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Introduction

Algae is one of the earliest known photosynthetic
eukaryotes, commonly found in freshwater and marine
environments.! It is estimated that approximately
72,000 different algae species exist, although only
a small fraction has been identified thus far? Algae
can be classified into two main categories: unicellular
microalgae and multicellular macroalgae also referred
to as seaweeds. The majority of macroalgae are found
in the intertidal zone, and they exhibit a higher
growth rate than terrestrial plants.” Macroalgae are
classified into three major groups: red macroalgae
(Rhodophyceae), brown macroalgae (Pheophyceae),
and green macroalgae (Chlorophyceae). The cell walls
of each macroalgae group are composed of different
polysaccharides. The cell walls of red macroalgae are
composed of agar, carrageenan, and porphyran. The
major polysaccharidesinbrown macroalgaeare fucoidan
and alginate, whereas ulvan is the major polysaccharide
of green macroalgae. Agar, carrageenan, porphyran,
ulvan, and fucoidan are sulfated polysaccharides that

are exclusively found in marine plants and algae.*

Cell wall composition of red macroalgae

Sulfated polysaccharides found in red macroalgae,
agar, carrageenan, and porphyran, have distinct
structural features. Agar is composed of two major
components, agarose and agaropectin. Agarose is a
linear heteropolysaccharide composed of D-galactose
and 3,6-anhydro-L-galactose (L-AHG) linked with
alternative B-1,4 and a-1,3 glycosidic linkages. Repeated

units of agarose are known as neoagarobiose [O-3,6-
anhydro-a-L-galactopyranosyl (1,3)-D-galactose], a
heterodimer of D-galactose and L-AHG linked with a
B-1,4 glycosidic linkage. The neoagarobiose units are
linked to each other with a-1,3 glycosidic linkages,
thereby forming the agarose polymer.> Agaropectin is
also a linear polysaccharide with a structure similar
to agarose. Agaropectin is distinguished from agarose
by the presence of chemically modified L-AHG
components and a slightly branched structure. The
L-AHG units in agaropectin contain sulfoxy or methoxy
and pyruvate moieties in their hydroxyl groups, which
impart a net negative charge to agaropectin.® Agarose
is directly responsible for the gelling properties of
agar, whereas agaropectin does not contribute to this

process.”

Porphyran is a linear sulfated polysaccharide
comprising D-galactose, L-AHG, 6-O-methyl-D-
and L-galactose-6-sulfate (L-G6S).® In

contrast to agarose, porphyran contains sulfated and

galactose,

methylated galactose residues in its backbone. The
repeating unit of porphyran is composed of a-1,3-
linked D-galactose and L-G6S residues. One porphyran
moiety is linked to another porphyran or agarose moiety
by a -1,4 linkage. In addition, the galactan backbone is
masked by methyl ether groups at the C6 position of the
D-galactose residues, regardless of whether D-galactose
is linked to L-AHG or L-G6S units.’

Carrageenan is a high molecular weight sulfated
polygalactan found in several species of red seaweeds
of the class Rhodophyceae.” Key difference between
agarose and carrageenan is the presence of L-AHG in
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agarose, in contrast to the 3,6-anhydro-D-galactose
(D-AHG) present in carrageenan. The most common
forms of carrageenan are designated as kappa (x),
iota (1), and lambda (\) carrageenan. k-Carrageenan
is composed of a repeating unit of a-1,3-linked
D-galactose-4-sulfate (D-G4S) and D-AHG. This
repeating unit is linked to each other by p-1,4 linkage."
(-Carrageenan is similar but with the D-AHG being
sulfated at the C2."2\-Carrageenan has repeating units of
a-1,3 linked D-galactose-2-sulfate and D-galactose-2,6-
disulfate. These repeating units are linked to each other
by B-1,4 glycosidic linkages.”® Further, A-carrageenan
is composed only with differently sulfated D-galactose
residues. The L or D isomers of anhydrogalactose are

not present in \-carrageenan."

The oligosaccharides generated by the breakdown
of a-1,3 linkages and p-1,4 linkages in agar and
carrageenan polymers exhibit distinct structural
and chemical characteristics. The hydrolysis of a-1,3
linkages in agar results in the generation of short
oligosaccharide chains with L-AHG at the reducing
end, which are known as agarooligosaccharides
(AOS). In contrast, hydrolysis of a-1,3 linkages in
carrageenan generates oligosaccharides with D-AHG
at the reducing end. The hydrolysis of f-1,4 linkages
in both agar and carrageenan results in the generation
of oligosaccharides that contain D-galactose at the
reducing end. Agar-derived oligosaccharides with
D-galactose at the reducing end are designated as

neoagarooligosaccharides (NAOS)."

Pretreatment of red algal polysaccharides

Prior to the extraction and breakdown of algal
polysaccharides, pretreatment is conducted to remove
low-molecular-weight compounds, pigments, and
lipids by washing powdered seaweeds with ethanol
or chloroform. The extraction of polysaccharides
from red seaweeds is conducted via microwave-
assisted extraction, ultrasonic-assisted extraction,
and enzymatic-assisted extraction.”® Out of these
three methods, microwave assisted extraction and
ultrasonic assisted extraction are regarded as high
efficiency extraction methods to obtain high yield of

polysaccharides from seaweeds.

Preparation of bioactive sugars from agar

The breakdown of agar polymer to oligosaccharides
and subsequently to monosaccharides is regarded as
a two-step process. The liquefaction of agar, which is
the depolymerization of agar to oligosaccharides, is
a process that is conducted mainly by chemical or
enzymatic methods. The subsequent breakdown of agar
oligosaccharides into monosaccharides is referred to
as saccharification, which is primarily achieved using

enzymatic methods.'

Acid hydrolysis of agar is carried out under
mild conditions, typically using weak acids or ionic
liquids. To hydrolyze agar under mild conditions, low
concentrations of strong acids, short reaction times,
or low temperatures are commonly employed.' Mild
acid hydrolysis randomly cleaves the a-1,3 linkages,
thus yielding a broad range of AOS with degree of
polymerization (DP) ranging from 4 to 22. However,
the L-AHG moiety at the reducing end of AOS is
spontaneously hydrolyzed under acidic conditions,
yieldingodd-numbered AOS."” Furthermore, the L-AHG
released during acid hydrolysis is readily converted
to the toxic byproduct 5-hydroxymethylfuraldehyde
(HMEF).”"” Hydrolysis of agar with mild acids, such
as acetic acid, also preferentially cleaves the a-1,3
linkages, yielding even-numbered AOS. In contrast to
strong acids, weak acid hydrolysis minimizes L-AHG
loss and the generation of toxic byproducts.'® Bisulfate
ionic liquids derived from the reaction of sulfuric acid
and choline chloride were employed to hydrolyze agar.
Ionic liquids are known to yield the monosaccharides
D-galactose and L-AHG." However, ionic liquids are
not a cost-effective option due to their high cost and
limited recycling.

In contrast to chemical methods, enzymatic
hydrolysis employs specific enzymes to break the
agar polymer at specific points, thereby generating
oligosaccharides with specific sizes. Two types of agar-
hydrolyzing enzymes have been identified: p-agarase
(EC 3.2.1.81) and a-agarase (EC 3.2.1.158).%° B-Agarase
cleaves the B-1,4 glycosidic linkages of the agar polymer,
yielding even-numbered NAOS. In contrast, a-agarase
cleaves the a-1,3 glycosidic linkages, yielding even-
numbered AOS. B-Agarases that have been functionally
characterized belong to glycoside hydrolase (GH)
families 16, 50, 86, and 118. Each GH family of agarases
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exhibits a distinctive hydrolytic pattern. GH16 -agarase
is an endo-type agarase that specifically recognizes and
cleaves B-1,4 linkages within the agar polymer. GH16
B-agarase yields NAOS longer than neoagarododecaose
(DP>12). These NAOS are further hydrolyzed to
neoagarohexose (DP 6) and neoagarotetraose (DP 4)
by the same enzyme.”’ GH16 B-agarase from Zobellia
galactanivorans Dsi], Saccharophagus degradans 2-40,
and Microbulbifer thermotolerans JAMB-A94 are some
of the well characterized GHI6 B-agarases.”’>* GH50
B-agarases exhibit both endo- and exo-lytic agarolytic
activity. These enzymes use both agar and short NAOS
asthe substrate and produce neoagarobiose (DP 2) as the
major product.* Some of the most well-characterized
GH50 enzymes are those from S. degradans 2-40,
Phocaeicola plebeius DSM 17135, and Agarivorans
gilvus 25 GH86 B-agarases produce a wide range of
NAOS including neoagarobiose, neoagarotetraose,
and neoagarohexaose by hydrolyzing agar. The GH86
B-agarases of S. degradans 2-40, Bacteroides uniformis
NP1, and M. thermotolerans JAMB-A94 have been
extensively studied and well characterized.”’** GH118
B-agarases produce neoagarooctaose (DP 8) and
neoagarodecaose (DP 10) as major products. The GH118
B-agarase of Vibrio sp. PO 303 and Pseudoalteromonas
sp. CY 24 are among the well characterized GH 118

B-agarases.’*!

a-Agarase catalyzes the hydrolysis of «-1,3
glycosidic linkages present in agar. a-Agarase belongs
to the GH 96 family of hydrolases and yields AOS,
including agarotetraose (DP 4) and agarohexaose (DP
6). Some of the well-characterized GH 96 a-agarases are
those of Colwellia echini A3, Thalassotalea agarivorans
JAMB-A33, and Thalassomonas sp. LD5.27* Short
AOS and NAOS produced by chemical and enzymatic
methods are completely saccharified into D-galactose
and L-AHG by enzymatic methods.” Short NAOS
are converted to neoagarobiose by GH50 [-agarase.
Neoagarobiose has a a-1,3 glycosidic linkage which is
hydrolyzed by GH117 family of enzymes.*® Short AOS
are converted to NAOS by GH2 family hydrolases,
which remove the D-galactose at the non-reducing
end." Subsequently, these NAOS are subjected to
hydrolysis by GH50 and GH117 family agarases.

Biological activities of agar

NAOS produced by the enzymatic hydrolysis of
agar showed prebiotic effects. Specially, NAOS with
DP 8, 10, and 12 showed higher prebiotic effect than
NAOS with DP 4 and DP 6. The longer NAOS has
been observed to stimulate the growth of probiotic
gut bacteria, including Bifidobacterium adolescentis
ATCC 15703, B. bifidum ATCC 29521, B. longum SMU
27001, Lactobacillus acidophilus AMU 28001, and L.
delbrueckii®® AOS derived from the acid hydrolysis of
agar has also shown prebiotic effect on B. adolescentis
1.2190 and B. infantis 1.2202. Agar-derived AOS
has

carcinostatic,

demonstrated antioxidant, anti-inflammatory,

and  hepatoprotective  activities.”
Studies have demonstrated that AOS suppresses the
induction of TNF-a and induces heme oxygenase
I, thereby inhibiting inflammatory responses and
oxidative damage.* In vitro studies have demonstrated
that L-AHG exhibits anti-inflammatory activity by
inhibiting nitrite production in RAW 264.7 cells.”
L-AHG and neoagarobiose can be employed in the field
of cosmeceuticals as a skin-whitening and moisturizing
agent. In vitro studies have demonstrated that L-AHG
and neoagarobiose suppress melanin production.’*
Furthermore, L-AHG has been shown to have stronger
skin whitening activity than arbutin, a commonly used
skin whitening agent. Both L-AHG and neoagarobiose
demonstrated moisturizing activity.*** L-AHG was
found to induce the expression of hyaluronan synthase
2, a key enzyme in hyaluronic acid synthesis. Moreover,
neoagarotetraose has demonstrated comparable skin
whitening activity to arbutin.*’ Finally, L-AHG has
demonstrated anticariogenic activity by inhibiting the
growth of Streptococcus mutans. Streptococcus mutans
is one of the primary microorganisms responsible for
dental caries. S. mutans is unable to ferment L-AHG,
and L-AHG inhibits the cell growth and lactic acid
production. The anticariogenic effect of L-AHG is
significantly greater than that of xylitol, which is one of

the most effective anticariogenic sugar substitutes.*?

Preparation of bioactive sugars from carrageenan

The preparation of carrageenan oligosaccharides
can be achieved through chemical, physical, and
enzymatic degradation of carrageenan polysaccharides.

Chemical hydrolysis is carried out using mild
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acid hydrolysis, free radical hydrolysis, and partial
reductive hydrolysis. Mild acid hydrolysis using
diluted hydrochloric acid and diluted sulfuric acid
were employed to obtain carrageenan disaccharides
(Carrabiose).** Low molecular weight k-carrageenan
oligosaccharides were obtained by free radical
hydrolysis using hydrogen peroxide.” Both mild acid
hydrolysis and free radical hydrolysis randomly break
a-1,3 linkages and p-1,4 linkages in carrageenan,
generating odd- and even-numbered oligosaccharides.
Free radical hydrolysis of k-carrageenan generates
oligosaccharides with D-AHG at the reducing end and
D-G4S/D-AHG at the nonreducing end. Mild acid
hydrolysis generates k-carrageenan oligosaccharides
with D-G4S/D-AHG at the reducing end and D-AHG
at the nonreducing end.* Trifluoroacetic acid (TFA)
and borane-4-methylmorpholine complex are often
employed in partial reductive hydrolysis of carrageenan.
k-Carrageenan oligosaccharides ranging from DP
2 to DP 10 were obtained from partial reductive
hydrolysis. This method is a more controlled process
that specifically breaks a-1,3 linkages and generates
even-numbered oligosaccharides with D-AHG at the
reducing end.46 Physical methods of carrageenan
depolymerization include the use of ultraviolet (UV)
radiation, gamma rays, and microwaves.** Microwave-
assisted depolymerization can be employed to preserve
the fragile sulfate groups present in carrageenan.49
Physical methods can be readily implemented at a low
cost and with minimal environmental impact, although

the yields obtained are typically limited.

Enzymatic hydrolysis of carrageenan specifically
breaks the P-1,4 linkages in different carrageenan
types. Three different types of carrageenan hydrolytic
enzymes, namely k-carrageenase, (-carrageenase, and
\-carrageenase, are present to hydrolyze k-, t-, and
\-carrageenan, respectively.”® Each of these carrageenase
types exhibits high substrate specificity, rendering them
incapable of hydrolyzing the other types of carrageenan.
The k-carrageenase (EC 3.2.1.81) belongs to the GH 16
family and is the most extensively characterized type
among the carrageenases. k-Carrageenase is capable of
cleaving B-1,4 linkages in k-carrageenan, resulting in
the production of oligosaccharides of DP 2, DP 4, and
DP 6 as the predominant products. Notable examples of

well-characterized k-carrageenase enzymes are those of

Z. galactanivorans Dsi], C. echini A3, and Paraglaciecola
$66.°%  Unlike

t-carrageenase (EC 3.2.1.157), and A-carrageenase

hydrolytica K-carrageenase,
((EC 3.2.1.162) are not very common in nature.
t-Carrageenase belong to GH 82 family and hydrolyze
B-1,4 linkages in (-carrageenan, whereas A-carrageenase
belongs to GH 150 family and hydrolyze p-1,4 linkages
in A-carrageenan.*> Unlike chemical methods,
enzymatic hydrolysis can preserve the sulfate groups in
carrageenan oligosaccharides. Sulfatases that remove the
sulfate groups from the carrageenan oligosaccharides
are also highly specific to their substrate, allowing the
preparation of oligosaccharides with a desired sulfation
pattern. For instance, carrageenan sulfatases of the
S1_7 family remove the sulfate at the 4C position of
D-galactose in k-carrageenan, leaving non-sulfated
[-carrageenan oligosaccharides. Carrageenan sulfatases
of the S1_19 family remove the sulfate at the 4C position
of D-galactose in t-carrageenan, leaving a-carrageenan
oligosaccharides, which are sulfated at the 2C position
of the D-AHG moiety.**” Therefore, a combination
of specific carrageenase and sulfatase can be used to
produce carrageenan oligosaccharides with the desired

size and sulfation pattern.

Biological activities of carrageenan

The

oligosaccharides are contingent upon the degree

biological activities of carrageenan
of polymerization, the number and position of the
sulfate groups, and the type of sugar moiety at the
reducing/non-reducing ends.” Several studies have
demonstrated the strong antioxidant activities of
carrageenan oligosaccharides and their chemical
derivatives. «k-Carrageenan oligosaccharides with
lower DP show higher antioxidant activity than longer
oligosaccharides.® These oligosaccharides demonstrate
antioxidant activity by scavenging superoxide anions
and hydroxyl radicals.”® «-Carrabiose, a sulfated
disaccharide resulting from the enzymatic hydrolysis
of k-carrageenan, exhibited high antioxidant activity
due to its free radical scavenging ability.” Short
oligosaccharides obtained by the hydrolysis of k- and
\-carrageenan demonstrated potent anti-tumor activity
by inhibiting tumor growth.®*¢* High sulfation levels
of the carrageenan oligosaccharides can significantly

enhance the anti-tumor activity.®* k-Carrabiose has
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demonstrated high cytotoxic activity against tumor
cells, inducing apoptosis.”® A high concentration
of A-carrageenan oligosaccharides exerts cytotoxic
effects by triggering the production of intracellular
reactive oxygen species and inducing apoptosis.®*
Furthermore, short A-carrageenan oligosaccharides
have demonstrated anti-tumor activity by inhibiting

angiogenesis and heparanase activity.®®

Carrageenan oligosaccharides possess a diverse
array of immunomodulatory activities. k-Carrageenan
oligosaccharides have been demonstrated to activate
the phagocytosis of macrophages, the proliferation of
lymphocytes, and to enhance the activity of natural killer
(NK) cells.®® Likewise, A-carrageenan oligosaccharides
caninduce the proliferation of lymphocytes and enhance
the activity of NK cells.” Furthermore, (-carrageenan
the

neutrophils, cytotoxicity of NK cells, and stimulate

oligosaccharides  enhance phagocytosis  of
lymphocyte proliferation.®* Low molecular weight
A-carrageenan and «/P-oligosaccharides have shown
anti-inflammatory properties, which are mediated
by the induction of the anti-inflammatory cytokine
IL-10.60 D-AHG, a monosaccharide derived from
carrageenan, exhibit anti-inflammatory activity in in-
vitro assays.*® Short k-carrageenan oligosaccharides have
been demonstrated to exhibit antiviral and antibacterial
activities. Research has shown that x-carrageenan
oligosaccharides can inhibit the replication of influenza
virus.” The acetyl and sulfate content of k-carrageenan
oligosaccharides may influence the anti-viral activity.”®
k-Carrageenan oligosaccharides obtained by enzymatic
hydrolysis has shown antibacterial activity against
Escherichia coli and Staphylococcus aureus.” Although
K-carrageenan oligosaccharides have demonstrated
promising biological activities, their application is
constrained by the potential for inducing apoptosis,
inflammatory responses in the colon and rectum,
and gastrointestinal irritation observed in animal

models.”>74

Future directions

The exploration of bioactive sugars from red
macroalgae presents a promising frontier in both
biotechnology and pharmacology. However, chemical,
physical, or enzymatic methods commonly employed

for the preparation of oligosaccharides often yield

a heterogenous mixture of oligosaccharides. Future
research should prioritize the development of efficient
extraction and purification methods of oligosaccharides
to maximize yield, purity, and activity. The bioactivity
of these sugars against various pathogens and in
modulating immune responses suggests significant
therapeutic potential. Future studies should focus on
detailed mechanistic investigations to understand their
interactions at the molecular level and their effects
in complex biological systems. In vivo studies and
clinical trials will be necessary to evaluate their efficacy
and safety in medical applications. Interdisciplinary
collaborations involving marine biology, chemistry,
pharmacology, and biotechnology will be essential to
fully harness the potential of bioactive sugars from red
macroalgae, paving the way for novel therapeutic agents

and industrial applications.

References

1. Smith Jr, K. L; Ruhl, H. A, Bett, B. J; Billett, D.
S. M.; Lampitt, R. S;; Kaufmann, R. S. Climate,
Carbon Cycling, and Deep-Ocean Ecosystems.
Proc. Natl. Acad. Sci. 2009, 106 (46), 19211-19218.

2. Guiry, M. D. How Many Species of Algae Are
There? J. Phycol. 2012, 48 (5), 1057-1063.

3. Wan, A. H. L; Davies, S. J.; Soler-Vila, A
Fitzgerald, R.; Johnson, M. P. Macroalgae as a
Sustainable Aquafeed Ingredient. Rev. Aquac. 2019,
11 (3), 458-492.

4. Synytsya, A.; Copikov4, J; Kim, W. J; Park, Y.
Il. Cell Wall Polysaccharides of Marine Algae.
Springer handbook of marine biotechnology;
Springer 2015, 543-590.

5. Araki, C. Structure of the Agarose Constituent of
Agar-Agar. Bull. Chem. Soc. Jpn. 1956, 29 (4), 543-
544.

6. Hamer, G. K,; Bhattacharrjee, S. S.; Yaphe, W.
Analysis of the Enzymatic Hydrolysls Products of
Agarose by "C NMR Spectroscopy. Carbohydr. Res.
1977, 57, C7-C10.

7. Park, J. H; Hong, J. Y; Jang, H. C; Oh, S. G,;
Kim, S. H.; Yoon, J. J.; Kim, Y. J. Use of Gelidium
Amansii as a Promising Resource for Bioethanol:

A Practical Approach for Continuous Dilute-Acid

Vol. 41 No. 2, May 2024



Chemistry in Sri Lanka

10.

11.

12.

13.

14.

15.

Hydrolysis and Fermentation. Bioresour. Technol.
2012, 108, 83-88.

Isaka, S.; Cho, K.; Nakazono, S.; Abu, R.; Ueno,
M.; Kim, D.; Oda, T. Antioxidant and Anti-
Inflammatory Activities of Porphyran Isolated
from Discolored Nori (Porphyra Yezoensis). Int. J.
Biol. Macromol. 2015, 74, 68-75.

Correc, G.; Hehemann, J.-H.; Czjzek, M.; Helbert,
W. Structural Analysis of the Degradation Products
of Porphyran Digested by Zobellia Galactanivorans
B-Porphyranase A. Carbohydr. Polym. 2011, 83 (1),
277-283.

Van de Velde, F; Knutsen, S. H.; Usov, A. L;
Rollema, H. S.; Cerezo, A. S. 1H and 13C High
Resolution NMR Spectroscopy of Carrageenans:
Application in Research and Industry. Trends.
Food. Sci. Technol. 2002, 13 (3), 73-92.

Estevez, J. M.; Ciancia, M.; Cerezo, A. S. The System
of Low-Molecular-Weight

Agaroids from the Room-Temperature-Extracted

Carrageenans and
Fraction of Kappaphycus Alvarezii. Carbohydr. Res.
2000, 325 (4), 287-299.

Funami, T; Hiroe, M.; Noda, S.; Asai, I; Ikeda,
S.; Nishinari, K. Influence of Molecular Structure
Imaged with Atomic Force Microscopy on the
Rheological Behavior of Carrageenan Aqueous
Systems in the Presence or Absence of Cations.
Food. Hydrocoll. 2007, 21 (4), 617-629.

Cohen, S. M. A Critical Review of the Toxicological
Effects of Carrageenan and Processed Eucheuma
Seaweed on the Gastrointestinal Tract. Crit. Rev.
Toxicol. 2002, 32 (5), 413-444.

Lee, C. H.; Kim, H. T; Yun, E. J.; Lee, A. R;;
Kim, S. R; Kim, J.-H.; Choi, 1.-G; Kim, K. H.
A Novel Agarolytic PB-Galactosidase Acts on
Agarooligosaccharides for Complete Hydrolysis of
Agarose into Monomers. Appl. Environ. Microbiol.
2014, 80 (19), 5965-5973.

Qiu, S.-M.; Aweya, J. J; Liu, X; Liu, Y,; Tang, S;
Zhang, W,; Cheong, K.-L. Bioactive Polysaccharides
from Red Seaweed as Potent Food Supplements: A
Systematic Review of Their Extraction, Purification,
and Biological Activities. Carbohydr. Polym. 2022,
275, 118696.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Yun, E. J; Yu, S.; Kim, K. H. Current Knowledge on
Agarolytic Enzymes and the Industrial Potential of
Agar-Derived Sugars. Appl. Microbiol. Biotechnol.
2017, 101 (14), 5581-5589.

Yang, B.; Yu, G.; Zhao, X.; Jiao, G.; Ren, S.; Chai, W.
Mechanism of Mild Acid Hydrolysis of Galactan
Polysaccharides with Highly Ordered Disaccharide
Repeats Leading to a Complete Series of Exclusively
Odd-numbered Oligosaccharides. FEBS. J. 2009,
276 (7), 2125-2137.

Kim, H. T; Lee, S; Kim, K. H; Choi, I. G.
The Complete Enzymatic Saccharification of
Agarose and Its Application to Simultaneous
Saccharification and Fermentation of Agarose for
Ethanol Production. Bioresour. Technol. 2012, 107,
301-306.

Kim C Kim SH Yoon J-J] Kim HS Kim Y], R. H.
J. Acidity Tunable Ionic Liquids as Catalysts for
Conversion of Agar into Mixed Sugars. Bull
Korean Chem. Soc. 2010, 31, 511-514.

Fu, X. T; Kim, S. M. Agarase: Review of Major
Sources, Categories, Purification Method, Enzyme
Characteristics and Applications. Mar. Drugs.
2010, 8 (1), 200-218.

Murielle, J. A. M.; Flament, D.; Allouch, J.; Potin,
P; Thion, L; Kloareg, B.; Czjzek, M.; Helbert, W.;
Michel, G.; Barbeyron, T. The Endo-p-Agarases
AgaA and AgaB from the Marine Bacterium
Zobellia Galactanivorans: Two Paralogue Enzymes
with Different Molecular Organizations and
Catalytic Behaviours. Biochem. ]. 2005, 385 (3),
703-713.

Ekborg, N. A, Taylor, L. E.; Longmire, A. G;
Henrissat, B.; Weiner, R. M.; Hutcheson, S. W.
Genomic and Proteomic Analyses of the Agarolytic
System Expressed by Saccharophagus Degradans
2-40. Appl. Environ. Microbiol. 2006, 72 (5), 3396-
3405.

Takagi, E.; Hatada, Y.; Akita, M.; Ohta, Y.; Yokoi,
G.; Miyazaki, T.; Nishikawa, A.; Tonozuka, T.
Crystal Structure of the Catalytic Domain of a
GH16 Beta-Agarase from a Deep-Sea Bacterium,
Microbulbifer Thermotolerans JAMB-A94. Biosci.
Biotechnol. Biochem. 2015, 79 (4), 625-632.

Lee, D.-G.; Park, G.-T.; Kim, N. Y.; Lee, E.-];

Vol. 41 No. 2, May 2024

EX



The Tri-Annual Publication of the Institute of Chemistry Ceylon

25.

26.

27.

28.

29.

30.

31.

32.

-~ EX

Jang, M. K,; Shin, Y. G; Park, G.-S.; Kim, T.-M;
Lee, J.-H.; Lee, J.-H. Cloning, Expression, and
Characterization of a Glycoside Hydrolase Family
50 p-Agarase from a Marine Agarivorans Isolate.
Biotechnol. Lett. 2006, 28 (23), 1925-1932.

Giles, K.; Pluvinage, B.; Boraston, A. B. Structure
of a Glycoside Hydrolase Family 50 Enzyme
from a Subfamily That Is Enriched in Human
Gut Microbiome Bacteroidetes. Proteins: Struct.,
Funct., Bioinf. 2017, 85 (1), 182-187.

Zhang, P; Zhang, J.; Zhang, L.; Sun, J; Li, Y.; Wu,
L.; Zhou, J; Xue, C.; Mao, X. Structure-Based
Design of Agarase AgWHS50C from Agarivorans
Gilvus WHO0801 to Enhance Thermostability. Appl.
Microbiol. Biotechnol. 2019, 103, 1289-1298.

Ko, H. J; Park, E.; Song, J.; Yang, T. H.; Lee, H. J;
Kim, K. H.; Choi, I. G. Functional Cell Surface
Display and Controlled Secretion of Diverse
Agarolytic Enzymes by Escherichia Coli with
a Novel Ligation-Independent Cloning Vector
Based on the Autotransporter YfaL. Appl. Environ.
Microbiol. 2012, 78 (9), 3051-3058.

Ohta, Y.; Hatada, Y.; Nogi, Y.; Li, Z.; Ito, S.; Horikoshi,
K. Cloning, Expression, and Characterization
of a Glycoside Hydrolase Family 86 [-Agarase
from a Deep-Sea Microbulbifer-like Isolate. Appl.
Microbiol. Biotechnol. 2004, 66, 266-275.

Pluvinage, B.; Grondin, J. M.; Amundsen, C;
Klassen, L.; Moote, P. E.; Xiao, Y.; Thomas, D,
Pudlo, N. A.; Anele, A.; Martens, E. C. Molecular
Basis of an Agarose Metabolic Pathway Acquired
by a Human Intestinal Symbiont. Nat. Commun.
2018, 9 (1), 1043.

Dong, J.; Hashikawa, S.; Konishi, T.; Tamaru, Y,
Araki, T. Cloning of the Novel Gene Encoding
B-Agarase C from a Marine Bacterium, Vibrio Sp.
Strain PO-303, and Characterization of the Gene
Product. Appl. Environ. Microbiol. 2006, 72 (9),
6399-6401.

Ma, C; Lu, X,; Shi, C.; Li, J.; Gu, Y.; Ma, Y.; Chu,
Y.; Han, E; Gong, Q; Yu, W. Molecular Cloning
and Characterization of a Novel B-Agarase, AgaB,

from Marine Pseudoalteromonas Sp. CY24. J. Biol.
Chem. 2007, 282 (6), 3747-3754.

Pathiraja, D.; Christiansen, L.; Park, B.; Schultz-

33.

34.

35.

36.

37.

38.

39.

40.

Johansen, M.; Bang, G.; Stougaard, P; Choi, L.-G.
A Novel Auxiliary Agarolytic Pathway Expands
Metabolic Versatility in the Agar-Degrading
Marine Bacterium Colwellia Echini A3T. Appl.
Environ. Microbiol. 2021, 87 (12), e00230-21.

Ohta, Y,; Hatada, Y.; Miyazaki, M.; Nogi, Y.; Ito, S.;
Horikoshi, K. Purification and Characterization of
a Novel Alpha-Agarase from a Thalassomonas Sp.
Curr. Microbiol. 2005, 50 (4), 212-216.

Zhang, W,; Xu, J; Liu, D; Liu, H; Lu, X Yu,
W. Characterization of an a-Agarase from
Thalassomonas Sp. LD5 and Its Hydrolysate. Appl.
Microbiol. Biotechnol. 2018, 1-10.

Ha, S. C.; Lee, S.; Lee, J.; Kim, H. T; Ko, H. J.; Kim,
K. H,; Choi, I. G. Crystal Structure of a Key Enzyme
in the Agarolytic Pathway, Alpha-Neoagarobiose
Hydrolase from Saccharophagus Degradans 2-40.
Biochem. Biophys. Res. Commun. 2011, 412 (2),
238-244.

Hu, B; Gong, Q; Wang, Y,; Ma, Y,; Li, J.; Yu, W.
Prebiotic Effects of Neoagaro-Oligosaccharides
Prepared by Enzymatic Hydrolysis of Agarose.
Anaerobe 2006, 12 (5-6), 260-266.

Li, M,; Li, G;; Zhu, L.; Yin, Y;; Zhao, X,; Xiang, C.;
Yu, G.; Wang, X. Isolation and Characterization
of an Agaro-Oligosaccharide (AO)-Hydrolyzing
Bacterium from the Gut Microflora of Chinese
Individuals. PLoS One 2014, 9 (3), €91106.

Enoki, T.; Okuda, S.; Kudo, Y.; Takashima, F;
Sagawa, H.; Kato, I. Oligosaccharides from Agar
Inhibit Pro-Inflammatory Mediator Release by
Inducing Heme Oxygenase 1. Biosci. Biotechnol.
Biochem. 2010, 74 (4), 766-770.

Yun, E. J; Lee, S.; Kim, J. H.; Kim, B. B.; Kim, H.
T,; Lee, S. H.; Pelton, J. G.; Kang, N. J; Choi, I. G;
Kim, K. H. Enzymatic Production of 3,6- Anhydro-
L-Galactose from Agarose and Its Purification and
in Vitro Skin Whitening and Anti-Inflammatory
Activities. Appl. Microbiol. Biotechnol. 2013, 97 (7),
2961-2970.

Kobayashi, R.; Takisada, M.; Suzuki, T.; Kirimura,
K.; Usami, S. Neoagarobiose as a Novel Moisturizer
with Whitening Effect. Biosci. Biotechnol. Biochem.
1997, 61, 162-163.

Vol. 41 No. 2, May 2024



Chemistry in Sri Lanka

41.

42.

43.

44,

45.

46.

47.

48.

49.

Jang, M.-K.; Lee, D.-G; Kim, N.-Y; Yu, K-
H.; Jang, H.-]; Lee, S.-W,; Jang, H.-].; Lee, Y.-
J.; Lee, S.-H. Purification and Characterization
of Neoagarotetraose from Hydrolyzed Agar. J.
Microbiol. Biotechnol. 2009, 19 (10), 1197-1200.

Yun, E. J.; Lee, A. R;; Kim, J. H.; Cho, K. M.; Kim,
K. H. 3, 6-Anhydro-l-Galactose, a Rare Sugar
from Agar, a New Anticariogenic Sugar to Replace
Xylitol. Food. Chem. 2017, 221, 976-983.

Hjerde, T.; Smidsred, O.; Stokke, B. T.; Christensen,
B. E. Acid Hydrolysis of k-and 1-Carrageenan
in the Disordered and Ordered Conformations:
Characterization of Partially Hydrolyzed Samples
and Single-Stranded Oligomers Released from the
Ordered Structures. Macromolecules 1998, 31 (6),
1842-1851.

Guo, Z.; Wei, Y; Zhang, Y; Xu, Y; Zheng, L,
Zhu, B.; Yao, Z. Carrageenan Oligosaccharides: A
Comprehensive Review of Preparation, Isolation,
Purification, Structure, Biological Activities and
Applications. Algal. Res. 2022, 61, 102593.

Sun, T.; Tao, H.; Xie, ].; Zhang, S.; Xu, X. Degradation
and Antioxidant Activity of K-carrageenans. J.
Appl. Polym. Sci. 2010, 117 (1), 194-199.

Sun, Y; Yang, B.; Wu, Y.; Liu, Y;; Gu, X,; Zhang, H.;
Wang, C.; Cao, H.; Huang, L.; Wang, Z. Structural
Characterization and Antioxidant Activities of
k-Carrageenan Oligosaccharides Degraded by
Different Methods. Food. Chem. 2015, 178, 311-
318.

B;

Dharmawan, Y.; Ratnawati, R. UV Irradiation and

Prasetyaningrum, A.; Widayat, W, Jos,
Ozone Treatment of k-Carrageenan: Kinetics and
Products Characteristics. Bull. Chem. React. Eng.
2020, 15 (2), 319-330.

Relleve, L.; Nagasawa, N.; Luan, L. Q; Yagi, T;
Aranilla, C; Abad, L.; Kume, T.; Yoshii, E; Dela
Rosa, A. Degradation of Carrageenan by Radiation.
Polym. Degrad. Stab. 2005, 87 (3), 403-410.

Bouanati, T.; Colson, E.; Moins, S.; Cabrera, J.-C;
Eeckhaut, I.; Raquez, J.-M.; Gerbaux, P. Microwave-
Assisted Depolymerization of Carrageenans
from Kappaphycus Alvarezii and Eucheuma
Spinosum: Controlled and Green Production of

Oligosaccharides from the Algae Biomass. Algal

50.

51.

52.

53.

54.

55.

56.

57.

Res. 2020, 51, 102054.

Chauhan, P. S;; Saxena, A. Bacterial Carrageenases:
An Overview of Production and Biotechnological
Applications. 3 Biotech. 2016, 6 (2), 146.

Matard-Mann, M.; Bernard, T; Leroux, C,;
Barbeyron, T.; Larocque, R.; Préchoux, A.; Jeudy,
A.; Jam, M.; Collén, P. N.; Michel, G. Structural
Insights into Marine Carbohydrate Degradation by
Family GH16 k-Carrageenases. J. Biol. Chem. 2017,
292 (48), 19919-19934.

Schultz-Johansen, M.; Bech, P. K;; Hennessy, R.
C.; Glaring, M. A, Barbeyron, T; Czjzek, M.
Stougaard, P. A Novel Enzyme Portfolio for Red
Algal Polysaccharide Degradation in the Marine
Hydrolytica  S66T
Encoded in a Sizeable Polysaccharide Utilization
Locus. Front. Microbiol. 2018, 9.

Bacterium  Paraglaciecola

Christiansen, L.; Pathiraja, D.; Bech, P. K.; Schultz-
Johansen, M.; Hennessy, R.; Teze, D.; Choi, I.-G.;
Stougaard, P. A Multifunctional Polysaccharide
Utilization Gene Cluster in Colwellia Echini
Encodes Enzymes for the Complete Degradation
of k-Carrageenan, (-Carrageenan, and Hybrid /-
Carrageenan. mSphere 2020, 5 (1), 10-1128.

Guibet, M.; Colin, S.; Barbeyron, T.; Genicot, S.;
Kloareg, B.; Michel, G.; Helbert, W. Degradation
by

Carrageenovora A-Carrageenase: A New Family

of  A-Carrageenan Pseudoalteromonas
of Glycoside Hydrolases Unrelated to x-and
t-Carrageenases. Biochem. ]. 2007, 404 (1), 105-
114.

Barbeyron, T.; Michel, G.; Potin, P;; Henrissat, B.;
Kloareg, B. 1-Carrageenases Constitute a Novel
Family of Glycoside Hydrolases, Unrelated to That
of k-Carrageenases. J. Biol. Chem. 2000, 275 (45),
35499-35505.

Pathiraja, D.; Cho, J.; Stougaard, P; Choi, I.-
G. Enzymatic Process for the Carrageenolytic
Bioconversion of Sulfated Polygalactans into
B-Neocarrabiose and 3, 6-Anhydro-d-Galactose. J.
Agric. Food. Chem. 2022, 71 (1), 635-645.

Ficko-Blean, E.; Préchoux, A.; Thomas, F; Rochat,
T.; Larocque, R.; Zhu, Y.; Stam, M.; Génicot, S.;
Jam, M.; Calteau, A. Carrageenan Catabolism

Is Encoded by a Complex Regulon in Marine

Vol. 41 No. 2, May 2024

EN



The Tri-Annual Publication of the Institute of Chemistry Ceylon

58.

59.

60.

61.

62.

63.

64.

65.

-

Heterotrophic Bacteria. Nat. Commun. 2017, 8 (1),
1685.

Relleve, L

Antioxidant Properties of Alcoholic Extracts from

Abad, L. Characterization and

Gamma Irradiated x-Carrageenan. Radiat. Phys.
Chem. 2015, 112, 40-48.

Li, S;; He, N,; Han, Q; Li, X.; Jung, S.; Lee, B. S;
Mongre, R. K.; Wang, Z.-P; Wang, L.; Lee, M.-S.
Production of a Thermo-Tolerant k-Carrageenase
via a Food-Grade Host and Anti-Oxidant Activity
of Its Enzymatic Hydrolysate. Food. Chem. 2021,
339, 128027.

Cicinskas, E.; Begun, M. A,; Tiasto, V. A.; Belousov,
A. S.; Vikhareva, V. V; Mikhailova, V. A.; Kalitnik,
A. A. In Vitro Antitumor and Immunotropic
from Red Algae
Chondrus Armatus and Their Low-molecular
Weight Degradation Products. J. Biomed. Mater.
Res. A. 2020, 108 (2), 254-266.

Activity of Carrageenans

Haijin, M.; Xiaolu, J.; Huashi, G. A k-Carrageenan
Derived Oligosaccharide Prepared by Enzymatic
Degradation Containing Anti-Tumor Activity. J.
Appl. Phycol. 2003, 15, 297-303.

Yuan, H.; Song, J.; Li, X;; Li, N,; Liu, S. Enhanced
Immunostimulatory and Antitumor

of Different

Activity
Derivatives of «-Carrageenan
Oligosaccharides from Kappaphycus Striatum. J.

Appl. Phycol. 2011, 23, 59-65.

Hu, X, Jiang, X.; Aubree, E.; Boulenguer, P;
Critchley, A. T. Preparation and in Vivo. Antitumor
Activity of «-Carrageenan
Pharm. Biol. 2006, 44 (9), 646-650.

Oligosaccharides.

Chen, H.-M.; Yan, X.-J; Mai, T.-Y.; Wang, E; Xu,
W.-E. \-Carrageenan Oligosaccharides Elicit
Reactive Oxygen Species Production Resulting in
Mitochondrial-Dependent Apoptosis in Human
Umbilical Vein Endothelial Cells. Int. J. Mol. Med.

2009, 24 (6), 801-806.

Groult, H.; Cousin, R.; Chot-Plassot, C.; Maura,
M.; Bridiau, N,; Piot, J.-M.; Maugard, T; Fruitier-
Arnaudin, I. A-Carrageenan Oligosaccharides
of Distinct Anti-Heparanase and Anticoagulant
Activities Inhibit MDA-MB-231 Breast Cancer

Cell Migration. Mar. Drugs. 2019, 17 (3), 140.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Yuan, H.; Song, J; Li, X; Li, N; Dai, J.
Immunomodulation and Antitumor Activity of
k-Carrageenan Oligosaccharides. Cancer. Lett.
2006, 243 (2), 228-234.

Zhou, G.; Sun, Y,; Xin, H.; Zhang, Y.; Li, Z.; Xu,
Z. In Vivo Antitumor and Immunomodulation
Activities of Different Molecular Weight Lambda-
Carrageenans Chondrus  Ocellatus.
Pharmacol. Res. 2004, 50 (1), 47-53.

from

Stephanie, B.; Eric, D.; Sophie, E. M.; Christian,
B; Yu, G. Carrageenan from Solieria Chordalis
(Gigartinales): Structural Analysis and
Immunological Activities of the Low Molecular
Weight Fractions. Carbohydr. Polym. 2010, 81 (2),

448-460.

Wang, W,; Zhang, P; Yu, G.-L.; Li, C.-X; Hao, C;
Qi, X;; Zhang, L.-].; Guan, H.-S. Preparation and
Anti-Influenza A Virus Activity of k-Carrageenan
Oligosaccharide and Its Sulphated Derivatives.
Food. Chem. 2012, 133 (3), 880-888.

Tang, E; Chen, F; Li, F. Preparation and Potential
in Vivo Anti-influenza Virus Activity of Low
Molecular-weight and Their
Derivatives. J. Appl. Polym. Sci. 2013, 127 (3),
2110-2115.

K-carrageenans

Wang, E E; Yao, Z.; Wu, H. G,; Zhang, S. X; Zhu,
N. N.; Gai, X. Antibacterial Activities of Kappa-
Carrageenan Oligosaccharides. Appl. Mech. Mater.
2012, 108, 194-199.

McKim Jr, J. M; Baas, H.; Rice, G. P; Willoughby
Sr, J. A.; Weiner, M. L.; Blakemore, W. Effects of
Carrageenan on Cell Permeability, Cytotoxicity,
and Cytokine Gene Expression in Human Intestinal
and Hepatic Cell Lines. Food Chem. Toxicol. 2016,
96, 1-10.

Yin, Y; Li, M.; Gu, W;; Zeng, B; Liu, W,; Zhu, L;
Pi, X.; Primerano, D. A.; Hongwei, D. Y.; Wei, H.
Carrageenan Oligosaccharides and Associated
Carrageenan-Degrading Bacteria Induce Intestinal
J.  Genet.

Inflammation in Germ-Free Mice.

Genomics. 2021, 48 (9), 815-824.
Bhattacharyya, S.; Borthakur, A.; Dudeja, P. K

Tobacman, J. K. Carrageenan Induces Cell Cycle
Arrest in Human Intestinal Epithelial Cells in
Vitro. J. Nutr. 2008, 138 (3), 469-475.

Vol. 41 No. 2, May 2024



