA of the marine bacterium
Pseudoalteromonas sp. KMM 701 and the gene-specific the
upstream primer, G2-Ncol-for40: 5'-ATTACCATGGATGACG
ACGACAAGGCCGACACTAAATCATTTTATCGATTAGACA-3,
and the downstream primer, G3-Sall-rev40: 5'-ACACGTCGAC
TTACGCTTTGTTGAGCTCAAATATAAGC-3’" were used. The
resultant PCR products were purified with agarose gel (Helicon).
PCR was carried out in automatic amplifier “Eppendorf”
Restriction endonucleases and T4 DNA ligase were purchased
from “Thermo Scientific” The restricted PCR product and
plasmid pET-40b (+) were purified from agarose gel with the use
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of a “Qiagen” column. The recombinant insert of the resultant
plasmid 40Gal was sequenced using the automated PE/ABI 310
DNA sequencer and the PE/ABI-ABI PRISM BigDye Terminator
cycle sequencing Ready Reaction Kit (PE Applied Biosystems).
Preparation of Escherichia coli competent cells and heat shock
transformation were carried out according to the standard
methods (Sambrook et al., 1989).

For  producing o-PsGal of marine  bacterium
Pseudoalteromonas sp. KMM 701 the recombinant plasmid
40Gal was transformed in to the E. coli Rosetta(DE3) cells. The
obtained recombinant cells were grown on LB plate containing
25 pg/mL of kanamycin overnight at 37°C. A single colony was
picked and grown at 200 rpt in 20 mL of LB, with 25 ug/mL of
kanamycin at 37°C for 12h. Overnight culture was transferred
to 1 L of fresh LB with 25 pg/mL of kanamycin. When the cell
density reached an ODggp of 0.6-0.8, 0.2 mM IPTG was added
to induce the expression and the incubation was continued at
16°C up to 12h at 200 rpt. The E. coli Rosetta(DE3) cells were
transformed with the pET-40b (+) plasmid as a control.

RECOMBINANT o-GALACTOSIDASE PURIFICATION

All purification steps were carried out at +6°C. After harvest-
ing, the transgenic E. coli Rosetta (DE3)/40Gal cells were resus-
pended in 200 mL of buffer A (0.01 M NaH,POy, pH 7.7, 0.01%
NaN3) and sonificated by ultrasonic treatment, then centrifuged
at 10,000 g for 30 min. The supernatant was applied to a column
(2.5 x 30cm) of Macro-Prep (BioRad). Elution of the protein
was performed with the use a linear gradient of NaCl con-
centration (0.05-0.3 M) in the buffer A. The enzymatic active
fractions were collected and applied to a column (1 x 2.5cm)
of Ni-NTA agarose (Qiagen). Elution of the protein was carried
out in buffer B (0.01 M NaH,POy, pH 7.7, 0.01% NaN3, 0.04 M
EDTA). The active fractions were collected and desalted with the
use of Bio-Scale™ Mini Macro-Prep® High Q 1 mL cartridge,
then incubated with enterokinase (Invitrogen) at 21°C for 15h
to cleave N-terminal plasmid overhang from the chimeric pro-
tein (32.5kDa). Then, the protein solution is applied to a gel
filtration column (1.5 x 170 cm) of Superdex 200 (Sigma) equili-
brated with the buffer C (0.01 M NaH, POy, pH 7.7, 0.01% NaN3,
0.1 M NaCl). All purification steps were examined by SDS-PAGE.
The concentration of the protein was determined according to
Bredford (1976). The obtained recombinant polypeptide is deter-
mined by the first 10 amino acids on an automatic sequencer
Procise model 492 (Applied Biosystems, USA). All biochemicals
and reagents were from “Thermo scientific” and “Sigma-Aldrich.”

ENZYME ESSAY

Enzyme activity of the a-PsGal was determined with 3.3 mM of
4-NPGP in 50 mM sodium phosphate buffer pH 7.5, at 20°C. One
unit of the a-galactosidase activity was defined as amount of the
enzyme that hydrolyzed 1 pmol of 4-NPGP per min. Total quan-
tity of p-nitrophenol was determined spectrophotometrically at
400 nm (e400 = 18300 M~ cm™1).

MOLECULAR MASS DETERMINATION
The molecular size of the active a-PsGal after treatment of
enterokinase was determined by gel filtration on the column

of Superdex 200 (Sigma) (1.5 x 170cm) in the buffer A at a
flow of 0.16 mL/min at 6°C and calibrated using Bio-Rad stan-
dard molecular weight markers: Thyroglobulin bovine (670 kDa),
y-globulin bovine (158kDa), Ovalbumin chicken (44kDa),
Mioglobin horse (17 kDa), Vitamin Bj; (1.35kDa). The molecu-
lar mass of the enzyme was determined by 12.5 % polyacrylamide
gel electrophoresis (PAGE). The protein preparation was mixed
with Laemmli sample buffer with heat treatment at 95°C, and
then applied to PAGE. The SDS-PAGE gels were stained according
to Laemmli (1970).

TH NMR SPECTRA RECORDING AND ANALYSIS

Determination of the anomeric center configuration of the prod-
uct of the hydrolysis reaction was monitored by 'H NMR spec-
troscopy. The experiment was performed at 20°C with the use of
NMR DRX-500 spectrometer (Bruker, Germany). 'H NMR spec-
tra were acquired over 32,000 data points using a spectral width
5000 Hz.

Prior to analysis by NMR, 0.6 mL 50 mM sodium phosphate
buffer, pH 7.5, and substrate were dried on rotary evapora-
tor and dissolved in 0.6 mL D,O. The deuterium-exchanged o-
PsGal was obtained on vivaspin turbo 10 K MWCO (Sartorius,
Germany). Chemical shifts were measured relative to an exter-
nal standard—acetone (trace) in D,O. CHs—signal acetone
was set to 8 = 2.22 ppm. After recording of the original spec-
trum at T=0min 6.0 mmol of the deuterium-exchanged p-
nitrophenyl galactopyranoside in 0.6 mL of D,0O, 0.1 mL of the
deuterium-exchanged a-PsGal containing 1.14 U was added for
initiation of the reaction. '"H NMR spectra were recorded auto-
matically at intervals of 3 min for 60 min from the start of the
reaction.

'H NMR anomer signals (aH-1) of «-4-NPGP, a-
galactopyranose, and (BH-1) of B-galactopyranose, as well
as proton signals of free 4-nitrophenol ring were analyzed and
integrated by the standard software “TopSpin 3.2” Integral
intensities of signals of each anomer were calculated as a per-
centage of the total integral intensities of all signals of anomers
and were plotted depend on time. The degree of substrate
hydrolysis (4-NPGP) was defined as a percent ratio of the 'H
NMR integral intensities of proton signals of free 4-nitrophenol
ring at 8.109 ppm to proton signals of 4-NPGP at 8.275 ppm and
also was plotted depend on time.

RESULTS

RECOMBINANT o-GALACTOSIDASE PRODUCTION AND
CHARACTERIZATION

The recombinant plasmid 40Gal of 8306 base pairs (bp) for
the synthesis of the recombinant protein a-PsGal consisted
of the Ncol/Sall-fragment of plasmid pET-40b (4) (Novagen)
and the gene of 2130bp corresponding to the open read-
ing frame of the mature a-galactosidase of marine bacterium
Pseudoalteromonas sp. KMM 701 (Figure 1).

The IPTG concentration of 0.2 mM, strain cultivation temper-
ature of 16°C and duration of the cultivation of 12h at 200 rpt
were optimal conditions for the a-PsGal expression. The induced
a-PsGal expression in 1 L culture of E.coli Rosetta(DE3)/40Gal
cells yielded up to 10 mg of the functionally active protein with
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T7 promoter

lac operator Xba | rbs

pET upstream primer #69214-3
ATGCGTCCGGCGTAGAGGATCGAGATCGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGG

DsbC

GAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT,

S-DsbC+Tag primer #70178-3

ATGAAGAAAGGTTTTATGTTGTTTACTTTGTTAGCGGCGTTTTCAGGCTTTGCTCAGGCTGAT
Met Lys Lys Gly Phe Met Leu Phe Thr Leu Leu Ala Ala Phe Ser Gly Phe Ala GIn Ala Asp
signal peptidase

His*Tag Scal Munl

S ETIer my RO
606bp. . .GAATTTCTCGACGAACACCAAAAAATGACCAGCGGTAAAGGATCAACTAGTGGTTCTGGT
202aa Glu Phe Leu Asp Glu His GIn Lys Met Thr Ser Gly Lys Gly Ser Thr Ser Gly Ser Gly

SeTag primer #69945-3
SeTag Nsp V Bglll Kpn |

CATCACCATCACCATCACTCCGCGGGTCTGGTGCCACGCGGTAGTACTGCAATTGGTATGAAAGAA
His His His His His His Ser Ala Gly Leu Val Pro Arg Gly Ser Thr Ala lle Gly Met Lys Glu

thrombin Eag|
Srfl BseR|  Ncol Sall _HindIll__Notl _ Xhol His-Tag
GATGACGACGACAAGAGCCCGGGCTTCTCCTCAACCATGG a-PsGal GTCGACAAGCTTGCGGCCGCACTCGAGCACCACCACCACCACCACCACCACTAA
Asp Asp Asp Asp Lys Ser Pro Gly Phe Ser Ser Thr Met Stop—f Val Asp Lys Leu Ala Ala Ala Leu Glu His His His His His His His His End
enterokinase
Avrll Bpu1102 | T7 terminator

ACCGCTGCTGCTAAATTCGAACGCCAGCACATGGACAGCCCAGATCTGGGTACC
Thr Ala Ala Ala Lys Phe Glu Arg GIn His Met Asp Ser Pro Asp Leu Gly Thr

TTGATTAATACCTAGGCTGCTAAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGA

FIGURE 1 | The nucleotide and amino acid sequences of the «-PsGal expression region.

bbbl bube bbb e
T7 terminator primer #69337-3

AATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG

the specific activity 160 U/mg at the final purification step. a-
PsGal has been found to provide the complete inactivation of
serological activity of B-red blood cells and its conversion into the
O-red blood cells in the same condition as for the native enzyme
(data not shown).

PAGE-SDS showed a single band of the purified recombi-
nant protein with a molecular mass of approximately 80kDa
corresponding to the one subunit of a-PsGal (Figure 2).

The molecular mass of the mature protein determined by
gel filtration was to be 160kDa, suggesting the two-subunit
molecular organization of the active a-PsGal.

TH NMR SPECTRA RECORDING AND ANALYSIS

'H NMR spectra of deuterium-exchanged 4-NPGP and products
of it’s hydrolysis under the action of the recombinant a-PsGal are
shown on Figure 3.

In 'H NMR spectrum 4-NPGP (Figure 3, spectrum 1, formula
of the compound is shown on the right) one signal was a dou-
blet at 5.84 ppm [J(1, 2) = 3.43 Hz| and two groups signals at 8.28
and 7.31 ppm corresponded to aH-1 anomer and 4-nitrophenol
ring protons in 4-NPGP, respectively. Moreover, signals in region
of resonance from 4.13 to 3.96 ppm are observed. These sig-
nals corresponded to H-2, H-3, H-4, H-5, and H-6 protons of
a-galactopyranose in 4-NPGP (Figure 3, spectrum 1).

After addition of the enzyme, the doublet signal was appeared
at 5.26 ppm [J(1, 2) = 3.8 Hz] during the first 3 min (Figure 3,
spectrum 2, reaction equation is shown on the right). The dou-
blet was identical in chemical shift to the aH-1 resonance of free
a-D-galactopyranose (Angyal and Pickles, 1972). Signals arising
at 8.11 and 6.68 ppm related to protons of free 4-nitrophenol
formed through the reaction. Decrease in the amplitude of
signals at 8.28 and 7.31 ppm indicates disappearance the sub-
strate. A doublet signal at 4.57 ppm [J(1, 2) = 7.8 Hz], which was
identical in chemical shift to the H-1 resonance of free p-D-
galactopyranose (BH-1) (Angyal and Pickles, 1972), appeared
after 10min of the reaction in accordance with the time of
spontaneous mutarotation (Figure 3, spectrum 4). Signals of
protons H-2, H-3, H-4, H-5, and H-6 of free a- and p-D-
galactopyranose occurred at 3.40-4.20 ppm, minor signals at

kDa
150

100
N —— e 75

50

37

25

FIGURE 2 | Results of 12.5% SDS-PAGE electrophoresis. Line 1: Cell
extract of E. coli Rosetta(DE3)/40Gal; Line 2: a-PsGal after final purification
step; Line 3: MW-standards. Filled arrow indicates the band corresponding
to the chimeric protein with DsbC overhang (112.5 kDa); empty arrow
indicates the band corresponding to the mature protein after enterokinase
treatment (80 kDa).

5.21ppm [J(1, 2) = 3.30] rising at late time of reaction cor-
responded to B-D-galactofuranose (Angyal and Pickles, 1972)
(Figure 3, spectra 4 and 5, equation of equilibrium of D-galactose
is shown on the right Zhu et al., 2001). Signals in the anomeric
region, which could indicate the emergence of new products of
the reaction or formation of O-glycosidic bond in the spectra
were not found.
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FIGURE 3 | "H NMR analysis of the stereo selectivity for the
recombinant o-PsGal catalyzed reaction. One-dimensional 'H NMR
spectra of the deuterium-exchanged 4-NPGP prior to enzyme addition, at

© = 0min (spectrum 1), at T = 3min (spectrum 2); at T = 6 min (spectrum 3);
at T = 24 min (spectrum 4); at T = 60 min (spectrum 5) after initiation of the
reaction. (in 50 mM sodium phosphate buffer pH 75, at 20°C, D, 0).

% Total anomeric signal

Reaction time, min

FIGURE 4 | TH NMR Monitoring of reaction of «-4-NPGP hydrolysis
catalyzed by o-PsGal in 50 mM sodium phosphate buffer pH 7.5, at
20°C, D20. Experimental time-dependent changes in integral intensity of
anomer signals. Curve 1: aH-1 of reaction product of galatopyranose at
5.26 ppm; Curve 2: aH-1 of 4-NPGP at 5.84 ppm; Curve 3: pH-1
mutarotation product of a-galatopyranose at 4.57 ppm; Curve 4: shows the
change in the degree of hydrolysis of the substrate vs. time.

NMR spectroscopic monitoring of the hydrolysis of 4-NPGP
by a-PsGal is shown on Figure 4.

Signal at 5.26 ppm the a-D-galactopyranose aH-1 appeared at
the first minutes after the addition of a-PsGal (Figure 4, curve
1). Disappearance of doublet at 5.84 ppm of aH-1 of 4-NPGP
(Figure 4, curve 2) simultaneously with appearance of the sig-
nal at 5.26 ppm of aH-1 of a-D-galactopyranose increasing in

intensity (Figure 4, curve 1) were observed within next 30 min.
On curve of the time-dependent changes in signal amplitude
of BH-1 at 4.57 ppm lag-period were observed during 9 min
(Figure 4, curve 3), when degree of the substrate hydrolysis
reached up to ~30% (Figure4, curve 4). After 33 min, the
degree of substrate hydrolysis reached up to 98-100% (Figure 4,
curve 4). After 60 min, the ratio of integral intensities of «H-1 and
BH-1 signal was 40:60. Typical equilibrium ratio 31:69 between
aH-1 and BH-1 D-galactopyranose anomers (Angyal and Pickles,
1972; Zhu et al., 2001) was formed for 180 min from the start of
the reaction in experimental conditions pH 7.5 and 20°C.

DISCUSSION

Marine bacteria have been found to be a good source for a-
galatosidases, which are stable at low temperatures and hence find
use in medical and food industry applications. These enzymes
appear to be also distinct from their terrestrial counterparts in
substrate preference and catalytic efficiency. The first example
was the enzyme from the marine bacterium Pseudoalteromonas
sp. KMM 701 that displayed a good stability at low temperatures
(20°C for 24 h) and neutral pH (pH 6.7-7.7) and was 4-fold more
efficient than the a-galactosidase from green coffee beans for the
B-red blood cells conversion into O-red blood cells (Bakunina
etal., 1998). Furthermore, a single cold-active a-galactosidase iso-
lated from the Antarctic Bacillus sp. LX-1 was reported to be a
promising biocatalyst for soybean processing in the food and feed
industry (Lee et al., 2012).

Here, we have firstly developed a method for the production of
the completely soluble highly active recombinant a-galactosidase
of the psychrotrophic marine bacterium Pseudoalteromonas sp.
KMM 701 (a-PsGal) in E. coli. The use of E. coli signal peptide
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included in the expression plasmid pET40b(+) resulted in
overproduction of a-PsGal. It should be noted that the step of
the hybrid protein 6xHis-Dsb-a-PsGal incubation with enteroki-
nase could be optionally due to the absence of any effect
of 32.5kDa plasmid fusion protein including N-terminal His-
tag on the a-PsGal activity (Figures1, 2 plasmid scheme and
electrophoregram, respectively).

The configuration of the anomeric center of galactose, which
was a reaction product of the of 4-NPGP hydrolysed of by
a-PsGal, was monitored by 'H NMR spectroscopy. Upon occur-
rence of signals of anomeric protons at the initial time of reac-
tion one can be appreciate stereochemical configuration of the
anomeric center of the formed product. In 'H NMR spectra of
the initial time of the reaction the resonance of the a-anomeric
center of galactose is clearly observed (Figure 3). B-Anomeric
as a result of galactose mutarotation appeared only after 10 min
from the beginning of hydrolysis reaction of 4-NPGP under the
action of a-PsGal (Figure 4). Mutarotation proceeded until the
anomer ratio of 40% a- and 60% p-galactopyranose was estab-
lished after 60 min, when the reaction was stopped (Figure 4).
These observations indicate that the primary product must be a-
D-galactopyranose, and the enzyme acts on a mechanism leading
to retaining of the anomer configuration of the substrate. Based
on these data, we conclude that a-PsGal catalyzes the hydroly-
sis of glycosidic bound with double displacement mechanism.
This mechanism involves two catalytic residues; one responsi-
ble for the protonation of the glycosidic oxygen, and the other
for stabilization of a carbocationic intermediate. The glycosyl-
enzyme intermediate is decomposed by the transfer of a gly-
cosyl moiety to an acceptor molecule, which is in the case of
hydrolysis a molecule of water (Sinnott, 1990). The absence of
signals corresponding to the anomeric protons involved in the
formation of O-glycosidic bonds indicates the lack of transg-
lycosylation in the conditions of this experiment. It is known
that initiation of transglycosylation reaction of galactosidases
requires high concentrations of substrates (donors and accep-
tors) and enzymes, low temperatures and the presence of special
solvents (Matsuo et al., 1997; Nieder et al., 2003; Goulas et al.,
2009).

Considering the postulation that glycoside hydrolases grouped
into the same family shared a common catalytic mechanism
(Henrissat and Bairoch, 1993, 1996), all enzymes of GH36 fam-
ily are retaining glycoside hydrolases. At first the technique of
'"H NMR experiments was applied for investigation of GH36
enzyme reaction stereochemistry of a-galactosidase from ther-
mopile bacterium Thermotoga maritima (Comfort et al., 2007). It
was unequivocally shown, that a-galactosidase from T. maritima
was a retaining glycoside hydrolase. However, this thermophile
enzyme has low identity (19.1%) of amino acids sequence
with psychrophillic marine Pseudoalteromonas sp. KMM 701
(Balabanova et al., 2006). The related catalytic mechanism was
shown for GH27 a-galactosidases from Streptomyces griseoalbus
(Anisha et al., 2011), fungus Thermomyces lanuginosus (Puchart
et al., 2000), Phanerochaete chrysosporium (Brumer et al., 1999),
Trichoderma reesei (Shabalin et al., 2002). Catalytic mecha-
nism of human a-galactosidase was also studied with 'H NMR
experiments (Guce et al., 2010).

'"H NMR experiments were successfully applied for direct
detecting of catalytic mechanism of novel inverting GH110 fam-
ily a-galactosidase from Bacteroides fragilis (Liu et al., 2008), as
well as for detecting a retaining and inverting properties of GH97
a-galactosidase and a-glucosidase from Bacteroides thetaiotaomi-
cron (Gloster et al., 2008).

CONCLUSION

For the first time the completely soluble and functional recom-
binant cold-active a-galactosidase a-PsGal of marine bacterium
was successfully produced in E. coli with a high level of yield and
specific activity. Based on the results of 'H NMR experiments, it
was demonstrated that o-PsGal catalyzes the hydrolysis of sub-
strate with retaining of the anomeric configuration. It is evident
that the marine a-galactosidase catalyzes the substrate hydroly-
ses with double displacement mechanism as all classical glycoside
hydrolases of GH36 family of clan-D GH (Comfort et al., 2007;
Cantarel et al., 2009).
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The usual definition of smell and taste as distance and contact forms of chemoreception,
respectively, has resulted in the belief that, during the shift from aquatic to terrestrial life,
odorant receptors (ORs) were selected mainly to recognize airborne hydrophobic ligands,
instead of the hydrophilic molecules involved in marine remote-sensing. This post-adaptive
evolutionary scenario, however, neglects the fact that marine organisms 1) produce and
detect a wide range of small hydrophobic and volatile molecules, especially terpenoids,
and 2) contain genes coding for ORs that are able to bind those compounds. These
apparent anomalies can be resolved by adopting an alternative, pre-adaptive scenario.
Before becoming airborne on land, small molecules, almost insoluble in water, already
played a key role in agquatic communication, but acting in “contact” forms of olfaction that
did not require major molecular innovations to become effective at a distance in air. Rather,
when air was “invaded” by volatile marine terpenoids, an expansion of the spatial range
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e-mail: emollo@icb.cnr.it

of olfaction was an incidental consequence rather than an adaptation.

Keywords: marine natural products, terpenoids, olfaction, gustation, volatility, solubility, odorant receptors, GPCRs

Olfaction (the sense of smell) is generally defined as the ability
of terrestrial organisms to detect volatile molecules coming from
a distance in the air, whereas in aquatic habitats waterborne sig-
naling is considered the counterpart of airborne signaling. This
definition is based on criteria that are “spatial” (the distance
between the emitter and the receiver of the signal) rather than
“molecular” (interactions between ligands and receptors). The
different criteria, however, are not in conflict with each other
when only organisms living in the aerial medium are consid-
ered. It is widely accepted that the first step in odor perception
takes place when odorant airborne molecules—generally com-
pounds with a molecular weight (MW) smaller than ~300 Da
(Mori et al., 2006; Touhara and Vosshall, 2009)—are transported
by air, and finally bind to specific sites on odorant receptors (ORs)
expressed in olfactory sensory neurons that transmit signals to
the brain (Buck, 2000). Difficulties with the above definition of
olfaction based on signal range emerge, however, when consider-
ing aquatic environments, where solubility, instead of volatility,
is the crucial necessary condition for the long-distance trans-
port of biomolecules. Many marine organisms, in fact, have a
strong smell but only if they are taken out of the water, because
their odorant molecules are hydrophobic and therefore cannot
be effective in any form of remote sensing based on diffusion
in water. They are mainly small representatives of the largest
class of natural products, the terpenoids (isoprenoids), which are
widespread both in marine and terrestrial organisms. Although
it may seem curious, these marine metabolites (Figure 1, yellow

spots) should be included in the group of biogenic volatile organic
compounds (BVOCs) acting as mediators of growth, develop-
ment, reproduction and, especially, defense, of many land plants
and animals. Remarkably, some of the volatile terpenoids that
have been found in marine sponges and nudibranchs (e.g., the
odorant furanosesquiterpenes longifolin and dendrolasin) have
also been found in terrestrial plants and insects (Pietra, 1995).
As a further example, but with a special interest in pharma-
cology, the strong-smelling liposoluble terpenoid furanodiene
showing important pharmacological properties, including anti-
cancer activity (Dolara et al., 1996; Ba et al., 2009; Zhong et al.,
2012a,b,c; Buccioni et al.,, 2014; Xu et al., 2014), is a compo-
nent of both terrestrial plants and marine benthic invertebrates
(Bowden et al., 1980; McPhail et al.,, 2001; Gavagnin et al,,
2003). Therefore, given that olfaction (the sense of smell) is gen-
erally regarded as a distance sense, while gustation (the sense
of taste) is a contact sense (Smith, 2008), exactly the same
volatile molecules, almost insoluble in water, would be consid-
ered at the same time as being smelled on land, and tasted by
contact at sea. Strangely enough, it has been emphasized that
the “gustatory” perceptions of terrestrial tetrapod vertebrates,
and the “olfactory” perceptions of fish provided with a sense
of smell, are both mediated by stimulating molecules in solu-
tion (Smith, 2008). The above incongruities are certainly among
the main reasons why evolutionary biologists have not yet been
able to write a satisfactory historical narrative on chemorecep-
tion, which should consistently relate sequences of contingent
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FIGURE 1 | Schematic distribution of airborne/hydrophobic (yellow spots) and non-volatile/waterborne (blue spots) biomolecules in terrestrial and
marine environments. The box summarizes the range of the chemical senses in the different environments, when mediated by the above chemical cues.

historical events to laws of nature (Ghiselin, 1997; Cimino and
Ghiselin, 2001).

Particularly unpersuasive is the current representation of what
happened during the conquest of the land by aquatic organisms.
It has been proposed that a successful transition to terrestrial life
should have raised dramatically new demands on the chemosen-
sory system, due to the fact that the olfactory stimuli changed
from hydrophilic to mainly hydrophobic and airborne molecules
(Kréng et al., 2012; Tuchina et al., 2014). On the other hand, the
traditional notion that olfaction is a “distance sense” led many
authors to believe that under water the sense of smell is medi-
ated almost exclusively by waterborne signaling molecules (Ache
and Young, 2005; Eisthen and Polese, 2006; Smith, 2008; Shi
and Zhang, 2009; Bronmark and Hansson, 2012; Krang et al.,
2012; Tuchina et al., 2014). Accordingly, we should consider odor-
ants to be those compounds that are easily dissolved in water.
This would certainly embrace dissolved gasses, peptides, proteins,
and functionalized hydrocarbons, which are known to function
as chemical signals within pelagic interactions (Pohnert et al.,
2007), including the non-volatile highly water soluble osmolyte
dimethylsulfoniopropionate (DMSP), the volatile and hydropho-
bic enzymatic breakdown product of which, dimethyl sulfide
(DMS), is emitted to the atmosphere and provides a forag-
ing cue for seabirds (Savoca and Nevitt, 2014). Even though
the structural differences between DMSP and DMS suggest that
they are detected by different receptors, both compounds are
evidently involved in long-range forms of chemical communica-
tion, pertaining, by definition, to olfaction. However, one would
ask what is the actual meaning of olfactory waterborne remote-
signaling (Figure 1, blue spots) in the majority of sessile marine
benthic organisms, such as sponges and soft corals. Their interac-
tions with predators or conspecifics occur, in fact, at extremely
close range, and are often mediated by lipophilic compounds.
Moreover, the chemoreception of chemical signals is evidently
the main system for navigation in slow-moving animals such as

nudibranch gastropods. According to the current view, there-
fore, the tactile detection of lipophilic odorants by nudibranchs
is “taste,” even when the chemical signals are exactly the same as
those “smelled” by land animals.

Biased interpretations of related results in molecular genet-
ics do not help to shed light on the issue. To overcome a sort
of molecular “impasse” in chemoreception, it has been proposed
that OR genes found in marine organisms encode ORs that detect
water-soluble odorants (Niimura and Nei, 2005; Niimura, 2012).
Therefore, in spite of our very limited knowledge of the actual
specificity of ORs for ligands, subjective categories in molecular
genetics have been built up to integrate the phyletic distribution
of chemosensory genes, especially in marine organisms, with the
traditional definition of the chemical senses based on the dis-
tance between the emitter and the detector. Different classes of
receptors have been thus hypothesized on the basis of the type
of odorous ligands supposedly recognized in the different envi-
ronments, class I for water soluble, class II for airborne odorants.
Moreover, OR genes in teleost fishes and tetrapods have been
classified in the seven groups a-m, of which groups o and v,
on the basis of their common occurrence in terrestrial animals,
have been assumed to detect airborne odorants (Niimura, 2012).
Accordingly, the unexpected presence of o and y genes in the
coelacanth fish Latimeria chalumnae, whose genome was recently
sequenced (Amemiya et al.,, 2013), has been explained by the
hypothesis that an ancestral coelacanth lineage once inhabited
shallow water and then returned to greater depths (Nikaido et al.,
2013). But, how could this hypothesis be reasonably extended to
explain the finding of an intact functional y OR gene in zebrafish
too (Niimura and Nei, 2005; Picone et al., 2014), for which an
“aerial past” has not yet been suggested? However, even leaving
aside the evident contradictions originating from the application
of this kind of conjecture to totally aquatic species, once again, it
would seem, they are evidently based on the unfounded assump-
tion that aquatic fishes can only sense waterborne chemicals
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by olfaction, whereas terrestrial vertebrates mainly sense volatile
airborne chemicals. This is a patently obvious error, given the
implausible “sudden” appearance, during the conquest of land
by aquatic organisms, of both the volatile compounds, and the
extremely complex chemoreceptorial machinery able to bind and
decode such chemical signals (Nara et al., 2011). What we have
here would seem to be tradition masquerading as facts, and
anomaly being explained away by ad hoc hypotheses.

ORs are G protein coupled receptors (GPCRs) belonging to
the rhodopsin-like gene family, the first representatives of which
seem to have appeared between 800 and 580 million years ago,
being present in marine cnidarians, placozoans, and sponges
(Rompler et al., 2007; Srivastava et al., 2008, 2010; Churcher
and Taylor, 2010). In particular, the antiquity of ORs is clear
from the presence of their orthologs both in the cnidarian
Nematostella vectensis, and in the cephalochordate Branchiostoma
floridae (Churcher and Taylor, 2009, 2010). This demonstrates
that ORs evolved at least 550 million years ago in marine inver-
tebrates. On the other hand, marine natural product chemists
have found massive evidence of marine organisms communi-
cating by liposoluble secondary metabolites, most of which play
critical ecological roles (Cimino and Ghiselin, 2001, 2009; Mollo
et al.,, 2008). In particular, marine animals that are unable to
escape predators by rapid locomotion provide some of the best
documented examples of defensive strategies based on the use of
allomones. Nonpolar terpenoids are commonly released on the
body surface of these animals or in their tracks, but can also be
accumulated in sacrificial parts of the body, to be locally detected
by predators at extremely high concentrations (Carbone et al.,
2013). Remarkably, considerable structural variability among the
protective compounds, which include both polar and nonpo-
lar metabolites, suggests that solubility in water did not play
a critical role in the evolution of chemical defense in marine
invertebrates (Pawlik, 2012). Marine liposoluble terpenoids have
also been studied for their ability to indicate a food source for
the receiver (kairomones), stimulating feeding once prey have
been contacted (Hay, 2009), while volatile terpenes have been
also found to act as gamete attractants (pheromones) in brown
algae and cnidarians (Jaenicke and Boland, 1982; Coll et al,
1995). Notably, the subset with MW <300 Da of water-insoluble
molecules that enable many marine benthic invertebrates to repel
predators, and reproduce successfully, also impart a characteris-
tic smell to those organisms when exposed to air. According to
the current view, however, the aquatic detection of those small
molecules, which are both odorants on land and insoluble in
water, should be called “gustation,” a sense requiring physical
contact with the emitter (Smith, 2008). But, given the premise
on the nature of the odorant molecules and their macromolec-
ular counterparts, this argument doesn’t make sense; actually it
is a non sequitur. That the molecules in question must be in
contact with the receptors is true of both olfaction and gus-
tation. Volatile terpenoids, however, are among the odorants
recognized by ORs on land. How can we accept, then, the idea
that both those ligands and the related ligand-receptor complexes
lose their sensorial specificity just by moving to the sea? This
is unacceptable, unless one changes the name of the receptors
when they operate underwater. We should, instead, consider that

there is no “action at a distance” in the specific ligand-receptor
recognition step.

But there are other arguments against the traditional defini-
tion of the chemical senses. Solubility and volatility are affected
by local physico-chemical parameters. Thus changes in the local
conditions could switch the perception of the same chemical
message from “gustative” to “olfactive,” and vice versa. In addi-
tion, lipophilic compounds can move long distances in water in
the form of micellae, much as nonvolatile compounds can be
transported in the atmosphere in the form of aerosol particles.

Overall, we have logical reasons to believe that the persis-
tent habit of giving priority to the detection of distant objects
in defining the sense of smell in different environments is not
really consistent with the recent discovery of the molecular basis
for odor recognition (Buck and Axel, 1991), especially for its evo-
lutionary implications. In fact, it would have required an abrupt,
extensive and concerted change in the complex patterns of affin-
ity of the ORs for ligands during the transition from water to
land, something that would be highly unlikely given the highly
combinatorial character of the molecular mechanisms of olfac-
tion (Nara et al., 2011). Moreover, it generates a contradiction
in terms, which, not being merely a semantic problem seems to
invoke a simplistic unifying theory for chemoreception where
taste and smell lose their distinctive features. In this report we
propose, instead, a new perspective aiming at a radical solution
to this problem, at the same time preserving the usual taste-smell
dichotomy.

From our perspective, the transition from aquatic, to semi-
aquatic, and terrestrial olfaction certainly required physiological
and anatomical adaptations in the chemosensory systems, but did
not result in dramatic changes in the complex patterns of affin-
ity of the ORs for ligands. Thus, by assigning a central role to
both ligands and receptors involved in this process, and given
the evident “molecular continuity” of terpenoid ligands across
the transition from aquatic to terrestrial life, we reinterpret the
aquatic detection of volatile compounds as the ancient precur-
sor of terrestrial olfaction. Low-solubility in water and volatility
in air, common features of the odorant terpenoids, determine
opposite communication ranges in the two media, the former
enhancing efficacy of short-range or contact communication in
water by preventing, or strongly limiting, the dilution of the sig-
nal in the medium, the latter allowing long-range communication
by dispersion of the signal in air (Figure 1). However, the kinds of
messages are preserved in both environments, thus making the
present perspective sound from an evolutionary point of view.
Within this framework, many other important changes observed
in the anatomical features of chemosensory organs of terrestrial
animals, and in the cellular, sub-cellular, and molecular mecha-
nisms that mediate sensing and processing of chemical stimuli,
have to be rather considered post-adaptive phenomena. They
have allowed the detection of odorants at astonishingly low con-
centrations in air, where the chemical signal is extremely diluted
and covers long distances, and, together with other neurophysi-
ological and anatomical adaptations, the correct spatial and tem-
poral resolution of the signals. Examples of these adaptations pos-
sibly include the enormous increase of the number of OR genes in
the terrestrial tetrapods, relative to marine fish (Niimura, 2012),
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and the appearance of odorant receptor-coreceptor complexes in
insects exhibiting different signal transduction mechanisms, in
which G-proteins are only partially or not at all involved (Sato
et al., 2008; Wicher et al., 2008).

Unlike that based on signal range, our interpretation of
chemoreception can be extended even to very peculiar forms of
chemical communication. For instance, at the interface of the
aquatic and aerial environments, some marine insects can com-
municate by detecting pheromones that, being partly hydropho-
bic and partly hydrophilic, are neither airborne nor waterborne
and can disperse in two dimensions on the sea surface, allowing
mate location (Tsoukatou et al., 2001). In this case discrimina-
tion between smell and taste based of the signal spatial range
would certainly be confusing without considering specific molec-
ular interactions of the ligands with chemosensory receptors.
This latter approach, however, calls for a rigorous classifica-
tion of the chemoreceptors and their ligands fully based on
molecular and genetic criteria, which will require a better knowl-
edge of both genomes, and interaction patterns. Such studies
are certainly desirable both for a better understanding of all
forms of chemoreception, and to shed more light on the related

anatomical, functional, and physiological adaptations. There can
be no doubt, however, that the transition from an aquatic to
terrestrial life did not involve dramatic changes in the chemore-
ception systems, even in those involved in both the perception
by contact of non-volatile lipophilic compounds (e.g., terpenoids
with MW >300 Da), and the detection at a distance of odorants
that are both volatile and waterborne (e.g., amines). In these cases
both receptors, and their range, have evidently been conserved.
The fact nonetheless remains that the shift from a contact (at sea)
to a remote (on land) form of olfaction is logically sound for the
detection of the most abundant group of BVOCs (Blanch et al,,
2009), namely the small terpenoids detected by ORs.

These considerations also suggest that we ought to recon-
sider what we call “smell” and “taste” in marine environments,
where species live immersed in water, and distance chemorecep-
tion of hydrophilic substances is a straightforward matter. Thus,
based on molecular criteria, what is currently called “aquatic
olfaction” of waterborne molecules should be reasonably consid-
ered the real aquatic sense of taste, exploiting molecular mecha-
nisms similar to those involved in terrestrial gustatory perception,
where “the stimulating molecules have to be in solution and in

G. Villani.

FIGURE 2 | Rhinophores (r) and oral tentacles (ot) in the nudibranchs Felimare picta (A,B), and Godiva quadricolor (C,D). Photos are courtesy of
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contact with the receptor” (Smith, 2008). The rationale is com-
pelling given that neither sugars nor glutamate, for instance,
may be regarded as olfactory molecules by the mere fact that
they can be perceived in their dissolved form in water, know-
ing, inter alia, that the existence of sweet and umami taste
receptors (TRs) specifically binding the mentioned class of com-
pounds is already supported by sufficiently strong evidence. Thus,
the variety of aquatic “noses,” defined as the organs that anal-
yse odors in the external fluid medium (Atema, 2012), could
be reasonably reinterpreted as aquatic “tongues.” As a striking
example, the nudibranchs’ “rhinophores” (the name of which
means nose-bearing) that protrude into the water above the
dorsal surface, could be accordingly renamed as “glossophores”
(tongue-bearing). Conversely the nudibranchs’ “oral tentacles”
constantly touching the substrate and sensing liposoluble odorant
molecules, could be regarded as the true aquatic noses (Figure 2).
Similarly, the mouthpart chemosensors of crustaceans, which
are used to assess food palatability (Derby and Sorensen, 2008),
must be able to detect the insoluble odorant molecules too.
Furthermore, although fish “nostrils” that have no connection
with the mouth are used to detect waterborne molecules, many
fish repeatedly take food into their oral cavity and then reject
it, before swallowing or refusing it. According to our perspec-
tive, this behavior is due to the crucial need for “smelling”
by contact substances that cannot be perceived at a distance.
Otherwise, how could those aquatic predators avoid getting poi-
soned by the small liposoluble molecules contained by many
benthic organisms? How can the producer organism defend
itself?

In summary, our perspective rejects the widespread miscon-
ception that the aquatic sense of smell can be mediated only by
waterborne signaling molecules. In fact, ORs-mediated aquatic
chemoreception of biomolecules that combine high volatility in
air and insolubility (or very low solubility) occurs, either by
direct contact with the emitter, or by short-range sensing traces
adherent to the substrate. On the other hand, reception of water-
borne but non volatile compounds responsible for salty, sweet,
bitter, sour, and umami taste perceptions, are mediated by typi-
cal TRs both at sea and on land. Thus, for signals of this kind, a
“reversal of senses” in their spatial range occurs in the different
environments (Figure 1).

According to this synchronic view, the terrestrial sense of
smell thus derives, to a major extent, from the ORs-mediated
ability of aquatic organisms to detect small hydrophobic
molecules by contact, but with the expansion of its spatial
range on land. Overall, our perspective suggests that dur-
ing the transition from aquatic to terrestrial life, when the
intrinsic “airborne” character of pre-existing water insolu-
ble molecules appeared with their first exposure to air, the
pre-existing aquatic ORs acting in contact-communication
had a pre-adaptive value, predisposing the lineage to evolve
remote forms of communication and all subsequent phys-
iological, behavioral and anatomical adaptations that allow
extant land plants to reduce herbivory, flowers to attract pol-
linators, female insects to attract the males, and humans
to exploit a large variety of flavorings, drugs, poisons and
perfumes.
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The authors corrected structures of com-
pounds in Figures 2, 4, 6, and 9.

1. The structures of compounds (3, 4, 5,
6, 10, 15, 20, and 21) are corrected.

2. Compounds 17 and 18 (in Figure
7) are same as compounds 20 and 21 (in
Figure9).
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FIGURE 2 | The structures of 3, 4, 5 and 6 are corrected.
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FIGURE 6 | The structure of 15 is corrected.
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INTRODUCTION

The requirement of energy for the mankind is increasing day by
day. The major source of energy is based on fossil fuels only. Thus,
the scarcity of fossil fuels, rising price of petroleum based fuels,
energy protection, and increased global warming resulted in focus-
ing on renewable energy sources such as solar, wind, hydro, tidal,
and biomass worldwide (Goldemberg and Guardabassi, 2009;
Dragone et al., 2010; Rajkumar et al., 2014).

Different biomass from various sources like agricultural,
forestry, and aquatic have been taken into consideration as the
feedstocks for the production of several biofuels such as biodiesel
(Boyce et al., 2008; Yanqun et al., 2008), bioethanol (Behera et al.,
2014), biohydrogen (Marques et al., 2011), bio-oil (Shuping et al.,
2010), and biogas (Hughes et al., 2012; Singh et al., 2014). How-
ever, the environmental impact raised from burning of fuels has
a great impact on carbon cycle (carbon balance), which is related
to the combustion of fossil fuels. Besides, exhaustion of different
existing biomass without appropriate compensation resulted in
huge biomass scarcity, emerging environmental problems such as
deforestation and loss of biodiversity (Goldemberg, 2007; Li et al.,
2008; Saqib et al., 2013).

Recently, researchers and entrepreneurs have focused their
interest, especially on the algal biomass as the alternative feed-
stock for the production of biofuels. Moreover, algal biomass
has no competition with agricultural food and feed produc-
tion (Demirbas, 2007). The photosynthetic microorganisms like
microalgae require mainly light, carbon dioxide, and some nutri-
ents (nitrogen, phosphorus, and potassium) for its growth, and
to produce large amount of lipids and carbohydrates, which can
be further processed into different biofuels and other valuable co-
products (Brennan and Owende, 2010; Nigam and Singh, 2011).

An initiative has been taken to develop different solid, liquid, and gaseous biofuels as the
alternative energy resources. The current research and technology based on the third gen-
eration biofuels derived from algal biomass have been considered as the best alternative
bioresource that avoids the disadvantages of first and second generation biofuels. Algal
biomass has been investigated for the implementation of economic conversion processes
producing different biofuels such as biodiesel, bioethanol, biogas, biohydrogen, and other
valuable co-products. In the present review, the recent findings and advance developments
in algal biomass for improved biofuel production have been explored. This review discusses
about the importance of the algal cell contents, various strategies for product formation
through various conversion technologies, and its future scope as an energy security.

Keywords: algae, microalgae, biofuels, bioethanol, biogas, biodiesel, biohydrogen

Interestingly, the low content of hemicelluloses and about zero
content of lignin in algal biomass results in an increased hydrol-
ysis and/or fermentation efficiency (Saqib et al., 2013). Other
than biofuels, algae have applications in human nutrition, animal
feed, pollution control, biofertilizer, and waste water treatment
(Thomas, 2002; Tamer et al., 2006; Crutzen et al., 2007; Hsueh
et al., 2007; Choi et al., 2012). Therefore, the aim of the current
review is to explore the scope of algae for the production of dif-
ferent biofuels and evaluation of its potential as an alternative
feedstock.

ALGAE: SOURCE OF BIOFUELS

Generally, algae are a diverse group of prokaryotic and eukary-
otic organisms ranging from unicellular genera such as Chlorella
and diatoms to multicellular forms such as the giant kelp, a large
brown alga that may grow up to 50 m in length (Li et al., 2008).
Algae can either be autotrophic or heterotrophic. The autotrophic
algae require only inorganic compounds such as CO,, salts, and
a light energy source for their growth, while the heterotrophs are
non-photosynthetic, which require an external source of organic
compounds as well as nutrients as energy sources (Brennan and
Owende, 2010). Microalgae are very small in sizes usually mea-
sured in micrometers, which normally grow in water bodies or
ponds. Microalgae contain more lipids than macroalgae and have
the faster growth in nature (Lee et al., 2014a). There are about more
than 50,000 microalgal species out of which only about 30,000
species have been taken for the research study (Surendhiran and
Vijay, 2012; Richmond and Qiang, 2013; Rajkumar et al., 2014).
The short harvesting cycle of algae is the key advantage for its
importance, which is better than other conventional crops having
harvesting cycle of once or twice in a year (Chisti, 2007; Schenk
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et al., 2008). Therefore, the main focus has been carried out on
algal biomass for its application in biofuel area.

There are several advantages of algal biomass for biofuels pro-
duction: (a) ability to grow throughout the year, therefore, algal oil
productivity is higher in comparison to the conventional oil seed
crops; (b) higher tolerance to high carbon dioxide content; (c)
the consumption rate of water is very less in algae cultivation; (d)
no requirement of herbicides or pesticides in algal cultivation; (e)
the growth potential of algal species is very high in comparison to
others; (f) different sources of wastewater containing nutrients like
nitrogen and phosphorus can be utilized for algal cultivation apart
from providing any additional nutrient; and (g) the ability to grow
under harsh conditions like saline, brackish water, coastal seawa-
ter, which does not affect any conventional agriculture (Spolaore
et al., 2006; Dismukes et al., 2008; Dragone et al., 2010). However,
there are several disadvantages of algal biomass as feedstock such
as the higher cultivation cost as compared to conventional crops.
Similarly, harvesting of algae require high energy input, which
is approximately about 20-30% of the total cost of production.
Several techniques such as centrifugation, flocculation, floatation,
sedimentation, and filtration are usually used for harvesting and
concentrating the algal biomass (Demirbas, 2010; Ho et al., 2011).

The algae can be converted into various types of renewable
biofuels including bioethanol, biodiesel, biogas, photobiologically

produced biohydrogen, and further processing for bio-oil and syn-
gas production through liquefaction and gasification, respectively
(Kraan, 2013). The conversion technologies for utilizing algal bio-
mass to energy sources can be categorized into three different ways,
i.e., biochemical, chemical, and thermochemical conversion and
make an algal biorefinery, which has been depicted in Figure 1.
The biofuel products derived from algal biomass using these con-
version routes have been explored in detail in the subsequent
sections.

BIODIESEL PRODUCTION

Biodiesel is a mixture of monoalkyl esters of long chain fatty
acids [fatty acid methyl esters (FAME)], which can be obtained
from different renewable lipid feedstocks and biomass. It can
be directly used in different diesel engines (Clark and Deswarte,
2008; Demirbas, 2009). Studies to explore the microalgae as feed-
stock for the production of liquid fuels had been started for
the mid-1980s. In order to solve the energy crisis, the extrac-
tion of lipids from diatoms was attempted by some German
scientists during the period of World War-II (Cohen et al,
1995). The higher oil yield in algal biomass as compared to oil
seed crops makes the possibility to convert into the biodiesel
economically using different technologies. A comparative study
between algal biomass and terrestrial plants for the production
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FIGURE 1 | Algal biomass conversion process for biofuel production.
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of biodiesel has been depicted in Table 1. The oil productivity
(mass of oil produced per unit volume of the microalgal broth
per day) depends on the algal growth rate and the biomass con-
tent of the species. The species of microalgae such as Kirchneriella
lunaris, Ankistrodesmus fusiformis, Chlamydocapsa bacillus, and
Ankistrodesmus falcatus with high levels of polyunsaturated FAME
are generally preferred for the production of biodiesel (Nasci-
mento et al., 2013). They commonly multiply their biomass with
doubling time of 24h during exponential growth. Oil content
of microalgae is generally found to be very high, which exceed
up to 80% by weight of its dry biomass. About 5,000-15,000 gal
of biodiesel can be produced from algal biomass per acre per
year, which reflects its potentiality (Spolaore et al., 2006; Chisti,
2007).

However, there are some standards such as International
Biodiesel Standard for Vehicles (EN14214) and American Society
for Testing and Materials (ASTM), which are required to comply
with the algal based biodiesel on the physical and chemical prop-
erties for its acceptance as substitute to fossil fuels (Brennan and
Owende, 2010). The higher degree of polyunsaturated fatty acids
of algal oils as compared to vegetable oils make susceptible for
oxidation in the storage and further limits its utilization (Chisti,
2007). Some researchers have reported the different advantages
of the algal biomass for the biodiesel production due to its high
biomass growth and oil productivity in comparison to best oil
crops (Chisti, 2007; Hossain et al., 2008; Hu et al., 2008; Rosenberg
et al., 2008; Schenk et al., 2008; Rodolfi et al., 2009; Mutanda et al.,
2011).

Algal biodiesel production involves biomass harvesting, drying,
oil extraction, and further transesterification of oil, which have
been described as below.

HARVESTING AND DRYING OF ALGAL BIOMASS

Unicellular microalgae produce a cell wall containing lipids and
fatty acids, which differ them from higher animals and plants.
Harvesting of algal biomass and further drying is important
prior to mechanical and solvent extraction for the recovery of
oil. Macroalgae can be harvested using nets, which require less
energy while microalgae can be harvested by some conventional
processes, which include filtration (Rossignol et al., 1999) floccu-
lation (Liu et al., 2013; Prochazkova et al., 2013), centrifugation
(Heasman et al., 2008), foam fractionation (Csordas and Wang,
2004), sedimentation, froth floatation, and ultrasonic separation
(Bosma et al., 2003). Selection of harvesting method depends on
the type of algal species.

Drying is an important method to extend shelf-life of algal bio-
mass before storage, which avoids post-harvest spoilage (Munir
et al., 2013). Most of the efficient drying methods like spray-
drying, drum-drying, freeze drying or lyophilization, and sun-
drying have been applied on microalgal biomass (Leach et al.,
1998; Richmond, 2004; Williams and Laurens, 2010). Sun-drying
is not considered as a very effective method due to presence of high
water content in the biomass (Mata et al., 2010). However, Prakash
et al. (2007) used simple solar drying device and succeed in dry-
ing Spirulina and Scenedesmus having 90% of moisture content.
Widjaja et al. (2009) showed the effectiveness of drying temper-
ature during lipid extraction of algal biomass, which affects both
concentration of triglycerides and lipid yield. Further, all these
processes possess safety and health issues (Singh and Gu, 2010).

EXTRACTION OF OIL FROM ALGAL BIOMASS
Unicellular microalgae produce a cell wall containing lipids and
fatty acids, which differ them from higher animals and plants. In

Table 1 | Comparative study between algal biomass and terrestrial plants for biodiesel production.

Feedstock Conditions Biodiesel Reference
ALGAE
Spirulina platensis Reaction temperature 55°C, 60% catalyst concentration, 1:4 algae biomass 60 g/kg lipid Nautiyal et al. (2014)
to methanol ratio, 450 rpm stirring intensity
Nannochloropsis sp. Oil extraction with n-hexane, acidic transesterification 99 g/kg lipid Susilaningsih et al. (2009)

Scenedesmus sp. Alkaline (NaOH), temperature of 70°C
Acidic (H,SO4) catalyst, temperature of 70°C

Nannochloropsis salina
alkali transesterification

Chlorella marina
TERRESTRIAL PLANTS

Madhuca indica

Pongamia pinnata

Acid-catalyzed esterification by using 0.56% H,SQy4, alkali-catalyzed

transesterification

Azadirachta indica

temperature of 50°C, and methanol: oil ratio of 3:1

Soybean
time of 10h

Freeze drying of biomass, extraction with chloroform-methanol (1:1 ratio),

0.30-0.35 (v/v) methanol-to-oil ratio, 1% (v/v) H,SO4 as acid catalyst, 0.25
(v/v) methanol, 0.7% (w/v) KOH as alkaline catalyst

Transesterification with methanol, NaOH as catalyst, temp. 60°C

Reaction time of 60 min, 0.7% H,S0O4 as acid catalyst, reaction

Hydrotalcite as basic catalyst, methanol/oil molar ratio of 20:1, reaction

321.06g/kg lipid ~ Kim et al. (2014)
282.23 g/kg lipid

180.78 g/kg lipid ~ Muthukumar et al. (2012)

100 g/kg lipid
186.2 g/kg lipid

Ghadge and Raheman (2005)

Mamilla et al. (2011)
Naik et al. (2008)

253 g/kg lipid
193.2 g/kg lipid
170 g/kg lipid Awolu and Layokun (2013)

189.6 g/kg lipid Martin et al. (2013)
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the literature, there are different methods of oil extraction from
algae, such as mechanical and solvent extraction (Li et al., 2014).
However, the extraction of lipids from microalgae is costly and
energy intensive process.

Mechanical oil extraction

The oil from nuts and seeds is extracted mechanically using presses
or expellers, which can also be used for microalgae. The algal bio-
mass should be dried prior to this process. The cells are just broken
down with a press to leach out the oil. About 75% of oil can be
recovered through this method and no special skill is required
(Munir et al., 2013). Topare et al. (2011) extracted oil through
screw expeller by mechanical pressing (by piston) and osmotic
shock method and recovered about 75% of oil from the algae.
However, more extraction time is required as compared to other
methods, which make the process unfavorable and less effective
(Popoola and Yangomodou, 2006).

Solvent based oil extraction

Oil extraction using solvent usually recovers almost all the oil
leaving only 0.5-0.7% residual oil in the biomass. Therefore, the
solvent extraction method has been found to be suitable method
rather than the mechanical extraction of oil and fats (Topare et al.,
2011). Solvent extraction is another method of lipid extraction
from microalgae, which involves two stage solvent extraction sys-
tems. The amount of lipid extracted from microalgal biomass and
further yield of highest biodiesel depends mainly on the solvent
used. Several organic solvents such as chloroform, hexane, cyclo-
hexane, acetone, and benzene are used either solely or in mixed
form (Afify et al., 2010). The solvent reacts on algal cells releas-
ing oil, which is recovered from the aqueous medium. This occurs
due to the nature of higher solubility of oil in organic solvents
rather than water. Further, the oil can be separated from the sol-
vent extract. The solvent can be recycled for next extraction. Out
of different organic solvents, hexane is found to be most effec-
tive due to its low toxicity and cost (Rajvanshi and Sharma, 2012;
Ryckebosch et al., 2012).

In case of using mixed solvents for oil extraction, a known
quantity of the solvent mixture is used, for example, chloro-
form/methanol in the ratio 2:1 (v/v) for 20 min using a shaker
and followed by the addition of mixture, i.e., chloroform/water in
the ratio of 1:1 (v/v) for 10 min (Shalaby, 2011). Similarly, Pra-
toomyot et al. (2005) extracted oil from different algal species
using the solvent system chloroform/methanol in the ratio of 2:1
(v/v) and found different fatty acid content. Ryckebosch et al.

(2012) optimized an analytical procedure and found chloro-
form/methanol in the ratio 1:1 as the best solvent mixture for
the extraction of total lipids. Similarly, Lee et al. (1998) extracted
lipid from the green alga Botryococcus braunii using different
solvent system and obtained the maximum lipid content with
chloroform/methanol in the ratio of 2:1. Hossain et al., 2008 used
hexane/ether in the ratio 1:1 (v/v) for oil extraction and allowed
to settle for 24 h. Using a two-step process, Fajardo et al. (2007)
reported about 80% of lipid recovery using ethanol and hexane in
the two steps for the extraction and purification of lipids. There-
fore, a selection of a most suitable solvent system is required for
the maximum extraction of oil for an economically viable process.

Lee et al. (2009) compared the performance of various disrup-
tion methods, including autoclaving, bead-beating, microwaves,
sonication, and using 10% NaCl solution in the extraction of
Botryococcus sp., Chlorella vulgaris, and Scenedesmus sp, using a
mixture of chloroform and methanol (1:1).

TRANSESTERIFICATION

This is a process to convert algal oil to biodiesel, which involves
multiple steps of reactions between triglycerides or fatty acids and
alcohol. Different alcohols such as ethanol, butanol, methanol,
propanol, and amyl alcohol can be used for this reaction. How-
ever, ethanol and methanol are used frequently for the commercial
development due to its low cost and its physical and chemical
advantages (Bisen et al., 2010; Surendhiran and Vijay, 2012). The
reaction can be performed in the presence of an inorganic cata-
lyst (acids and alkalies) or lipase enzyme. In this method, about
3 mol of alcohol are required for each mole of triglyceride to
produce 3 mol of methyl esters (biodiesel) and 1mol of glyc-
erol (by-product) (Meher et al., 2006; Chisti, 2007; Sharma and
Singh, 2009; Surendhiran and Vijay, 2012; Stergiou et al., 2013)
(Figure 2). Glycerol is denser than biodiesel and can be periodi-
cally or continuously removed from the reactor in order to drive
the equilibrium reaction. The presence of methanol, the co-solvent
that keeps glycerol and soap suspended in the oil, is known to cause
engine failure (Munir et al., 2013). Thus, the biodiesel is recovered
by repeated washing with water to remove glycerol and methanol
(Chisti, 2007).

The reaction rate is very slow by using the acid catalysts for
the conversion of triglycerides to methyl esters, whereas the alkali-
catalyzed transesterification reaction has been reported to be 4000
times faster than the acid-catalyzed reaction (Mazubert et al,
2013). Sodium and potassium hydroxides are the two commer-
cial alkali catalysts used at a concentration of about 1% of oil.

CH;-OCOR,
I 3HOCH;
CH-OCOR + Methanol  S3talyst
| (alcohol)
CH,-OCOR;

Triglyceride (oil)

FIGURE 2 | Transesterification of oil to biodiesel. R, ; are hydrocarbon groups.

R;-COOCH;

CH,-OH
R,-COOCH;
CH-OH +
R3-COOCH;
CH,-OH
(Glycerol) Methyl Esters (Biodiesel)
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However, sodium methoxide has become the better catalyst rather
than sodium hydroxide (Singh et al., 2006).

Kim et al. (2014) used Scenedesmus sp. for the biodiesel pro-
duction through acid and alkali transesterification process. They
reported 55.07 & 2.18%, based on lipid by wt of biodiesel con-
version using NaOH as an alkaline catalyst than using H,SO4
as 48.41 £ 0.21% of biodiesel production. In comparison to acid
and alkalies, lipases as biocatalyst have different advantages as the
catalysts due to its versatility, substrate selectivity, regioselectivity,
enantioselectivity, and high catalytic activity at ambient tempera-
ture and pressure (Knezevic et al., 2004). It is not possible by some
lipases to hydrolyze ester bonds at secondary positions, while some
other group of enzymes hydrolyzes both primary and secondary
esters. Another group of lipases exhibits fatty acids selectivity, and
allow to cleave ester bonds at particular type of fatty acids. Luo etal.
(2006) cloned the lipase gene lipB68 and expressed in Escherichia
coli BL21 and further used it as a catalyst for biodiesel produc-
tion. LipB68 could catalyze the transesterification reaction and
produce biodiesel with a yield of 92% after 12 h, at a temperature
of 20°C. The activity of the lipase enzyme with such a low temper-
ature could provide substantial savings in energy consumption.
However, it is rarely used due to its high cost (Sharma et al., 2001).

Extractive transesterification

It involves several steps to produce biodiesel such as drying, cell
disruption, oils extraction, transesterification, and biodiesel refin-
ing (Hidalgo et al., 2013). The main problems are related with
the high water content of the biomass (over 80%), which overall
increases the cost of whole process.

In situ transesterification

This method skips the oil extraction step. The alcohol acts as an
extraction solvent and an esterification reagent as well, which
enhances the porosity of the cell membrane. Yields found are
higher than via the conventional route, and waste is also reduced.
Industrial biodiesel production involves release of extraction sol-
vent, which contributes to the production of atmospheric smog
and to global warming. Thus, simplification of the esterification
processes can reduce the disadvantages of this attractive bio-based
fuel. The single-step methods can be attractive solutions to reduce
chemical and energy consumption in the overall biodiesel pro-
duction process (Patil et al., 2012). A comparison of direct and
extractive transesterification is given in Table 2.

BIOETHANOL PRODUCTION

Several researchers have been reported bioethanol production
from certain species of algae, which produce high levels of carbo-
hydrates as reserve polymers. Owing to the presence of low lignin
and hemicelluloses content in algae in comparison to lignocellu-
losic biomass, the algal biomass have been considered more suit-
able for the bioethanol production (Chen et al., 2013). Recently,
attempts have been made (for the bioethanol production) through
the fermentation process using algae as the feedstocks to make it
as an alternative to conventional crops such as corn and soyabean
(Singh et al., 2011; Nguyen and Vu, 2012; Chaudhary et al., 2014).
A comparative study of algal biomass and terrestrial plants for the
production of bioethanol has been given in Table 3. There are

Table 2 | Comparison of extractive transesterification and in situ
methods (Haas and Wagner, 2011).

Sl. no. Extractive transesterification In situ transesterification

1 Low heating value Heating value is high
Product yield is low Higher product yield

3 Process is complex and time ~ Quick and simple operation
taking process
Lipid loss during process Avoided potential lipid loss
Waste water pollutes the Reduced waste water pollutants
environment

6 Production cost is high Absence of harvesting and

dewatering lowers the cost

different micro and macroalgae such as Chlorococcum sp., Prym-
nesium parvum, Gelidium amansii, Gracilaria sp., Laminaria sp.,
Sargassum sp., and Spirogyra sp., which have been used for the
bioethanol production (Eshaq et al., 2011; Rajkumar et al., 2014).
These algae usually require light, nutrients, and carbon dioxide,
to produce high levels of polysaccharides such as starch and cellu-
lose. These polysaccharides can be extracted to fermentable sugars
through hydrolysis and further fermentation to bioethanol and
separated through distillation as shown in Figure 3.

PRE-TREATMENT AND SACCHARIFICATION

Ithas been reported that, the cell wall of some species of green algae
like Spirogyra and Chlorococcum contain high level of polysaccha-
rides. Microalgae such as C. vulgaris contains about 37% of starch
on dry weight basis, which is the best source for bioethanol with
65% conversion efficiency (Eshaq et al., 2010; Lam and Lee, 2012).
Such polysaccharide based biomass requires additional process-
ing like pre-treatment and saccharification before fermentation
(Harun et al., 2010). Saccharification and fermentation can also
be carried out simultaneously using an amylase enzyme producing
strain for the production of ethanol in a single step. Bioethanol
from microalgae can be produced through the process, which is
similar to the first generation technologies involving corn based
feedstocks. However, there is limited literature available on the
fermentation process of microalgae biomass for the production of
bioethanol (Schenk et al., 2008; John et al., 2011).

The pre-treatment is an important process, which facilitates
accessibility of biomass to enzymes to release the monosaccha-
rides. Acid pre-treatment is widely used for the conversion of
polymers present in the cell wall to simple forms. The energy
consumption in the pre-treatment is very low and also it is an effi-
cient process (Harun and Danquah, 2011a,b). Yazdanietal. (2011)
found 7% (w/w) H,SOy4 as the promising concentration for the
pre-treatment of the brown macroalgae Nizimuddinia zanardini
to obtain high yield of sugars without formation of any inhibitors.
Candra and Sarinah (2011) studied the bioethanol production
using red seaweed Eucheuma cottonii through acid hydrolysis. In
this study, 5% H»SO4 concentration was used for 2h at 100°C,
which yielded 15.8 g/L of sugars. However, there are other alter-
natives to chemical hydrolysis such as enzymatic digestion and
gamma radiation to make it more sustainable (Chen et al., 2012;
Yoon et al., 2012; Schneider et al., 2013).
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Table 3 | Comparative study between algal biomass and terrestrial plants for bioethanol production.

Feedstock Conditions

Bioethanol Reference

ALGAE

Chlorococcum infusionum  Alkaline pre-treatment, temp. 120°C, S. cerevisiae

Spirogyra

Alkaline pre-treatment, synthetic media growth, saccharification

Harun et al. (2011)
Eshag et al. (2010)

260 g ethanol/kg algae
80 g ethanol/kg algae

of biomass by Aspergillus niger, fermentation by S. cerevisiae

Chlorococcum humicola Acid pre-treatment, temp. 160°C, S. cerevisiae

TERRESTRIAL PLANTS

Madhuca latifolia
cylindrical sponge disks, temp. 30°C

Manihot esculenta

Saccharomyces cerevisiae, ca-alginate immobilization

Sugarcane bagasse
Fermentation at 50°C

Rice straw

Strain Zymomonas mobilis MTCC 92, immobilized in Luffa

Enzyme termamyl and amyloglucosidase, 1N HCI,

Acid (H2SOg4) hydrolysis, Kluyveromyces sp. [IPE453,

Cellulase, B-glucosidase, solid state fermentation, strain
Trichoderma reesei RUT C30, and Aspergillus niger MTCC 7956

5209 ethanol/kg
microalgae

Harun and Danquah (2011a)

251.1 £0.012 g ethanol/kg Behera et al. (2011)

flowers

189+ 3.1 g ethanol/kg flour
cassava

Behera et al. (2014)

165 g ethanol/kg bagasse Kumar et al., 2014

93 g ethanol/kg pretreated ~ Sukumaran et al. (2008)

rice straw

Similar to starch, there are certain polymers such as alginate,
mannitol, and fucoidan present in the cell wall of various algae,
which requires additional processing like pre-treatment and sac-
charification before fermentation. Another form of storage car-
bohydrate found in various brown seaweeds and microalgae is
laminarin, which can be hydrolyzed by B-1,3-glucanases or lam-
inarinases (Kumagai and Ojima, 2010). Laminarinases can be
categorized into two groups such as exo- and endo-glucanases
based on the mode of hydrolysis, which usually produces glucose
and smaller oligosaccharides as the end product. Both the enzymes
are necessary for the complete digestion of laminarin polymer (Lee
et al., 2014b).

Markou et al. (2013) saccharified the biomass of Spirulina
(Arthrospira platensis), fermented the hydrolyzate and obtained
the maximum ethanol yield of 16.32 and 16.27% (ethanol/8biomass)
produced after pre-treatment with 0.5N HNOj; and H;SOy,
respectively. Yanagisawa et al. (2011) investigated the content of
polysaccharide materials present in three types of seaweeds such
as sea lettuce (Ulva pertusa), chigaiso (Alaria crassifolia), and agar
weed (Gelidium elegans). These seaweeds contain no lignin, which
is a positive signal for the hydrolysis of polysaccharides with-
out any pre-treatment. Singh and Trivedi (2013) used Spirogyra
biomass for the production of bioethanol using Saccharomyces
cerevisiae and Zymomonas mobilis. In a method, they followed
acid pre-treatment of algal biomass and further saccharified using
a-amylase producing Aspergillus niger. In another method, they
directly saccharified the biomass without any pre-treatment. The
direct saccharification process resulted in 2% (w/w) more alco-
hol in comparison to pretreated and saccharified algal biomass.
This study revealed that the pre-treatment with different chemicals
are not required in case of Spyrogyra, which reflects its economic
importance for the production of ethanol. Also, cellulase enzyme
has been used for the saccharification of algal biomass contain-
ing cellulose. However, this enzyme system is more expensive
than amylases and glucoamylases, and doses required for effective

cellulose saccharification are usually very high. Trivedietal. (2013)
applied different cellulases on green alga Ulva for saccharification
and found highest conversion efficiency of biomass into reducing
sugars by using cellulase 22119 rather than viscozyme L, cellulase
22086 and 22128. In this experiment, they found a maximum yield
of sugar 206.82 & 14.96 mg/g with 2% (v/v) enzyme loading for
36 h at a temperature of 45°C.

FERMENTATION

There are different groups of microorganisms like yeast, bacteria,
and fungi, which can be used for the fermentation of the pre-
treated and saccharified algal biomass under anaerobic process for
the production of bioethanol (Nguyen and Vu, 2012). Nowadays,
S. cerevisiae and Z. mobilis have been considered as the bioethanol
fermenting microorganisms. However, fermentation of mannitol,
a polymer present in certain algae is not possible in anaerobic
condition using these well known microorganisms and requires
supply of oxygen during fermentation, which is possible only by
Zymobacter palmae (Horn et al., 2000).

Certain marine red algae contain agar, a polymer of galactose
and galactopyranose, which can be used for the production of
bioethanol (Yoon et al., 2010). The biomass of red algae can be
depolymerized into different monomeric sugars like glucose and
galactose. In addition to mannitol and glucose, brown seaweeds
contain about 14% of extra carbohydrates in the form of alginate
(Wargacki et al., 2012). Horn et al. (2000) reported the presence
of alginate, laminaran, mannitol, fucoidan, and cellulose in some
brown seaweeds, which are good source of sugars. They fermented
brown seaweed extract having mannitol using bacteria Z. palmae
and obtained an ethanol yield of about 0.38 g ethanol/g mannitol.

In the literature, there are many advantages supporting
microalgae as the promising substrate for bioethanol produc-
tion. Hon-Nami (2006) used Chlamydomonas perigranulata algal
culture and obtained different by-products such as ethanol and
butanediol. Similarly, Yanagisawa et al. (2011) obtained glucose
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FIGURE 3 | Process for bioethanol production from microalgae.

and galactose through the saccharification of agar weed (red
seaweed) containing glucan and galactan and obtained 5.5% of
ethanol concentration through fermentation using S. cerevisiae
IAM 4178. Harun et al. (2010) obtained 60% more ethanol in
case of lipid extracted microalgal biomass rather than intact algal
biomass of Chlorococcum sp. This shows the importance of algal
biomass for the production of both biodiesel and bioethanol.

BIOGAS PRODUCTION

Recently, biogas production from algae through anaerobic diges-
tion has received a remarkable attention due to the presence of
high polysaccharides (agar, alginate, carrageenan, laminaran, and
mannitol) with zero lignin and low cellulose content. Mostly, sea-
weeds are considered as the excellent feedstock for the production
of biogas. Several workers have demonstrated the fermentation of
various species of algae like Scenedesmus, Spirulina, Euglena, and
Ulva for biogas production (Samson and Leduy, 1986; Yen and
Brune, 2007; Ras et al., 2011; Zhong et al., 2012; Saqib et al., 2013).

The production of biogas using algal biomass in comparison to
some terrestrial plants is shown in Table 4.

Biogas is produced through the anaerobic transformation of
organic matter present in the biodegradable feedstock such as
marine algae, which releases certain gases like methane, carbon
dioxide, and traces of hydrogen sulfide. The anaerobic conver-
sion process involves basically four main steps. In the first step, the
insoluble organic material and higher molecular mass compounds
such as lipids, carbohydrates, and proteins are hydrolyzed into sol-
uble organic material with the help of enzyme released by some
obligate anaerobes such as Clostridia and Streptococci. The second
step is called as acidogenesis, which releases volatile fatty acids
(VFAs) and alcohols through the conversion of soluble organics
with the involvement of enzymes secreted by the acidogenic bacte-
ria. Further, these VFAs and alcohols are converted into acetic acid
and hydrogen using acetogenic bacteria through the process of ace-
togenesis, which finally metabolize to methane and carbon dioxide
by the methanogens (Cantrell et al., 2008; Vergara-Fernandez et al.,
2008; Brennan and Owende, 2010; Romagnoli et al., 2011).

Sangeetha et al. (2011) reported the anaerobic digestion of
green alga Chaetomorpha litorea with generation of 80.5 L of bio-
gas/kg of dry biomass under 299 psi pressure. Vergara-Fernandez
et al. (2008) evaluated digestion of the marine algae Macrocys-
tis pyrifera and Durvillaea antarctica marine algae in a two-phase
anaerobic digestion system and reported similar biogas produc-
tions of 180.4 (£1.5) mL/g dry algae/day with a methane con-
centration around 65%. However, in case of algae blend, same
methane content was observed with low biogas yield. Mussgnug
etal. (2010) reported biogas production from some selected green
algal species like Chlamydomonas reinhardtii and Scenedesmus
obliquus and obtained 587 and 287 mL biogas/g of volatile solids,
respectively. Further, there are few studies, which have been
conducted with microalgae showing the effect of different pre-
treatment like thermal, ultrasound, and microwave for the high
production of biogas (Gonzalez-Fernandez et al., 2012a,b; Passos
et al., 2013).

However, there are different factors, which limit the biogas pro-
duction such as requirement of larger land area, infrastructure,
and heat for the digesters (Collet et al., 2011; Jones and Mayfield,
2012). The proteins present in algal cells increases the ammonium
production resulting in low carbon to nitrogen ratio, which affects
biogas production through the inhibition of growth of anaerobic
microorganisms. Also, anaerobic microorganisms are inhibited by
the sodium ions. Therefore, it is reccommended to use the salt toler-
ating microorganisms for the anaerobic digestion of algal biomass
(Yen and Brune, 2007; Brennan and Owende, 2010; Jones and
Mayfield, 2012).

BIOHYDROGEN PRODUCTION

Recently, algal biohydrogen production has been considered to be
a common commodity to be used as the gaseous fuels or electric-
ity generation. Biohydrogen can be produced through different
processes like biophotolysis and photo fermentation (Shaishav
etal., 2013). Biohydrogen production using algal biomass is com-
parative to that of terrestrial plants (Table 5). Park et al. (2011)
found Gelidium amansii (red alga) as the potential source of
biomass for the production of biohydrogen through anaerobic
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Table 4 | Comparative study between algal biomass and terrestrial plants for biogas production.

Feedstock Conditions Biogas Reference
ALGAE
Blue algae pH-6.8, microcystin (MC) biodegradation 189.89mlL/g of VS  Yuan et al. (2011)

Chlamydomonas reinhardtii
Scenedesmus obliquus

Ulva sp.

Laminaria digitata

Saccorhiza polyschides

Saccharina latissima

TERRESTRIAL PLANTS

Banana stem

Saline creeping wild ryegrass  35°C for 33 days, batch

Rice straw
354 2°C, 65days,120 rpm, batch

Date palm tree wastes

Drying as the pre-treatment, batch fermentation, temp. 38°C

Batch reactor, Co-digestion with bovine slurry, temp. 35°C

Pre-treatment: 6% NaOH in 55°C for 54 h. 37 & 1°C for 40 days, batch

Pre-treatment: ammonia conc. 4% and moisture content 70%, temp.

Pre-treatment: alkaline, particle size 2-5mm, temp. 40°C

587 mL/g of VS
287 mL/g of VS

191 mlL/g of VS
246 mL/g of VS
255 mL/g of VS
235 ml/g of VS

Mussgnug et al. (2010)

Vanegas and Bartlett (2013)

3579 mL/g of VS
251 ml/g of VS
341.35mL/g of VS

Zhang (2013)
Zheng (2009)
Yuan (2014)

342.2ml/g of VS Al-Juhaimi (2014)

Table 5 | Comparative study between algal biomass and terrestrial plants for biohydrogen production.

Feedstock Conditions

Biohydrogen Reference

ALGAE
Gelidium amansii Hydrolysis at 150°C

Laminaria japonica

Mesophilic condition (35 + 1°C), pH of 7.5, anaerobic sequencing

Park et al. (2011)
Shi et al. (2011)

53.5 mL of Hy/g of dry algae
71.4mL Ha/g of dry algae

batch reactor, hydraulic retention time (HRT) of 6 days

TERRESTRIAL PLANTS
Bagasse Strain Klebsiella oxytoca HP1, temp. 37.5°C, pH-7
Corn stalk Temp. 55°C, pH-74

Pretreated wheat straw

Wheat straw
fermentation (SSF)

Strain Caldicellulosiruptor saccharolyticus, Temp. 70°C, pH-7.2

Acid pre-treatment, simultaneous saccharification and

Wau et al. (2010)
Cheng and Liu (2011)

107.8 +£ 75 mL Hy/g bagasse
61.4 mL/g of cornstalk
44.7 mL/g of dry wheat straw  |vanova et al. (2009)

141 mL/g VS Nasirian et al. (2011)

fermentation. Nevertheless, they found 53.5 mL of H, from 1 g of
dryalgae with a hydrogen production rate of 0.518 L H,/g VSS/day.
The authors found an inhibitor, namely, 5-hydroxymethylfurfural
(HMF) produced through the acid hydrolysis of G. amansii that
decreases about 50% of hydrogen production due to the inhibition.
Thus, optimization of the pre-treatment method is an important
step to maximize biohydrogen production, which will be useful
for the future direction (Park et al., 2011; Shi et al., 2011). Saleem
et al. (2012) reduced the lag time for hydrogen production using
microalgae Chlamydomonas reinhardtii by the use of optical fiber
as an internal light source. In this study, the maximum rate of
hydrogen production in the presence of exogenic glucose and opti-
cal fiber was reported to be 6 mL/L culture/h, which is higher than
other reported values.

Some of microalgae like blue green algae have glycogen instead
of starch in their cells. This is an exception, which involves oxi-
dation of ferrodoxin by the hydrogenase enzyme activity for the
production of hydrogen in anaerobic condition. However, another
function of this enzyme is to be involved in the detachment of

electrons. Therefore, different researchers have focused for the
identification of these enzyme activities having interactions with
ferrodoxin and the other metabolic functions for microalgal pho-
tobiohydrogen production. They are also involved with the change
of these interactions genetically to enhance the biohydrogen pro-
duction (Gavrilescu and Chisti, 2005; Hankamer et al., 2007;
Wecker et al., 2011; Yacoby et al., 2011; Rajkumar et al., 2014).

BI0-0IL AND SYNGAS PRODUCTION

Bio-oil is formed in the liquid phase from algal biomass in anaer-
obic condition at high temperature. The composition of bio-oil
varies according to different feedstocks and processing conditions,
which is called as pyrolysis (Iliopoulou et al., 2007; Yanqun et al.,
2008). There are several parameters such as water, ash content,
biomass composition, pyrolysis temperature, and vapor residence
time, which affect the bio-oil productivity (Fahmi et al., 2008).
However, due to the presence of water, oxygen content, unsatu-
rated and phenolic moieties, crude bio-oil cannot be used as fuel.
Therefore, certain treatments are required to improve its quality
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(Bae et al., 2011). Bio-oils can be processed for power genera-
tion with the help of external combustion through steam and
organic rankine cycles, and stirling engines. However, power can
also be generated through internal combustion using diesel and
gas-turbine engines (Chiaramonti et al., 2007). In literature, there
are limited studies on algae pyrolysis compared to lignocellulosic
biomass. Although, high yields of bio-oil occur through fluidized-
bed fast pyrolysis processes, there are several other pyrolysis modes,
which have been introduced to overcome their inherent disadvan-
tages of a high level of carrier gas flow and excessive energy inputs
(Oyedun et al.,, 2012). Demirbas (2006) investigated suitability
of the microalgal biomass for bio-oil production and found the
superior quality than the wood. Porphy and Farid (2012) produced
bio-oil from pyrolysis of algae (Nannochloropsis sp.) at 300°C after
lipid extraction, which composed of 50 wt% acetone, 30 wt%
methyl ethyl ketone, and 19 wt% aromatics such as pyrazine and
pyrrole. Similarly, Choi et al. (2014) carried out pyrolysis study on
a species of brown algae Saccharina japonica at a temperature of
450°C and obtained about 47% of bio-oil yield.

Gasification is usually performed at high temperatures (800—
1000°C), which converts biomass into the combustible gas mixture
through partial oxidation process, called syngas or producer gas.
Syngas is a mixture of different gases like CO, CO,, CHy, Ha,
and N, which can also be produced through normal gasification
of woody biomass. In this process, biomass reacts with oxygen
and water (steam) to generate syngas. It is a low calorific gas,
which can be utilized in the gas turbines or used directly as fuel.
Different variety of biomass feedstocks can be utilized for the pro-
duction of energy through the gasification process, which is an
added advantage (Carvalho et al., 2006; Prins et al., 2006; Lv et al.,
2007).

CONCLUSION AND FUTURE PERSPECTIVES

Recently, it is a challenge for finding different alternative resources,
which can replace fossil fuels. Due to presence of several advan-
tages in algal biofuels like low land requirement for biomass
production and high oil content with high productivity, it has
been considered as the best resource, which can replace the lig-
uid petroleum fuel. However, one of its bottlenecks is the low
biomass production, which is a barrier for industrial production.
Also, another disadvantage includes harvesting of biomass, which
possesses high energy inputs. For an economic process develop-
ment in comparison to others, a cost-effective and energy efficient
harvesting methods are required with low energy input. Producing
low-cost microalgal biofuels requires better biomass harvesting
methods, high biomass production with high oil productivity
through genetic modification, which will be the future of algal
biology. Therefore, use of the standard algal harvesting technique,
biorefinery concept, advances in photobioreactor design and other
downstream technologies will further reduce the cost of algal bio-
fuel production, which will be a competitive resource in the near
future.
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Marine algae are ancient photosynthetic organisms that constitute the largest group in the
plant kingdom. They are used for functional food, cosmetic additives, supplements productions,
and in traditional medicine due to taste, prophylactic, and therapeutic effects. Algae contain
microelements and iodine-containing organic compounds, as well as vitamins, mannitol more than
terrestrial plants.

Polysaccharides of algae are especially valuable substances. Some of them (for example agarose,
carrageenans, and alginates) have found widespread application. Information about them was
published a long time ago and described in detail in books. At the moment polysaccharides
synthesized by brown algae (laminarans and especially fucoidans) are of greatest interest. A
laminarans were found in both marine and terrestrial organisms. It should be noticed that fucoidans
are truly marine polysaccharides. The general term “fucoidan” is used to integrate the molecules,
differenced in composition, structure, and in degree of sulfation, acetylation, etc. (Berteau and
Mulloy, 2003; Kusaykin et al., 2008). Content of fucoidans depends on the species and on the stage
of development of algae and may vary from 0.1 to 20% of dry weight of algae (Mabeau et al., 1990;
Zvyagintseva et al., 2003). Huge amount of reserves of fucoidans accumulate in brown algae, which
grow in the seas at temperate and northern latitudes (Ermakova et al., 2011; Sokolova et al., 2011;
Men’shova et al., 2012; Thinh et al., 2013). Analogs of these polysaccharides have not been found
on the land till now. Fucoidans long since are attracted attention due to diverse biological activity,
low toxicity, and plant origin (Berteau and Mulloy, 2003; Kusaykin et al., 2008). Last is important
because of contamination and side effects of the preparation produced from animals (for example,
heparin).

A large number of publications are devoted to the study of antitumor, anticoagulant,
antimutagenic activities, and immunostimulatory, antiinfective and antioxidant properties of these
polysaccharides. However, despite the obvious prospects for exploitation in medicine, none of
fucoidan is declared yet as a drug. The reason is that the structural diversity of fucoidans is
extremely large. Structural investigation of fucoidans is of great difficulties because of varieties of
monosaccharide compositions, different types of glycosidic linkages, presence of large numbers
of non-carbohydrate substituents. There are only a small number of fucoidans with established
basic elements of the chemical structure (Chizhov et al., 1999; Bilan et al., 2002, 2004, 2008;
Zvyagintseva et al., 2003; Shevchenko et al., 2007; Anastyuk et al., 2009, 2010, 2014; Kuznetsova,
2009; Ale et al, 2011; Vishchuk et al., 2011, 2013; Thinh et al., 2013). Unfortunately in the
study of biological properties and enzymatic transformations of these molecules, fucoidans with
unidentifiable structure are often used, thus reducing the generalization of the results obtained.
Over the past 15-20 years there has been an increase in the number of structural studies of
fucoidans. It became obvious that the study of their biological action, without regard to the
structure does not allow to create drugs based on these polysaccharides.

It is now considered that fucoidans are species-specific polysaccharides. This means that
each alga synthesizes fucoidan or set of fucoidans characteristic only for it. In monosaccharide
composition of fucoidans necessarily there are sulfated residues of fucose and often galactose.
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As minor components residues of mannose, glucuronic acid,
xylose, and other more rare monosaccharides, are present
(Kusaykin et al., 2008).

1,3-a-L-Fucans are most often found in algae (Zvyagintseva
et al, 2003; Anastyuk et al, 2010). a-1,4-Glycosidic linkage
between L-fucose residues is less common and is present
mainly as a 1,3;1,4-a-L-fucans. Brown algae also often synthesize
galactofucans. The position and content of galactose residues
in various galactofucans depend on the type of algae; content
is frequently comparable to the that of fucose (Shevchenko
et al, 2007; Anastyuk et al, 2009; Thinh et al., 2013). This
is the most structurally diverse group of fucoidans. A smallest
group of fucoidans is represented by fucomannuronans (Imbs
et al., 2011). Furthermore, there are fucoidans, containing more
heterogeneous monosaccharide composition.

In order to establish the structure of polysaccharides the
most promising approach is based on the use of enzymes.
Enzymatic transformation of polysaccharides can be extremely
useful not only for the establishment of structural features, but
also for the access to biologically active fragments (Silchenko
et al., 2013; Menshova et al,, 2014; Trincone, 2014). Reports
about producers and properties of the enzymes (fucoidanases)
are rare despite the growing interest in the fucoidans (Kusaykin
et al., 2008). No more than 20 producers of fucoidanases are
known, mainly isolated from marine fungi and bacteria (Sakai
et al., 2003; Descamps et al., 2006; Rodriguez-Jasso et al., 2010;
Silchenko et al., 2013, 2014). This rareness is due to the absence
of quantitative simple methods for determination of the activity
of fucoidanases. Precise assessment of enzymatic features is also
hampered by the use of structurally uncharacterized substrates.
So, in their transformation enzymes with different specificities
should be involved.

Few sources of fucoidanases were found among marine
invertebrates (Kitamura et al., 1992; Giordano et al.,, 2006;
Silchenko et al., 2014). Fucoidanase in Patinopecten yessoensis was
discovered in 1992 by the action on fucoidan from Nemacystus
decipiens (Kitamura et al., 1992). Information about the structure
of substrate reported in the article, consisting of L-fucose residues
and small amounts of D-galactose residues, is quite scarce. Data
about the type of glycosidic linkages are absent (Tako et al.,
1999). High molecular weight products (about 50 kDa) formed
sufficiently under the action of fucoidanase from P. yessoensis.
Information about their structures is not available.

We found new sources of fucoidanases: the vietnamese
mollusk Lambis sp. and the marine bacteria Formosa algae KMM
3553 (Khanh et al., 2011; Silchenko et al., 2014). Analysis of the
hydrolysis products of fucoidans with established structure from
collection of our laboratory, showed that both fucoidanases are
endo-enzymes hydrolyzing a-1,4-glycosidic linkages in fucans
(Silchenko et al., 2014).

Purification grade of fucoidans is also important for
the investigation of biological properties. Unfortunately,
uncharacterized crude preparations are often used even in
scientific research. Methods for isolation and purification
of fucoidan may be different. The most universal scheme

includes preprocessing of algae by organic solvents extracting
most secondary metabolites, such as polyphenols and other
UV absorbing compounds (Shevchenko et al., 2005). These
substances, usually powerful antioxidants, often are strongly
associated with fucoidans and removal of them entails great
difficulties. We show that the purification of fucoidans from
impurities results in a loss of antioxidant activity (Imbs et al,,
2015). Not only antioxidant, but also antibacterial activity of
fucoidans can be completely or partially due to impurities.
Separation of fucoidans from them is not always possible, as
polysaccharides often form strong complexes with polyphenols,
which cannot be destroyed without affecting the integrity of the
fucoidan molecules. Nevertheless the evidence of antioxidant
activity due to impurities of fucoidans were studied quite
intensively (Wang et al., 2008; Hu et al., 2010; Costa et al., 2011).
However the data on the purity of fucoidans is often absent.

It is interesting to note that specific biological activities
of fucoidans are associated with their structures. So, the
formation and growth of the colony of breast cancer cells
are suppressed by galactofucans from Saccharina japonica and
Undaria pinnatifida. Human colon cancer cells are more sensitive
to fucoidan from Saccharina cichorioides (consisted of (1— 3)-
a-L-fucose residues), human melanoma cells—to fucoidan from
Fucus evanescens (Moon et al., 2009; Vishchuk et al., 2011,
2013).

Thus, the intensification of structural studies of fucoidans
and the use of highly purified preparations will help to dispel
some myths about the effect of fucoidans on organisms and
to outline the range of biological properties only related to
polysaccharides. The first is immunomodulatory (Khil’chenko
et al.,, 2011), antibacterial, antiviral (Prokofjeva et al., 2013), and
antitumor activities (Ermakova et al., 2011; Vishchuk et al., 2011,
2013).

In Russia in 2006 the suplement “Fucolam®” (No
77.99.23.3.y.739.1.06, Russia), based on structurally characterized
fucoidan from the brown alga Fucus evanescens, synthesizing
from 12 to 15% of the polysaccharide, was registered. The
biological effects of the “Fucolam®” are studied in detail.
It was established that the “Fucolam®” in addition to the
immunomodulatory, antibacterial, antiviral, and antitumoral
activities has probiotic, hepatoprotective, glucose, and cholesterol
lowering effects (Drozd et al., 2006, 2011; Kuznetsova, 2009;
Khil'chenko et al., 2011; Lapikova et al, 2012; Besednova
et al.,, 2014, 2015; Zaporozhets et al., 2014). It is a prominent
representative of multifunctional agent and can serve as the base
for drug development.

According to known data from the studies above mentioned,
the spectrum of biological properties of fucoidans is wide enough.
These natural substances are outstanding representatives of
multifunctional compounds, and this is not a myth but a reality.
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