
www.mdpi.com/journal/marinedrugs

Special Issue Reprint

Advances in 
Oligosaccharides and 
Polysaccharide Modifications 
in Marine Bioresources

Edited by 

Yuya Kumagai, Hideki Kishimura and Benwei Zhu



Advances in Oligosaccharides and
Polysaccharide Modifications in
Marine Bioresources





Advances in Oligosaccharides and
Polysaccharide Modifications in
Marine Bioresources

Editors

Yuya Kumagai

Hideki Kishimura

Benwei Zhu

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Yuya Kumagai

Hokkaido University

Hakodate, Japan

Hideki Kishimura

Hokkaido University

Hakodate, Japan

Benwei Zhu

Nanjing Tech University

Nanjing, China

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Marine Drugs (ISSN 1660-3397) (available at: https://www.mdpi.com/journal/marinedrugs/

special_issues/Advances_Oligosaccharides_Polysaccharide_Modifications_Marine_Bioresources).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-8364-8 (Hbk)

ISBN 978-3-0365-8365-5 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to “Advances in Oligosaccharides and Polysaccharide Modifications in Marine

Bioresources" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Peng He, Deling Shi, Yunran Li, Ke Xia, Seon Beom Kim, Rohini Dwivedi and et al.

SPR Sensor-Based Analysis of the Inhibition of Marine Sulfated Glycans on Interactions
between Monkeypox Virus Proteins and Glycosaminoglycans
Reprinted from: Marine Drugs 2023, 21, 264, doi:10.3390/md21050264 . . . . . . . . . . . . . . . . 1

Blessing Mabate, Chantal Désirée Daub, Brett Ivan Pletschke and Adrienne Lesley Edkins

Comparative Analyses of Fucoidans from South African Brown Seaweeds That Inhibit
Adhesion, Migration, and Long-Term Survival of Colorectal Cancer Cells
Reprinted from: Marine Drugs 2023, 21, 203, doi:10.3390/md21040203 . . . . . . . . . . . . . . . . 11

Cheng Yang, Rongrong Yang, Ming Gu, Jiejie Hao, Shixin Wang and Chunxia Li

Chitooligosaccharides Derivatives Protect ARPE-19 Cells against Acrolein-Induced Oxidative
Injury
Reprinted from: Marine Drugs 2023, 21, 137, doi:10.3390/md21030137 . . . . . . . . . . . . . . . . 31

Chengying Yin, Jiaxia Sun, Hainan Wang, Wengong Yu and Feng Han

Identification and Characterization of a New Cold-Adapted and Alkaline Alginate Lyase
TsAly7A from Thalassomonas sp. LD5 Produces Alginate Oligosaccharides with High Degree
of Polymerization
Reprinted from: Marine Drugs 2023, 21, 6, doi:10.3390/md21010006 . . . . . . . . . . . . . . . . . 47

Juanjuan Wang, Zebin Liu, Xiaowei Pan, Ning Wang, Legong Li, Yuguang Du and et al.

Structural and Biochemical Analysis Reveals Catalytic Mechanism of Fucoidan Lyase from
Flavobacterium sp. SA-0082
Reprinted from: Marine Drugs 2022, 20, 533, doi:10.3390/md20080533 . . . . . . . . . . . . . . . . 57

Shengsheng Cao, Li Li, Benwei Zhu and Zhong Yao

Biochemical Characterization and Elucidation of the Hybrid Action Mode of a New
Psychrophilic and Cold-Tolerant Alginate Lyase for Efficient Preparation of Alginate
Oligosaccharides
Reprinted from: Marine Drugs 2022, 20, 506, doi:10.3390/md20080506 . . . . . . . . . . . . . . . . 77

Lei Wang, Jun-Geon Je, Caoxing Huang, Jae-Young Oh, Xiaoting Fu, Kaiqiang Wang

and et al.

Anti-Inflammatory Effect of Sulfated Polysaccharides Isolated from Codium fragile In Vitro in
RAW 264.7 Macrophages and In Vivo in Zebrafish
Reprinted from: Marine Drugs 2022, 20, 391, doi:10.3390/md20060391 . . . . . . . . . . . . . . . . 93

Sora Yu, So Young Park, Dong Hyun Kim, Eun Ju Yun and Kyoung Heon Kim

Multi-Step Enzymatic Production and Purification of 2-Keto-3-Deoxy-Galactonate from
Red-Macroalgae-Derived Agarose
Reprinted from: Marine Drugs 2022, 20, 288, doi:10.3390/md20050288 . . . . . . . . . . . . . . . . 101

Yuya Kumagai, Hideki Kishimura, Weeranuch Lang, Takayoshi Tagami, Masayuki Okuyama

and Atsuo Kimura

Characterization of an Unknown Region Linked to the Glycoside Hydrolase Family 17
β-1,3-Glucanase of Vibrio vulnificus Reveals a Novel Glucan-Binding Domain
Reprinted from: Marine Drugs 2022, 20, 250, doi:10.3390/md20040250 . . . . . . . . . . . . . . . . 113

v



Xue-Bing Ren, Yan-Ru Dang, Sha-Sha Liu, Ke-Xuan Huang, Qi-Long Qin, Xiu-Lan Chen

and et al.

Identification and Characterization of Three Chitinases with Potential in Direct Conversion of
Crystalline Chitin into N,N′-diacetylchitobiose
Reprinted from: Marine Drugs 2022, 20, 165, doi:10.3390/md20030165 . . . . . . . . . . . . . . . . 127

Limin Ning, Zhong Yao and Benwei Zhu

Ulva (Enteromorpha) Polysaccharides and Oligosaccharides: A Potential Functional Food Source
from Green-Tide-Forming Macroalgae
Reprinted from: Marine Drugs 2022, 20, 202, doi:10.3390/md20030202 . . . . . . . . . . . . . . . . 147

vi



About the Editors

Yuya Kumagai

Dr. Yuya Kumagai received B.S., M.S., and Ph.D. degrees in Fisheries Science from the Hokkaido

University, Hakodate, Japan in 2005, 2008, and 2010, respectively. He is currently an Associate

Professor of Faculty of Fisheries Science with Hokkaido University, Hakodate, Japan. His research

interests include Marine Biology and Biochemistry, the characterization of functional materials from

seaweed, enzymes, and the modification of them.

Hideki Kishimura

Dr. Hideki Kishimura is a Professor of Fisheries Sciences, Hokkaido University in Hokkaido,

Japan. His research fields are the “purification of biochemical compounds from fisheries by-products

and underused marine organisms” and the “determination of their structures and investigation of

their health benefits”. He is a society board member of the Japanese Society for Marine Biotechnology

and a secretary board member of the Hokkaido Branch of the Japanese Society of Fisheries Science

and serves on the Editorial Board of Marine Drugs.

Benwei Zhu

Dr. Benwei Zhu is a Professor at College of Food Science and Light Industry, Nanjing Tech

University in Nanjing, China. He was also a Visiting Researcher in Prof. Kishimura’s laboratory in

2020-2021. His research interests include the discovery and enzymatic and structural characterization

of new marine polysaccharide-degrading enzymes.

vii





Preface to “Advances in Oligosaccharides and

Polysaccharide Modifications in Marine Bioresources"

Oligosaccharides and polysaccharides derived from marine bioresources are sustainable

materials that are synthesized via seaweed photosynthesis. These are widely used by aquatic

organisms and human beings as valuable foodstuffs and industrial raw materials, respectively.

Seaweed polysaccharides have various structures depending on their origin, such as red algae,

green algae, and brown algae. They exhibit various functionalities depending on small structural

differences. This Special Issue includes content that will deepen our understanding of marine

polysaccharides and oligosaccharides, e.g., the functional analysis of enzymes, the production of

specific structural saccharides using specific enzymes, and the elucidation of their new functionality.

We hope that this book will facilitate the achievement of a sustainable society by providing modified

sustainable resources.

Yuya Kumagai, Hideki Kishimura, and Benwei Zhu

Editors
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SPR Sensor-Based Analysis of the Inhibition of Marine
Sulfated Glycans on Interactions between Monkeypox Virus
Proteins and Glycosaminoglycans

Peng He 1,2, Deling Shi 1,2, Yunran Li 1,3, Ke Xia 1,2, Seon Beom Kim 4,5, Rohini Dwivedi 4, Marwa Farrag 4,
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1 Center for Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, NY 12180, USA;
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5 Department of Food Science & Technology, College of Natural Resources and Life Science,
Pusan National University, Miryang 46241, Republic of Korea

6 Departments of Chemical and Biological Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA
* Correspondence: dordick@rpi.edu (J.S.D.); zhangf2@rpi.edu (F.Z.)

Abstract: Sulfated glycans from marine organisms are excellent sources of naturally occurring gly-
cosaminoglycan (GAG) mimetics that demonstrate therapeutic activities, such as antiviral/microbial
infection, anticoagulant, anticancer, and anti-inflammation activities. Many viruses use the heparan
sulfate (HS) GAG on the surface of host cells as co-receptors for attachment and initiating cell entry.
Therefore, virion–HS interactions have been targeted to develop broad-spectrum antiviral therapeu-
tics. Here we report the potential anti-monkeypox virus (MPXV) activities of eight defined marine
sulfated glycans, three fucosylated chondroitin sulfates, and three sulfated fucans extracted from
the sea cucumber species Isostichopus badionotus, Holothuria floridana, and Pentacta pygmaea, and the
sea urchin Lytechinus variegatus, as well as two chemically desulfated derivatives. The inhibitions of
these marine sulfated glycans on MPXV A29 and A35 protein–heparin interactions were evaluated
using surface plasmon resonance (SPR). These results demonstrated that the viral surface proteins of
MPXV A29 and A35 bound to heparin, which is a highly sulfated HS, and sulfated glycans from sea
cucumbers showed strong inhibition of MPXV A29 and A35 interactions. The study of molecular
interactions between viral proteins and host cell GAGs is important in developing therapeutics for
the prevention and treatment of MPXV.

Keywords: monkeypox virus; protein A29; protein A35; heparin; sea cucumbers; marine sulfated
glycans; surface plasmon resonance

1. Introduction

Monkeypox was first found in a colony of cynomolgus monkeys that had smallpox-like
symptoms in 1958 [1]. Over the next ten years, several outbreaks among captive monkeys
were reported in both the Netherlands and the United States, but no human cases were
reported [2]. In 1970 the first human case was diagnosed in a baby boy from the Democratic
Republic of Congo (DRC), then the monkeypox virus spread to other African countries and
became endemic in Africa [3]. Human monkeypox cases were limited in Africa until 2003,
which was when the first monkeypox case was reported in the United States because of the
importation of rats from Africa [4]. More imported cases were then sporadically reported in
the United Kingdom, Israel, Singapore, and the United States. In May 2022, a monkeypox
outbreak in humans started in the UK that then spread across the world. According to the

Mar. Drugs 2023, 21, 264. https://doi.org/10.3390/md21050264 https://www.mdpi.com/journal/marinedrugs
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World Health Organization (WHO), by March 2023, 86,391 confirmed cases and 111 deaths
were reported, and 110 countries were impacted worldwide [5].

Monkeypox is caused by the monkeypox virus (MPXV), which is a double-stranded
DNA virus with a genome of nearly 197 kb and around 190 nonoverlapping ORFs [6].
This zoonotic virus [7] belongs to the family Poxviridae, subfamily genus Orthopoxvirus
(smallpox virus, variola virus, camelpox virus, and cowpox virus all belong to this genus).
Monkeypox is genetically divided into two groups: the West African clade (clade I) and
the Congo Basin clade (clade II, including clade IIa and clade IIb). The MPXV outbreak
nowadays belongs to clade IIb. Unlike the large and quick mutations of single-stranded
RNA viruses, such as influenza virus and SARS-CoV-2, the double-stranded DNA structure
limited MPXV’s mutations. However, in 2022, MPXV had more than 50 mutations in DNA
compared with its 2018 version, and this mutation rate was much higher than before and
makes the MPXV a globally concerning infectious disease [8]. Although the smallpox
vaccine offers 78% protection against monkeypox [9], there remains a high demand to
develop new anti-monkeypox drugs due to the large jump in the viral mutation rate.

The central portion of the genome in different Orthopoxviruses is highly conserved,
and their proteins are highly homologous. The MPXV has a set of highly conserved Or-
thopoxvirus surface proteins, which can be targeted to block the viral infection [6]. Among
these surface proteins, MPXV A29 and M1 are involved in the cellular entry into the intra-
cellular mature virion, while proteins B6 and A35 play important roles in the transmission
on the surface of extracellular enveloped virion [10]. The poxvirus A35 protein is reported
to be an important virulence factor of poxviruses. A 1000-fold virulence attenuation was
detected when the poxvirus lost its A35 proteins. We previously reported that MPXV A29
protein shows high binding affinity to the GAGs, including heparin, chondroitin sulfate
(CS), and dermatan sulfate (DS) [11]. We proposed the following three-step model of MPXV
host cell entry in which (i) MPXV virions attach to the host cell surface by binding to
heparan sulfate proteoglycan (HSPG), (ii) host cell surface proteases initiate viral–host cell
membrane fusion, and (iii) virions finally enter the host cell. It is a promising therapeutic
target to develop drugs that can bind to A29 to stop the viral entry or binding to the A35
protein, reducing the virulence of the MPXV.

Our previous study found that the sulfated glycans pentosan polysulfate and mu-
copolysaccharide polysulfate showed strong inhibition of MPXV A29 binding to heparin.
Marine-sourced sulfated glycans attracted much attention due to their antiviral activities
against the influenza virus, respiratory syncytial virus, cytomegalovirus, and dengue virus.
Recently, we reported a series of marine sulfated glycans that showed strong inhibitory
activity against SARS-CoV-2 by binding with the viral surface S-protein [12–15]. In this
study, a small library of marine echinoderm sulfated glycans (fucosylated chondroitin
sulfates and sulfate fucans; see the structures in Figure 1) derived from three sea cucumbers
and one sea urchin were prepared and evaluated for the inhibition activity on the MPXV
A29 and A35 protein–heparin interactions using surface plasmon resonance (SPR). Our
results demonstrated that MPXV A29 and A35 bind to heparin and the tested sulfated
glycans from sea cucumbers showed strong inhibition of the interaction between heparin
and A29/A35.
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Figure 1. Chemical structures of heparin and marine sulfated glycans.

2. Results and Discussion

2.1. Binding Affinity and Kinetics Measurement of Heparin–MPXV Protein Interactions

Smallpox vaccines based on the vaccinia virus (VACV), such as ACAM2000 and MVA-
BN, were shown to be effective in preventing and controlling MPXV by WHO and the
CDC [16]. Eight well-studied VACV proteins were applied as immunogenic proteins to
neutralize antibodies in humans: A33R, A28L, A27L, A17L, H3, D8L, L1R, and B5R. Among
these, MPXV A35 proteins and VACV A33R proteins have a 95.5% genetic similarity [17].
The A35 protein is an extracellular enveloped virus (EEV) that envelops glycoprotein,
which is an important component of actin-containing microvilli and plays critical roles
in cell-to-cell spread. Heparin is a naturally occurring linear anionic GAG, which is
structurally like HS, with a wide distribution in chain molecular weight and sulfation
density. Heparin interacts with multiple proteins, endowing heparin with a variety of
pharmacological activities, such as anticoagulation, antithrombosis, and anti-inflammation.
Many publications demonstrate that many viruses, including SARS-CoV-2, the herpes
simplex virus, the influenza virus, and the Zika virus, can infect the host by binding HS on
the cell surface [18,19]. HS, as part of the glycocalyx on host cells, facilitates the attachment
of viruses to host cells, usually constituting the initial step of viral infection. Heparin and
HS also exhibit antiviral activity by blocking viral receptors, thereby inhibiting viruses from
engaging with host cells. Recently, three models for how viruses involve HS or therapeutic
sulfated GAGs were proposed [20]: (i) viruses use HS as a primary receptor required for
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infection, such as HSV-1 and HSV-2; (ii) HS serves as a co-receptor that provides localization
of the virus on the cell surface by increasing viral concentration and carrying the virus
closer to the more specific receptors for viral entry, such as SARS-CoV-2, using HS to
facilitate its binding the receptor angiotensin-converting enzyme 2 (ACE2); and (iii) HS can
also serve as a protector of the host cell from viral engagement by shielding key receptors.
Heparin, which is an HS mimetic, can competitively inhibit the binding of viral proteins to
HS on the host cell surface. Here, a heparin chip, as well as CS and DS (GAGs also present
on the cell surface) chips, were prepared to evaluate their binding activities with MPXV
A35 proteins. Unlike protein A29 binding to the CS and DS [11], neither CS nor DS showed
binding to MPXV A35 protein (data not shown). Sensorgrams of interactions of heparin
with MPXV A29 and A35 are shown in Figure 2.

AA sequence of A29:
1MDGTLFPGDDDLAIPATEFFSTKAAKNPET
KREAIVKAYGDDNEETLKQRLTNLEKKITN
ITTKFEQIEKCCKHNDEVLFRLENHAETLR
AAMISLA97

AA sequence of A35:
1MMTPENDEEQTSVFSATVYGDKIQGKNKRKRVIGLCI
RISMVISLLSMITMSAFLIVRLNQCMSANEAAITDSAVA
VAAASSTHRKVASSTTQYDHKESCNGLYYQGSCYILHSD
YKSFEDAKANCAAESSTLPN137

Figure 2. Amino acid sequence of MPXV A29 and A35 proteins (positively charged amino acids
histidine (H), lysine (K), and arginine (R) are in red) and SPR sensorgrams of MPXV A29 and A35
protein binding with heparin. Concentrations of A35 protein were 1000, 500, 250, 125, 62.5 and
31.3 nM (from top to bottom, respectively).

Both the binding kinetics and affinity (ka, association rate constant; kd, dissociation
rate constant; and KD (ka/kd), binding equilibrium dissociation constant) were obtained
through globally fitting the entire association and dissociation phases by employing a
1:1 Langmuir binding model. Table 1 shows the kinetic parameters of the interaction
between the MPXV A29 and A35 proteins with heparin. The binding affinity of the MPXV
A35 protein with heparin was 220 nM and showed a strong binding affinity between
heparin and A35 protein. The binding activities of heparin with MPXV A29 protein were
also tested as a comparison. The binding kinetic results indicated (i) a similar binding
affinity (KD) for heparin interaction with A29 and A35: KD = 250 nM for the heparin–A29
interaction and KD = 220 nM for the heparin–A35 interaction; (ii) the A29 protein showed a
quick association rate and a quick disassociation rate, while the A35 protein showed a slow
association rate and a slow disassociation rate. The interactions between these proteins
and heparin were primarily of an electrostatic nature: negatively charged GAGs interacted
with positively charged amino acids, including lysine, arginine, and histidine. Based on the
sequences of A29 and A35 (Figure 2), some positively charged amino acid clusters served
as the heparin-binding domain.

4
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Table 1. Kinetic data of the interaction of the MPXV A29 and A35 proteins with heparin.

k (M−1S−1) Kd (S−1) KD (M)

A29 protein 2.0 × 104

(±190) *
5.1 × 10−3

(±4.1 × 10−5) * 2.5 × 10−7

A35 protein 1.8 × 103

(±14) *
4.0 × 10−4

(±1.6 × 10−6) * 2.2 × 10−7

* The data with (±) in parentheses are the standard deviations (SDs) from the global fitting of five injections.

2.2. SPR Solution Competition between Surface-Immobilized Heparin and Marine
Sulfated Glycans

The sulfated glycans studied were the sulfated fucan (IbSF) and the fucosylated chon-
droitin sulfate (IbSFucCS) isolated from the sea cucumber Isostichopus badionotus, along
with their chemical fully desulfated derivatives desIbSF (polymer of fucose) and desIb-
FucCS (Figure 1) [21,22]. IbSF has a structure of [→3)-α-Fuc2,4S-(1→3)-α-Fuc2S-(1→3)-α-
Fuc2S-(1→3)-α-Fuc-(1→]n. IbFucCS has a structure of [→3)-β-GalNAc4,6S-(1→4)β-GlcA-
[(3→1)Y]-(1→]n, where Y = α-Fuc2,4S (96%) or α-Fuc4S (4%). Both IbSF and IbFucCS
showed excellent inhibitory activity against SARS-CoV-2 wild-type and Delta (B.1.617.2)
strains by thoroughly disrupting the S-protein interaction with HS on the host cell surface.
Fully desulfated IbSF (desIbSF) and IbFucCs (desIbFucCS) were obtained via chemical
desulfation using solvolysis after conversion to their pyridinium salt derivatives [23].

Solution/surface competition experiments were performed using SPR to study the
ability of I. badionotus (Ib)-sourced glycans IbSF, IbFucCS, desIbSF, and desIbFucCS to
inhibit the interaction between heparin with MPXV A29 and A35 proteins. The same
concentration of Ib glycan (100 μg/mL) was individually mixed in the MPXV A29 or A35
proteins (250 nM). Solution competition studies between heparin and IB glycans are shown
in Figure 3. All the Ib glycans inhibited the binding of both the MPXV A29 protein and
A35 protein to the surface-immobilized heparin. Soluble heparin inhibited the binding of
MPXV A29 and A35 to surface-immobilized heparin by 60% and 72%, respectively. IbSF
and IbFucCS showed slightly better results in the inhibitions of A35 binding to surface-
immobilized heparin, with 75.8% and 79.9%, respectively. Surprisingly, both IbSF and
IbFucCS showed very strong competitive inhibitions, with 95% and 91.5%, respectively.
After full desulfation, both desIbSF and desIbFucCS showed a reduced competitive ability
to inhibit heparin binding to both the A29 and A35 proteins. This observation indicated
that sulfation in the marine sulfated glycans is a key structural element for interactions
with MPXV A29 and A35 proteins and, therefore, anti-monkeypox activity.

 

Figure 3. Solution competition between heparin and heparin Ib glycans. (A) SPR sensorgrams of the
MPXV A35 protein–heparin interaction competing with different Ib glycans. The concentration of the
MPXV A35 protein was 250 nM mixed with 100 μg/mL of different Ib glycans. (B) Bar graphs (based
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on triplicate experiments with standard deviation) of normalized MPXV A35 protein binding prefer-
ence to surface heparin by competing with different Ib glycans. (C) SPR sensorgrams of the MPXV
A29 protein–heparin interaction competing with different Ib glycans. The concentration of the MPXV
A29 protein was 250 nM mixed with 100 μg/mL of different Ib glycans. (D) Bar graphs (based on
triplicate experiments with standard deviations) of the normalized MPXV A29 protein binding pref-
erence to surface heparin by competing with different Ib glycans. Statistical analysis was performed
using an unpaired two-tailed t-test (*: p ≤ 0.05 compared with the control, **: p ≤ 0.01 compared
with the control).

2.3. SPR Solution Competition between Surface-Immobilized Heparin and Holothuria-floridana-
Sourced Sulfated Glycans HfSF and HfFucCS

HfSF is a sulfated fucan derived from the sea cucumber Holothuria floridana (Hf) with
a structure of [→3)-α-Fuc2,4S-(1→3)-α-Fuc-(1→3)-α-Fuc2S-(1→3)-α-Fuc2S-(1→]n, while
HfFucCS is a fucosylated chondroitin sulfate with a structure of [→3)-β-GalNAc4,6S-(1→4)-
β-GlcA-[(3→1)Y]-(1→]n, where Y = αFuc2,4S (45%), α-Fuc3,4S (35%), or α-Fuc4S (20%) [24]
(Figure 1). These two Hf glycans were found to be good inhibitors of both wild-type and
Delta SARS-CoV-2 [13].

Solution/surface competition experiments were performed using SPR to study the
ability of HfSF and HfFucCS to inhibit the interactions between heparin with the MPXV
A29 and A35 proteins. The same concentration of Hf glycan (100 μg/mL) was individually
mixed in the MPXV A29 or A35 proteins (250 nM). Solution competition study results
between heparin and Hf glycans are shown in Figure 4. Heparin inhibited the binding of
MPXV A29 and A35 binding to surface-immobilized heparin by 60% and 72%, respectively.
IbSF and IbFucCS showed slightly better results for the inhibitions of A35 binding to surface-
immobilized heparin, with 77.4% and 77%, respectively. However, IbSF and IbFucCS
showed strong competitive inhibition results, with 92.4% and 86.1%, respectively.

Figure 4. Solution competition between heparin and Hf glycans. (A) SPR sensorgrams of the MPXV
A35 protein–heparin interaction competing with different Hf glycans. The concentration of the MPXV
A35 protein was 250 nM mixed with 100 μg/mL of different Hf glycans. (B) Bar graphs (based
on triplicate experiments with standard deviations) of the normalized MPXV A35 protein binding
preference to surface heparin by competing with different Hf glycans. (C) SPR sensorgrams of the
MPXV A29 protein–heparin interaction competing with different Hf glycans. The concentration
of the MPXV A29 protein was 250 nM mixed with 100 μg/mL of different Hf glycans. (D) Bar
graphs (based on triplicate experiments with standard deviations) of the normalized MPXV A29
protein binding preference to surface heparin by competing with different Hf glycans. Statistical
analysis was performed using an unpaired two-tailed t-test (*: p ≤ 0.05 compared with the control,
**: p ≤ 0.01 compared with the control).
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2.4. SPR Solution Competition between Surface-Immobilized Heparin and two Marine-Soured
Sulfated Glycans LvSF and PpFucCS

LvSF is a sulfated fucan isolated from the sea urchin Lytechinus variegatus and has
a structure of [→3)-α-Fuc2,4S-(1→3)-αFuc2S-(1→3)-α-Fuc2S-(1→3)-α-Fuc4S-(1→]n [14],
while PpFucCS is the fucosylated chondroitin sulfate isolated from the sea cucumber
Pentacta pygmaea and has a structure of [→3)-β-GalNAcX(1→4)-β-GlcA-[(3→1)Y]-(1→]n,
where X = 4S (80%), 6S (10%), or non-sulfated (10%), and Y = α-Fuc2,4S (40%), αFuc2,4S-
(1→4)-α-Fuc (30%), or α-Fuc4S (30%) [15] (Figure 1).

Solution/surface competition experiments were performed using SPR to study the
inhibition of LvSF and PpFucCS for the interaction between heparin with MPXV A29 and
A35 proteins. The same concentration of Hf glycan (100 μg/mL) was individually mixed in
the MPXV A29 or A35 proteins (250 nM). The solution competition study results between
heparin and sulfated glycans are shown in Figure 5. Heparin inhibited the binding of MPXV
A29 and A35 to surface-immobilized heparin by 60% and 72%, respectively. LvSF and
PpFucCS showed a better result of the inhibition of A35′s binding to surface-immobilized
heparin, with 83.1% and 89%, respectively. LvSF and PpSFucCS showed strong competitive
inhibition results, with 76.4% and 87%, respectively.

Figure 5. Solution competition between heparin and LvSF and PpFucCS glycans. (A) SPR sensor-
grams of the MPXV A35 protein–heparin interaction competition with different LvSF and PpFucCS
glycans. The concentration of the MPXV A35 protein was 250 nM mixed with 100 μg/mL of different
LvSF and PpFucCS glycans. (B) Bar graphs (based on triplicate experiments with standard deviations)
of the normalized MPXV A35 protein binding preference to surface heparin by competing with differ-
ent LvSF and PpFucCS glycans. (C) SPR sensorgrams of the MPXV A29 protein–heparin interaction
competing with different LvSF and PpFucCS glycans. The concentration of the MPXV A29 protein
was 250 nM mixed with 100 μg/mL of different LvSF and PpFucCS glycans. (D) Bar graphs (based
on triplicate experiments with standard deviations) of the normalized MPXV A29 protein binding
preference to surface heparin by competing with different LvSF and PpFucCS glycans. Statistical
analysis was performed using an unpaired two-tailed t-test (*: p ≤ 0.05 compared with the control).

All six natural marine-derived sulfated glycans (IbSF, IbFucCS, HfSF, HfFucCS, Pp-
FucCS, LvSF) showed the ability to inhibit the interactions between monkeypox virus
proteins (both A29 and A35) and surface-immobilized heparin. However, both desulfated
glycans, desIbSF and desIbFucCS showed significantly reduced binding properties of
both viral proteins to surface-immobilized heparin (Table 2). This dataset indicates that
sulfation is a key structural element for the inhibition activity of marine sulfated glycans.
All six natural marine sulfated glycans exhibited remarkable inhibition activity against
surface-immobilized heparin binding with the MPXV A29 protein. Among the three kinds
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of fucosylated chondroitin sulfates, IbFucCS had the highest sulfation level (96% branching
disulfated fucoses) and exhibited the best inhibitory property. HfFucCS (80% branching
disulfated fucoses) and PpFucCS (70% branching disulfated fucoses) showed similar in-
hibitory activity despite the lower sulfation content in PpFucCS. Although IbSF, LvSF, and
HfSF are all tetrasaccharide-repeating sulfated fucans, IbSF and HfSF are tetrasulfated per
tetrasaccharide building blocks, while LvSF is pentasulfated per tetrasaccharide building
blocks. IbSF and HfSF showed very similar inhibitory activities and, interestingly, higher
action than LvSF despite the higher sulfation content of the latter. This indicates that the
sulfation pattern can play a more significant role in the interactions with the monkeypox
proteins than the sulfation content. Although all tested sulfated glycans showed strong
inhibitory activity against both viral proteins in the SPR-based binding to the heparin
surface, no clear correlations between the structural features of these glycans and binding
properties could be drawn. Similar results were observed in our previous study on the
inhibitory activity of these sulfated glycans against evolving SARS-CoV-2 strains [13].

Table 2. Summary of solution competition between heparin and eight marine-derived glycans
binding to MPXV proteins a.

Control b Heparin IbSF desIbSF IbFucCS desIbFucCS HfSF HfFucCS PpFucCS LvSF

Normalized A29
protein binding (%) 100 43.3 * 5.0 ** 75.4 * 7.6 * 66.8 * 8.5 ** 13.9 * 13.0 * 23.6 *

Normalized A35
protein binding (%) 100 27.7 * 24.3 * 60.4 * 20.1 * 63.9 * 23.9 * 23.0 * 19.0 * 16.9 *

a SPR sensorgrams of MPXV A29/A35 protein–heparin interaction competing with eight different marine-derived
glycans. The concentration of proteins was 250 nM mixed with 100 μg/mL of different glycans. b The control
had the same concentration of A29/A35 protein (125 nM) without any mixed glycans. Statistical analysis was
performed using an unpaired two-tailed t-test (*: p ≤ 0.05 compared with the control, **: p ≤ 0.01 compared with
the control).

3. Materials and Methods

3.1. Materials

Eight marine sulfated glycans (IbSF, desIbSF, IbFucCS, desIbFucCS, PpFucCS, LvSF,
HfSF, HfFucCS) from the sea cucumbers I. badionotus and P. pygmaea, sea urchin L. variegatus,
and the Florida sea cucumber Holothuria floridana were purified [19,21] in Dr. Pomin’s lab
at the University of Mississippi. MPXV A29 and A35 proteins were purchased from Sino
Biological Inc. (Wayne, PA, USA). The recombinant MPXV protein A29 consists of 97 amino
acids and has a predicted molecular mass of 11.36 kDa. The recombinant MPXV protein
A35 consists of 135 amino acids and has a predicted molecular mass of 15.12 kDa (see
the amino acid sequences in Figure 2). Porcine intestinal heparin was purchased from
Celsus Laboratories (Cincinnati, OH, USA) with an average molecular weight of 15 kDa
and polydispersity of 1.4. Sensor SA chips were purchased from Cytiva (Uppsala, Sweden).
SPR measurements were performed on a BIAcore 3000 or T200 SPR (Uppsala, Sweden),
which was operated using Biaevaluation software (version 4.0.1 or 3.2).

3.2. Preparation of Heparin Biochips

The biotinylated heparin was prepared using the following method: 1 mg of heparin
and 1 mg of amine-PEG3-Biotin (Thermo Scientific, Waltham, MA, USA) were dissolved in
200 μL water, and then 5 mg NaCNBH3 was added. The mixture was incubated at 70 °C
for 24 h, then another 5 mg NaCNBH3 was added, and the reaction was incubated for
another 24 h. After completing the reaction, the mixture was desalted with a spin column
(3000 molecular weight cut-off). Biotinylated heparin was freeze-dried for chip preparation.
A heparin SA chip for the SPR study was made using the following protocol: 20 μL solution
of the biotinylated heparin (0.1 mg/mL) in HBS-EP+ buffer was injected over flow cells
2 to 4 of the SA chip at a flow rate of 10 μL/min. Furthermore, flow cell 1 was immobilized
using biotin as a reference channel using the same method.

8



Mar. Drugs 2023, 21, 264

3.3. Binding Kinetics and Affinity Studies of the Interaction between Heparin and the MPXV
A35 Protein

The MPXV A35 protein was diluted with HBS-EP+ buffer (pH 7.4). Different dilutions
of A35 protein were injected at a flow rate of 30 μL/min. At the end of each injection, the
same buffer was allowed to flow over the sensor surface to facilitate dissociation for 180 s.
The SPR chip was regenerated by injecting it with 30 μL of 2 M NaCl. The response was
monitored using a sensorgram at 25 ◦C.

3.4. Inhibition Activity of the Marine Sulfated Glycans on Heparin–MPXV Protein Interactions

To evaluate the inhibition of the MPXV protein–heparin interaction, 250 nM of MPXV
protein was premixed with 100 μg/mL of different glycans in HBS-EP+ buffer (pH 7.4)
and injected over the heparin chip with a flow rate of 30 μL/min. The same buffer was
allowed to flow over the sensor surface to facilitate dissociation after each injection. A 30 μL
injection of 2 M NaCl was used for the regeneration of the sensor surface. Sensorgrams
were monitored at 25 °C. MPXV proteins were used in the control experiments to make sure
the surface was completely regenerated. When the binding sites of MPXV proteins were
occupied by our glycan samples, the binding of premixed proteins with glycan samples to
the surface-immobilized heparin was decreased with an RU attenuation of the SPR.

4. Conclusions

The current study demonstrated that MPXV A29 and A35 were strongly bound to
heparin. Solution competition analysis between surface-immobilized heparin with eight
defined marine sulfated glycans (IbSF, desIbSF, IbFucCS, desIbFucCS, PpFucCS, LvSF,
HfSF, HfFucCS) from sea cucumber was performed by using an SPR competition assay.
These results showed that the natural marine sulfated glycans (IbSF, IbFucCS, PpFucCS,
LvSF, HfSF, HfFucCS) provided outstanding inhibitory activity of chip-surface heparin
binding to the MPXV A29 and A35 proteins. However, the fully desulfated IbSF (desIbSF)
and fully desulfated desIbFucCS showed only a weak inhibition activity. Our findings
demonstrate that some sulfated glycans from cucumbers are promising natural MPXV
inhibitors through binding with two critical MPXV proteins, namely, A29 and A35. The
study of molecular interactions should facilitate the development of therapeutics for the
prevention and treatment of MPXV. Additional studies will be needed in the future to
uncover the potential in vitro and in vivo properties of marine sulfated glycans against
monkeypox infection.
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Abstract: Human colorectal cancer (CRC) is a recurrent, deadly malignant tumour with a high
incidence. The incidence of CRC is of increasing alarm in highly developed countries, as well as
in middle to low-income countries, posing a significant global health challenge. Therefore, novel
management and prevention strategies are vital in reducing the morbidity and mortality of CRC.
Fucoidans from South African seaweeds were hot water extracted and structurally characterised using
FTIR, NMR and TGA. The fucoidans were chemically characterised to analyse their composition.
In addition, the anti-cancer properties of the fucoidans on human HCT116 colorectal cells were
investigated. The effect of fucoidans on HCT116 cell viability was explored using the resazurin assay.
Thereafter, the anti-colony formation potential of fucoidans was explored. The potency of fucoidans
on the 2D and 3D migration of HCT116 cells was investigated by wound healing assay and spheroid
migration assays, respectively. Lastly, the anti-cell adhesion potential of fucoidans on HCT116 cells
was also investigated. Our study found that Ecklonia sp. Fucoidans had a higher carbohydrate content
and lower sulphate content than Sargassum elegans and commercial Fucus vesiculosus fucoidans. The
fucoidans prevented 2D and 3D migration of HCT116 colorectal cancer cells to 80% at a fucoidan
concentration of 100 μg/mL. This concentration of fucoidans also significantly inhibited HCT116 cell
adhesion by 40%. Moreover, some fucoidan extracts hindered long-term colony formation by HCT116
cancer cells. In summary, the characterised fucoidan extracts demonstrated promising anti-cancer
activities in vitro, and this warrants their further analyses in pre-clinical and clinical studies.

Keywords: cancer; migration; adhesion; fucoidans; human colorectal cancer; Ecklonia radiata; Ecklonia
maxima; Sargassum elegans

1. Introduction

Cancer is a complex, multifactorial disease characterised by the uncontrollable growth
of abnormal cancerous cells [1]. Cancers may progress to invade and spread to other
tissues and organs using the circulatory and lymphatic systems through metastasis [2].
Cancer has one of the highest mortality rates and significantly contributes to lower global
life expectancy [3]. The cancer burden globally is expected to increase from 2020 by
approximately 47%, translating to about 28.4 million new cases per year by 2040. However,
the increased number of cancer cases may be affected by the social-economic status of the
global populace. Additionally, the rise may be linked to increased risk factors associated
with globalisation and the growing economy [4]. These risk factors may include increased
processed food consumption, lack of physical activity, and increasing obesity.

Colorectal cancer (CRC) is the third most diagnosed cancer (accounting for 10% of
all cases) and the second most frequent cause of cancer-related deaths (accounting for
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9.4% of oncological deaths). Thus, it constitutes a substantial portion of the global cancer
burden [4,5]. Treatment strategies include chemotherapy, radiation therapy, surgery, or
combination therapies [6]. Although surgical resection of the primary tumour in the early
disease stages proves effective, patients may be diagnosed at more advanced stages [7,8].
The indiscriminate toxic effects of chemotherapeutic agents used for CRC treatment result
in debilitating side effects and limit therapeutic outcomes [7,9].

With challenges of side effects, affordability, and access to current therapeutic reme-
dies, the search for novel treatment and preventive strategies with minimal adverse effects
must proceed urgently. Furthermore, marine bio-products have historically been deemed
therapeutic advantages among other bio-compounds [10]. Natural compounds have gained
attention over the past decades as these demonstrate targeted specific anti-cancer properties
while demonstrating low toxicity [1]. The lower incidences of chronic diseases, such as heart
disease, diabetes, and cancer in China and Japan have led researchers to investigate the
contents of brown seaweeds, which have been used in their cuisines and medicinal applica-
tions [11]. Among the more than 3000 natural products derived from seaweeds, fucoidans
have received significant attention for their most promising anti-cancer properties [1,11].

Fucoidan is a heparin-like structured, naturally derived polysaccharide compound
present in the cell wall matrix of brown seaweeds [12]. This heterogeneous polysaccharide is
predominantly comprised of L-fucose with smaller quantities of varying monosaccharides
and sulphate, which contribute to its complex structural characteristics and have an un-
questionable effect on its broad range of biological activities [1]. These biological activities
include anti-oxidant [13], anti-coagulant [14], anti-thrombotic, anti-inflammatory, anti-viral,
anti-lipidemic [15], anti-diabetic [16], anti-metastatic and anti-cancer activities [17].

Fucoidans have anti-cancer effects against various cancer cell lines by causing cell
cycle arrest [18], inducing apoptosis [9], preventing angiogenesis [9,19], and inhibiting
migration and metastasis [1]. As tumour migration is a hallmark of cancers, it is plausible to
target this process to alleviate tumour progression. Moreover, fucoidans inhibit metastasis
by blocking cell migration and colony formation. Fucoidan isolated from F. vesiculosus
significantly inhibited the migration of the human colon cancer cell line HT-29 by suppress-
ing PI3k/Akt/mTOR/p70S6K1 [19]. Whereas the treatment of colorectal carcinoma cells,
DLD-1 and HCT116, with fucoidan from Padina boryana, proved successful in inhibiting
colony formation [20].

The anti-cancer effect of fucoidan on colon cancer cell lines has been reported primarily
using the commercially available F. vesiculosus fucoidan. However, the diversity of brown
seaweeds is broad, and their bioactivities have been linked to the source of seaweed and its
structural and chemical characteristics. Additionally, in addition to the limited literature on
fucoidan effects on colon cancers, there is also limited literature available on the biological
activities, including the anti-cancer properties of South African seaweed-derived fucoidans.
However, the country harbours one of the most extensive coastlines globally, with a rich
seaweed biodiversity [21]. The present study characterised fucoidan extracts from native
South African brown seaweeds and linked their structural differences to their anti-cancer
properties against the HCT116 cell line.

2. Results and Discussion

2.1. Fucoidan Yield

The fucoidans in this study were hot water extracted, except for the F. vesiculosus
fucoidan, which was purchased commercially. Considerable amounts of fucoidans were
successfully extracted with an average fucoidan/defatted seaweed dry weight ratio of
5.4, 5.9 and 2.2% for E. maxima, E. radiata and S. elegans, respectively. The resulting yields
of the extracted fucoidans were within the expected range (1.1–4.8%) for water extracted
fucoidans [22].
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2.2. Structural Analysis of Fucoidans
2.2.1. FTIR Analysis

Fucoidan extracts were structurally analysed by Fourier-transform infrared spec-
troscopy (FTIR) (Figure 1) and displayed similar spectra to previously characterised fu-
coidans [22,23]. All the profiled fucoidans displayed a spectral band between 3500 cm−1

and 3200 cm−1, characteristic of polysaccharides. This peak is associated with the stretch-
ing vibrations of the O-H groups within carbohydrates. The bands in the region 2900 to
3000 cm−1 observed in all the fucoidans are assigned to the C-H stretching in the pyranose
ring and methyl groups associated with the fucose [24].

Figure 1. FTIR spectra of the fucoidans under study. The overlaid spectra were obtained from
water-extracted fucoidans and the commercial F. vesiculosus fucoidan.
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Typically, the carbonyl groups and stretching of O-acetyl groups are depicted by the
peaks around 1650 cm−1 [25]. Additionally, the stretching of the S=O bond linked with
sulphate groups is characterised by peaks between 1210 and 1270 cm−1 [22]. Stretching
vibrations of the glycosidic C–O bonds within the fucoidans structures are represented by
peaks close to the wavenumber 1100 cm−1 [26]. Furthermore, the peaks at wavenumber
854 cm−1 depict sulphate groups on fucoidans linked to carbonyl side chains [13]. This
peak at around 854 cm−1 was more pronounced for the F. vesiculosus commercial fucoidan.
This suggested that F. vesiculosus fucoidan had a relatively higher sulphate content than the
extracted fucoidans (Figure 1).

2.2.2. Proton NMR Analysis of Extracted Fucoidans

The structural composition of the extracted fucoidans was also elucidated by proton
NMR. The fucoidans generally exhibited chemical shifts (Figure 2) similar to several
characterised fucoidans [14,27,28]. The chemical shifts in all fucoidans showed peaks
at 1.28 ppm and 1.45 ppm suggesting the presence of alternating α (1–3) and α (1–4)
linkages of fucose residues linked with sulphates (α-L-Fuc, α-L-Fuc (2-SO3

−) and α-L-
Fuc (2,3-diSO3

−) [28]. The F. vesiculosus fucoidan displayed relatively more prominent
peaks in the 1.28 ppm and 1.45 ppm range, suggesting a higher sulphate content than the
extracted fucoidans (Figure 2). A higher sulphate content in the fucoidans may improve
their biological activities.

Figure 2. 1H NMR for the different seaweed fucoidans. Overlaid proton NMR spectra of extracted
fucoidans and commercial F. vesiculosus fucoidan.

Vibration bands at 1.45 ppm are assigned to symmetric CH3 deformations emanating
from methyl proton on C6 of fucose [14]. The peaks at 2.1 ppm are assigned to the H-6
methylated protons of L-fucopyranosides [27]. The peaks in the range of 3.5–4.5 ppm are
characteristic of the (H2 to H5) ring protons of L-fucopyranosides. The exhibited peaks in
the ring proton region also suggest variable fucosyl sulphates located at variable glycosidic
linkages with varying monosaccharide patterns. The definitive peaks in Figure 2 at 3.3 ppm
and 3.7 ppm in the fucoidans suggest the presence of hexoses, including glucose, galactose,
and mannose [27]. Our results show that the spectra of E. maxima and E. radiata fucoidans
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displayed more pronounced peaks at the 3.3 ppm to 3.7 ppm region than the F. vesiculosus
and S. elegans fucoidans (Figure 2). This could suggest that Ecklonia sp. fucoidans have
higher sugar content. Furthermore, the extracted fucoidans had limited to negligible
uronic acid contamination as there were no chemical shifts in the region around 5.8 ppm
(Figure 2) [29].

2.2.3. Thermogravimetric Analysis of Fucoidans

The TGA decomposition profiles of the fucoidans validated the compounds as polysac-
charides, as their decomposition started just above 200 ◦C (Figure 3), characteristic of the
organic polymers [30].

Figure 3. Thermal gravimetric analysis (TGA) analysis of the fucoidan extracts. Superimposed
thermograms for the water-extracted fucoidans from seaweeds and commercial F. vesiculosus fucoidan.

The TGA plots of the fucoidans showed about 20% loss in mass at a temperature of
240 ◦C, associated with the loss in moisture content through evaporation [31] and some
volatile matter [32]. The most significant loss of mass (~45%) occurred between 240 ◦C and
420 ◦C, which accounted for the arbitrary depolymerisation and decomposition of organic
constituents, such as carbohydrates. Notably, F. vesiculosus fucoidan depolymerisation and
decomposition of organic matter occurred relatively more rapidly than the other fucoidans,
as shown by the steeper slope in Figure 3. Its relatively low carbohydrate content may
be the reason for this observation (Table 1). Above 420 ◦C, combustion of carbon black
occurred. The remaining residual mass at 600 ◦C accounted for the ash content, usually
containing sulphates, phosphates, and carbonates [33]. The profiles of the extracts were
characteristic of previously profiled fucoidan extracts in the literature [34,35].

The structural analysis of fucoidans through FTIR, proton NMR and TGA confirmed
the integrity of our extracts, as they showed comparable patterns to the commercial F.
vesiculosus fucoidan. It was also evident that Ecklonia sp. fucoidans displayed similar
yet unique profiles to the S. elegans and F. vesiculosus fucoidans. Our observations sup-
port the findings of Ermakova and colleagues that diverse seaweed species yield diverse
fucoidan structures [36]. These differences may be caused by the survival needs of the
seaweeds, influenced by their habitat. Considering the unique profiles observed within the
structural analyses of the fucoidans, these were further characterised chemically to assess
their composition.
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Table 1. Composition of fucoidan structures.

w/w % ± SD

Component E. maxima E. radiata S. elegans F. vesiculosus

Total carbohydrates a 72.8 ± 5.2 88 ± 7.4 44.4 ± 6.2 41.3 ± 9.5

L-fucose b 4.56 ± 0.8 3.7 ± 0.1 4.9 ± 0.9 8.2 ± 0.4

D-glucose b 8.1 ± 3.4 7.1 ± 2.3 5.7 ± 1.7 5.1 ± 2.1

D-galactose b 4.8 ± 0.1 4.9 ± 1.2 5.7 ± 0.5 7.1 ± 1.83

D-mannose b 3.0 ± 0.5 4.2 ± 0.2 7.1 ± 1.8 4.5 ± 0.8

Total sulphates c 7.2 ± 1.2 8.8 ± 1.4 9.7 ± 1.8 14.7 ± 2.3

Total phenolics d 1.9 ± 0.6 1.9 ± 0.4 2.8 ± 0.8 0 ± 0.04

Uronic acids e 2.6 ± 1.2 2.2 ± 0.7 4.8 ± 0.6 2.2 ± 0.8

Total protein f 2.1 ± 0.6 2.4 ± 0.9 4.6 ± 2.4 1.9 ± 0.6

Total ash g 19.7 ± 0.6 16.0 ± 2.1 23.1 ± 3.5 20.4 ± 2.8

MW h 27.4 kDa 8.5 kDa 74.9 kDa 84.4 kDa

Determined by a Phenol sulphuric acid method; b HPLC (RID); c Barium chloride gelatin method; d Folin-Ciocalteu
method; e MegazymeTM uronic acid kit; f Bradford’s assay; g TGA; h size exclusion HPLC.

2.3. Composition of Fucoidans

The fucoidans were partially characterised chemically by determining their total
sugar contents, monosaccharides distributions and impurities (including protein, phenolics
and uronic acids). E. maxima and E. radiata fucoidans contained high amounts of total
carbohydrates, with 72.8% and 88% (w/w), respectively (Table 1). The S. elegans and F.
vesiculosus fucoidans had approximately 40% (w/w) total carbohydrate content (Table 1)
and were, therefore, comparatively lower than that of the Ecklonia sp. extracted fucoidans.

After hydrolysing the fucoidans using 2 M TFA, monosaccharides were quantified us-
ing HPLC and Megazyme kits (Table 1). The predominant monosaccharides detected in all
fucoidans were fucose, glucose, galactose, and mannose. Generally, Ecklonia sp. fucoidans
had a relatively high monosaccharide content, with glucose, fucose, galactose and mannose
being the most prominent sugars (Table 1). These findings are consistent with the findings
of January and colleagues, who detected considerable amounts of glucose, galactose, and
mannose in their E. maxima fucoidan extract [37]. The commercial F. vesiculosus fucoidan
contained relatively higher levels of fucose than that of the extracted fucoidans (Table 1).
Furthermore, S. elegans fucoidan had notably higher mannose content than the other fu-
coidans (Table 1). The monosaccharide distribution of the extracts is representative of the
characteristic fucoidans.

Commercial F. vesiculosus had the highest sulphate content (about 15%), followed by S.
elegans fucoidan, which had 9.7% (Table 1). S. elegans and F. vesiculosus fucoidans had higher
sulphate contents than the Ecklonia sp.-derived fucoidans (between 7–8%). The higher
sulphates within F. vesiculosus and S. elegans fucoidan determined by colourimetry agreed
with the structural characterisation data (Figures 1 and 2). FTIR spectra at wavenumber
around 845 cm−1 showed a more pronounced peak for the F. vesiculosus fucoidan than all
extracts (Figure 1). The pronounced NMR peaks indicative of sulphates between ppm 1.2
and 1.6 were evident for the F. vesiculosus and S. elegans than for Ecklonia sp. fucoidans
(Figure 2). Additionally, the ash content was higher within the S. elegans and F. vesiculosus
fucoidans (Table 1), suggesting more sulphates among these fucoidans than the Ecklonia sp.
fucoidans. The ash content detected from the fucoidans was between 19 and 24%, consistent
with the ash contents in some characterised fucoidans [15,38]. Furthermore, the fucoidans
had minimal protein and uronic acid contamination, with S. elegans having the highest at
~4% of each. Insignificant amounts (<2%) of phenolics were detected within the fucoidans
(Table 1). The molecular weights of the fucoidans were determined by size exclusion HPLC.
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The molecular size of E. maxima fucoidan was 27.4 kDa, E. radiata fucoidan was 8.5 kDa,
S. elegans fucoidan was 74.9 kDa, and F. vesiculosus fucoidan was 84.4 kDa. Structural and
chemical characterisation data suggest that the extracted crude fucoidans were relatively
pure as they showed similar profiles to the commercial F. vesiculosus fucoidan and other
previously characterised fucoidans in literature.

2.4. Fucoidans’ Cytotoxicity to HCT116 Cancer Cells

The potential cytotoxicity of all the fucoidan extracts towards the HCT116 colon
cancer cell line was examined and compared to the chemotherapeutic drug 5-fluorouracil
(5FU). The colon cancer cell line HCT116 was selected with the probable oral route of
administration of fucoidans. For decades 5FU has played a pivotal role in the treatment
of colorectal cancer [39]. Thus, it was chosen as a positive control for our experiments.
The 5-FU treatments showed robust anti-cancer activity with an IC50 value of 9.9 μM.
The reduction in cell viability due to treatment with fucoidan extracts was expressed as
the percentage of viable cells remaining after treatment compared to the vehicle-treated
control cells. Even at 2.5 mg/mL loading, none of the fucoidans displayed any significant
cytotoxic effect on the HCT116 cells (Figure 4). About 4 g/day of fucoidan has been used
in combination with other chemotherapeutics, including 5-FU, in colorectal cancer patients.
Although patient survival was improved when fucoidan was included in the treatment, a
significant observation was reduced side effects [40].

Figure 4. Fucoidans’ cytotoxicity on HCT116 cells assessed by the resazurin assay. (a) Cell viability
after treatment with fucoidans, (b) IC50 curve of 5-FU (positive control) demonstrates the compound’s
cytotoxic effect on HCT116 cells. The data represent values obtained from 3 biological replicates
expressed as means ± SD (n = 3).

The lack of cytotoxicity of the fucoidans could be attributed to the large molecular sizes
(Table 1), making penetration into the cells difficult. Large molecular sizes of fucoidans
have been reported to limit the bio-accessibility of these compounds, posing a challenge
for their applications [41]. Native Undaria pinnatifida fucoidan had minimal anti-tumour
activity compared to its depolymerised counterpart against the human lung cancer cell
line A549 [42]. This observation suggests a need for depolymerising fucoidans to increase
toxicity while at the same time maintaining their bioactivities. We acknowledge that size
cannot be the only determining factor, but other fucoidans’ characteristic factors, including
sulphation, and monosaccharide distribution, will contribute to their bioactivities.

2.4.1. The Effect of Fucoidans on HCT116 Colony Formation

Having established that fucoidans did not show substantial cytotoxicity, these com-
pounds were further tested for their ability to inhibit colony formation. This assay has been
the method of choice to determine replicative cell death after ionising radiation, although it
is also used to determine the effectiveness of other cytotoxic agents [43]. S. elegans and F.
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vesiculosus fucoidans were significant inhibitors of HCT116 colony formation (p < 0.05) (Fig-
ure 5). The positive control 4-NQO was used in this assay and showed the dose-dependent
inhibition of HCT116 cell colony formation.

Figure 5. The dose-dependent clonogenic effect of fucoidan on HCT116 cancer cells. (a) Visual
representation of the effect of fucoidan extracts (1 mg/mL) on HCT116 colony formation; (b) Dose-
dependent effect of compounds on HCT116 cells’ colony formation. The HCT116 colony cells were
calculated and expressed as the means ± SD percentages (n = 3). The * shows a significant treatment
difference versus the untreated control (p < 0.05) analysed by One-way ANOVA.

The S. elegans fucoidan exhibited about 40% colony formation inhibition at 0.5 mg/mL.
The F. vesiculosus fucoidan inhibited HCT116 cell colony formation by over 50% at 0.1 mg/mL
concentration (Figure 5). The inhibition by F. vesiculosus and S. elegans fucoidans may be
attributed to the superior sulphate content compared to that of the Ecklonia sp. derived
fucoidans (Table 1). A limited number of studies have reported the ability of fucoidans
to decrease tumour cell survival using this assay. Nevertheless, our findings agree with
those of Shin and colleagues, who reported that manganese dioxide nanoparticles coated
with fucoidan decreased colony formation by a pancreatic cancer cell line [44]. Another
independent study reported fucoidan inhibited colony formation of HepG2 liver cancer
cells [20].

2.4.2. Fucoidans Inhibit the 2D Migration of HCT116 Cancer Cells

Fucoidans were next tested for effects on the 2-dimensional (2D) migration of human
HCT116 colorectal cancer cells using the wound healing assay. The F. vesiculosus and S.
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elegans fucoidans significantly inhibited cell migration compared to the untreated control
(Figure 6). S. elegans fucoidan showed a dose-dependent inhibition of HCT116 cell migration
at all concentrations tested, with inhibition reaching up to 30% at about 0.25 mg/mL
(Figure 6), while cell migration inhibition by fucoidan from F. vesiculosus was only significant
at 0.5 mg/mL.

Figure 6. The effect of fucoidan extracts on 2D HCT116 cell migration. Quantified migration profiles
of HCT116 cells treated with E. maxima, E. radiata, S. elegans and F. vesiculosus fucoidan extracts
relative to the untreated control. The data are represented as means ± SD of biological replicates
(n = 3). The asterisk * represents treatment concentrations that had a statistically significant effect on
the migration of the cells at p < 0.05 tested by One-way ANOVA.

The Ecklonia sp. fucoidans did not significantly inhibit HCT116 cancer cell migration,
even at high concentrations (Figure 6). This observation may be linked to the high amount
of sugars within their structure (Table 1). Literature has suggested that fucoidans consisting
of sugars, including galactose, may provide the nutrition required for wound healing [45].
However, fucoidans with a higher sulphate concentration were associated with a better
bioactivity [36,46]. Thus, we can infer that S. elegans fucoidan showed better inhibitory ac-
tion to wound healing of the HCT116 cells due to its unique structural properties, including
high sulphation (Figures 1 and 2).

2.4.3. Fucoidans Inhibit HCT116 3D Spheroid Migration

Next, we tested the ability of fucoidans to prevent the migration of cells from a three-
dimensional sphere onto tissue culture plastics. In this assay, the fucoidans inhibited the
migration of the HCT116 cells from spheres in a time-dependent manner (Figure 7a). The
commercial F. vesiculosus, S. elegans and E. radiata fucoidans displayed comparable efficacies,
showing more than 80% inhibition at 0.1 mg/mL concentration. Furthermore, inhibition of
HCT116 spheroid migration by the fucoidans was dose-dependent (Figure 7b). Although
E. maxima fucoidan showed a slightly lower inhibition potential than the other fucoidans, it
still significantly (p < 0.05) inhibited migration from HCT116 spheres (Figure 7b).
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Figure 7. The effect of fucoidans on the 3D HCT116 spheroid migration. (a) Time-dependent effect
of fucoidans at a fixed concentration (0.1 mg/mL) on spheroid migration; (b) Quantification of the
dose-dependent effect of fucoidans on 3D spheroid HCT116 migration. The data are represented as
means ± SD of biological replicates of spheroids (n = 3). One-way ANOVA was used to compare
treatments to the untreated experiments, where significance was considered at p < 0.05. No asterisks *
are shown since all treatments differed significantly from the untreated experiments.

Notably, the fucoidan extracts showed potency in inhibiting HCT116 cell migration
during time- and dose-dependent experiments. The anionic nature, which is the common
characteristic of fucoidans, could be critical in disrupting the migration of HCT116 cells.
Limited reports in the literature have investigated the effects of fucoidans on spheroid-
based migration. However, a study by Han and colleagues showed that tumour migration
of a human colon cancer cell line (HT-29) was inhibited by fucoidan [17]. Indeed, very
few investigations on the potency of chemotherapeutics on spheroid migration have been
reported [47]. In addition, spheroid culture systems provide similar physicochemical
environments to in vivo models, making them ideal for studying tumour migration—
however, their use in fucoidan studies is seldom reported. The fucoidans in the current
study demonstrated their high potency in inhibiting 3D HCT116 migration from spheroids,
which may be important in controlling the proliferation of colorectal cancers. Another merit
of employing spheroid culture systems is that they involve cell-to-cell and cell-to-matrix
interactions, which overcomes the limitations of traditional monolayer cell cultures, which
are two-dimensional (2D) [47,48]. Fucoidans maybe be interfering with cell-to-matrix
adhesion or even with cell-to-cell interactions.

2.4.4. Fucoidans Disrupt Cancer Cell Sphere Formation

Next, the HCT116 cells were pretreated with 0.1 mg/mL and 0.5 mg/mL of fucoidans
to determine whether fucoidans inhibit sphere formation. Representative morphological
data of the HCT116 cell spheres pretreated with 0.5 mg/mL of F. vesiculosus illustrated a
common observation for all fucoidans tested (Figure 8). Fucoidan treatment disrupted the
formation of spheres compared to those from untreated samples (Figure 8).
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Figure 8. A representative visual illustration of HCT116 spheroid pretreated with fucoidan. The
images show spheroids before transfer to fresh medium, at t = 0, and after 24 h (t = 24). (a) repre-
sentative sphere formed from an untreated HCT116 culture; (b) sphere formed from HCT116 cells
pretreated with F. vesiculosus fucoidan at 0.5 mg/mL final concentration.

The HCT116 sphere sizes formed after pre-treatment with fucoidans were quantified
(Figure 9a). All the fucoidans significantly reduced the size of spheroids formed compared
to the untreated sample (Figure 9a; p < 0.05).

Figure 9. Fucoidans hinder HCT116 spheroid formation and reduce migration from spheres. (a) Size
of HCT116 spheroids; (b) Distance migrated on tissue culture plastic from pretreated spheroids. The
data are represented as means ± SD of biological replicates of spheroids sizes and migration (n = 3).
The asterisk * represents treatment concentrations that were statistically significant from the untreated
cells at p < 0.05 tested using One-way ANOVA.

The pretreated spheroids were subsequently transferred to an untreated medium to in-
vestigate the migration of cells from the spheres back onto tissue culture plastic (Figure 9b).
Interestingly, all the spheres pretreated with fucoidan showed reduced migration compared
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to untreated spheroids (Figure 9b; p < 0.05). Therefore, pretreatment of the HCT116 cell
culture indicated that fucoidans hindered spheroid formation and subsequent migration
onto the tissue culture plastic matrix. In addition, the spheres which were pretreated with
F. vesiculosus fucoidan were distorted and failed to migrate. Although investigations on
spheroid formation are largely unexplored as far as the use of fucoidans is concerned,
Han and colleagues reported that F. vesiculosus fucoidan disrupted HT-29 spheroid forma-
tion [19]. Their findings concur with our sphere formation results (Figure 8). Although this
technique is a useful tool, it is limited to very few in vitro studies. However, our findings
can be used as a motivation to further pursue the potential of fucoidans in in vivo and
clinical settings.

2.4.5. Fucoidans Inhibit HCT116 Cell Adhesion

The effect of fucoidan extracts on HCT116 cell adhesion was also investigated. The
fucoidans significantly prevented the adhesion of HCT116 cells to tissue culture plastic
(Figure 10).

Figure 10. Fucoidan inhibits the adhesion of HCT116 cancer cells. (a) untreated cells; (b) cells treated
with fucoidan under light microscopy; (c) Quantification of HCT116 cancer cells adhesion by crystal
violet. The data are represented as means ± SD of three biological replicates (n = 3). The asterisk
* represents treatment concentrations that were statistically significant from the untreated cells at
p < 0.05 tested using One-way ANOVA.

The dose-dependent inhibition of HCT116 cancer cell adhesion by fucoidan was quan-
tified by crystal violet (Figure 10c). EDTA-Na, a known chelator of metal ions required
for cell adhesion, was used as a positive control. All fucoidans were efficient inhibitors of
cell adhesion. Cell adhesion within cancer cells is vital for various biological processes,
including cellular organisation, communication, differentiation, migration, and metasta-
sis [49]. The cancer cell adhesion is dependent on several adhesion molecules and receptors,
including integrins, selectins, glycoproteins, and proteoglycans [49]. The fucoidans may
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have hindered the proper functioning of these molecules, thereby impacting the adhesion
of cancerous cells. Some fucoidans prevent the adhesion of cancer cells onto the extracellu-
lar matrix (ECM). Fucoidan from A. nodosum inhibited the MDA-MB-231 cancerous cells
adhering to fibronectin ECM [50], consistent with our findings on tissue culture plastic.
Fucoidans are negatively charged polysaccharides due to their sulphated nature, which
may interfere with integrins that require Mg2+ as a cofactor for adhesion [49]. Thus, it is
possible to suggest our fucoidans inhibited the HCT116 cancer cells’ adhesion in a sim-
ilar mechanism. This observed effect of fucoidans on cell adhesion might also explain
the effect of these compounds in inhibiting the formation and migration from spheres
(Figures 8 and 9). However, HCT116 cells’ adhesion cannot be the only process affected by
fucoidans, as E. maxima and S. elegans extracts show similar anti-adhesion properties but
show radically different effects in the colony formation assay (Figure 5). A complex combi-
nation of structural characteristics, including the degree of sulphation, molecular size, and
carbohydrate content, should be essential to fucoidans’ biological activities. The observed
anticancer activities of fucoidans may be useful as a preventive/treatment strategy for CRC
since they are likely to be administered orally.

3. Materials and Methods

Fucus vesiculosus fucoidan (Cat. No. F5631) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). The analytical kits used in this study were purchased from MegazymeTM

(Bray, WC, Ireland). The other reagents were purchased from Sigma-Aldrich, MERCK,
Flucka Saarchem (Darmstadt, HE, Germany), and Celtic Diagnostic and Life Technologies
(Cape Town, South Africa).

3.1. Sampling and Seaweed Processing

The brown seaweeds, Ecklonia radiata and Sargassum elegans, were harvested between
February and March 2019 from Kelly’s beach in Port Alfred (coordinates 33◦36′36.8424” S;
26◦53′23.4996” E) in the Eastern Cape province, South Africa. Ecklonia maxima seaweed was
kindly donated by the HIK-Abalone farm located in Hermanus, Western Cape province,
South Africa. Most of the E. radiata seaweed was collected as beach cast. However, some
were harvested together with the S. elegans from rock pools. The beach cast and rockpool
collected E. radiata were mixed and processed as a single batch. The harvested seaweeds
were stored on ice during transportation to the laboratory. Upon arrival at the laboratory,
the seaweed was washed 3× with distilled water, cut into smaller pieces and oven-dried at
40 ◦C for 72 h. The dried seaweed was pulverised using a coffee grinder, and the resulting
powder was stored at room temperature until use.

3.2. Hot Water Extraction

The seaweeds were defatted, and pigments were extracted using a high methanol per-
centage mixture, with a solvent ratio of 4:2:1 for MeOH: CHCl3: H2O [51,52]. The fucoidans
were hot water extracted as described by Lee and co-workers with minor modifications [53].
A mass of 15 g dry defatted seaweed powder was suspended in 450 mL of distilled water
in a ratio of 1:30 (w/v). The mixture was heated to 70 ◦C with agitation overnight. The
extracted fucoidan yield was expressed as a percentage of the dry defatted seaweed weight
(% dry wt).

3.3. Structural Validation of Extracted Fucoidans
3.3.1. Fourier Transform Infrared Spectrometry (FTIR) Analysis

A hundred milligrams of ground fucoidan was scanned using Fourier-transform
infrared spectroscopy (FTIR) on a 100 FT-IR spectrometer system (Perkin Elmer, Welles-
ley, MA, USA). The signals were automatically recorded by averaging four scans over
4000–650 cm−1. The baseline and ATR corrections for penetration depth and frequency
variations were performed using Spectrum One software (version 1.2.1) (Perkin Elmer,
Wellesley, MA, USA).
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3.3.2. NMR Spectroscopy Analysis

Fucoidan samples (10 mg) were dissolved in 1 mL D2O. After centrifugation at
13,000× g for 2 min, any insoluble matter was removed by filtering the supernatant through
a 0.45-μm filter. The deuterium-exchanged samples were subjected to 1H-NMR analysis,
and spectra were recorded at 23 ◦C using a 400 MHz spectrometer (Bruker, Fällanden,
Switzerland) with Topspin 3.5 software (Bruker, Billerica, MA, USA).

3.3.3. Thermogravimetric Analysis

Fucoidans were subjected to thermogravimetric analysis using a Pyris Diamond model
thermogravimetric analyser (PerkinElmer®, Shelton, CT, USA). Samples of 4 mg fucoidan
were analysed in an aluminium crucible. Pure nitrogen (purity of 99.99%) was used as the
carrier gas during all the experiments to reduce the mass transfer effect. The gas flow rate
was at 20 mL/min. The fucoidans were heated from 30 ◦C to 900 ◦C at a heating rate of
30 ◦C/min. A separate blank using an empty tray was run for baseline correction. Lastly,
the mass loss relative to the temperature increment was automatically recorded, and the
derivative thermogram (DTG) was plotted using GraphPad Prism version 6.

3.4. Chemical Characterisation of Fucoidans

Using L-fucose as a standard, the phenol-sulphuric acid method estimated the total
sugar content within the fucoidans [54]. The total reducing sugar content in 2 M TFA par-
tially hydrolysed fucoidans was quantified using the dinitrosalicylic acid (DNS) assay [55].
Furthermore, the protein contamination was measured using Bradford’s method, utilising
bovine serum albumin (BSA) as a standard [56]. The sulphate content in formic acid (60%
v/v) desulphurised fucoidan was measured using a barium chloride–gelatin method as
described previously [57], which was scaled down to microtitre volumes.

Polyphenols within the fucoidans were quantified using a modified Folin–Ciocalteu
method with gallic acid as a standard [58]. Moreover, quantitative analyses of L-fucose,
D-fructose, D-galactose, D-xylose, L-arabinose, and D-mannose in the fucoidans were per-
formed using high-performance liquid chromatography (HPLC) method [16]. A Shimadzu
HPLC (RID) instrument (Kyoto, Japan) and a Fortis Amino column (Fortis Technologies
Ltd., Cheshire, UK) was utilised in the HPLC method. The ash contents in fucoidans were
derived from derivative thermogravimetry (DTG) data.

3.5. Determination of Fucoidans Molecular Weights by HPLC

The molecular weights of fucoidans were determined using size exclusion high-
performance liquid chromatography with a refractive index detector (HPLC-RID). The fu-
coidan extracts were separated using a Shodex OHpak SB-806M HQ (8.0 mm I.D. × 300 mm)
column (Showa Denko, Tokyo, Japan) according to the manufacturer’s recommendations.
The mobile phase (0.1 M NaNO3 aq) used was filtered through 0.22 μm nylon membranes
(Membrane solutions, Auburn, USA). The flow rate was adjusted to 0.6 mL/min, the
column temperature was at 30 ◦C, and the sample injection volume was 20 μL. Pullulan
standards (Shodex, Tokyo, Japan) were used to construct the standard curve for interpolat-
ing fucoidan molecular weights.

3.6. Cell Culture

The HCT116 human colon cancer cell line was from the American Type Culture
Collection (ATCC CCL-247). The cell line was cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) with GlutaMAX™-I, supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) sodium pyruvate. The cell culture was maintained at 9% CO2 in a
humidified incubator at 37 ◦C.

3.7. Cytotoxicity Screening

The susceptibility of the HCT116 cell line to the fucoidan extracts was determined us-
ing an optimised resazurin assay [16]. Briefly, cells were seeded at a density of
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1 × 105 cells/well in DMEM growth medium in a 96-well plate. After the cells adhered to
the plate matrix overnight, they were treated with varying doses of fucoidan (0.1 mg/mL
to 2.5 mg/mL). The anti-cancer agent 5-fluorouracil (5-FU) in a concentration range of
0.0064 μM to 2500 μM was included as a positive control for cytotoxicity. The experiments
were incubated for 72 h before treatment with resazurin. Cell viability was measured by
fluorescence (excitation = 560 nm and emission = 590 nm).

3.8. Clonogenic Assay

HCT116 cells were seeded at a density of 1.5 × 103 cells/mL in a six-well plate
and allowed to adhere overnight. The cells were treated with fucoidan extracts or 4-
nitroquinoline 1-oxide (4NQO), which was used as a positive control. The cultures were
incubated at 37 ◦C for 48 h, upon which half the volume of spent medium was removed
and replaced with fresh medium lacking treatment. The cultures were incubated, and the
medium changed every two days until individual colonies of at least 50 cells/colony were
visible. The medium was removed, and the cells were washed once with PBS. The cells
were fixed for 10 min by a 3:1 methanol to the acetic acid mixture. The fixative was removed,
and the plate was allowed to air dry for 2 min. The HCT116 cell colonies were stained with
5% (w/v) crystal violet in methanol for 4–6 h, washed three times in PBS and rinsed in
water. The plates were air-dried, and the images were captured using a ChemiDoc™-XRS
(BioRad, Hercules, CA, USA). The cells were solubilised completely using 1 M acetic acid,
and the absorbance was read at a wavelength of 590 nm. The % colony formation was
expressed as percentiles relative to the untreated experiments.

3.9. Wound Healing Assay

A volume of 500 μL/well of HCT116 cells were seeded at 7 × 105 cells/mL into 24 well
plates. The cells were allowed to adhere and grow to 100% confluence overnight at 37 ◦C.
A wound was made down the centre of the well with a pipette tip. After wounding, the
floating cells were removed, and fresh medium without or with varying doses of fucoidan
(0.1–0.5 mg/mL) treatments was added. Pre-migration images of the wounds were taken at
4× magnification. The plates were further incubated at 37 ◦C for 12 h, whereafter, images
were taken at the same position as the premigration images. The images were analysed on
ImageJ using a wound healing plugin [59], and wound closure was calculated using the
formula below where the percentage wound area was calculated relative to the wound size
at t = 0:

Wound closure = %wound area(t = 0)− %wound area (t = 12)

3.10. Sphere-Based Tumour Migration Assays

HCT116 cells were resuspended in an appropriate volume of Dulbecco’s Modified
Eagle’s Medium (DMEM) (final concentration of 1 × 104 cells/10 μL) for the formation of
spheres in an optimised hanging drop method [60]. About 5 mL of sterile PBS was pipetted
into the bottom portion of the tissue culture plate (100 mm diameter) to create a humidified
environment., Multiple 10 μL culture drops were deposited inside the lid of the culture
dish. The lid with the hanging drops was placed back on top of the PBS-containing dish,
taking care to avoid disturbing the droplets. The plate was incubated for 48 h at 37 ◦C to
allow the spheres to grow. The spheres were then transferred to a 24-well plate prefilled
with 300 μL medium and respective treatments with compounds ranging from 0.1 mg/mL
to 0.5 mg/mL. In some experiments, the HCT116 culture (at a density of 10,000 cells/10 μL)
was pretreated with 0.5 mg/mL and 0.1 mg/mL of the compounds during sphere formation.
Untreated or pretreated spheres transferred to the adherent plate were allowed to adhere by
incubation at 37 ◦C for 4 h. Images were taken at 4× magnification and this time was taken
as t = 0 (4 h post-seeding of spheres into adherent plates). The spheroids were monitored
over time for t = 24 h. The areas of migration were quantified using Fiji/ImageJ (Version
1.53f51). The results presented were represented by three experimental biological replicates.
The data were normalised to the initial size of each spheroid at time 0 to determine cell
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migration from the spheroid. The migration of cells from spheres was calculated as follows:

Distance migrated = area measured at t = 24 hrs − area at t = 0 h

3.11. Cell Adhesion Assays

HCT116 cells were seeded at a density of 6 × 104 cells/well in a 96-well plate and
treated with varying concentrations of fucoidan (0.1–0.4 mg/mL) or left untreated as the
control. The culture was incubated at 37 ◦C with 9% CO2 for 8 h. The spent medium was
decanted from the plate, and the adhered cells were washed thrice with 1 × sterile PBS
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4, pH = 7). The cells were
fixed by adding 100 μL/well of a 3:1 methanol: acetic acid solution and incubated at room
temperature for 15 min. The methanol-acetic acid mixture was washed off using sterile
distilled H2O and blotted dry on a paper towel. The cells were stained with 0.1% (w/v)
crystal violet dye (40 μL/well) and incubated at room temperature for 20 min with gentle
agitation at 30 rpm. The crystal violet dye was discarded, and the plate was washed four
times with distilled water. A volume of 100 μL/well of 1% (w/v) SDS was added, the plate
incubated overnight, and the optical density was then measured at a wavelength of 590 nm.

4. Conclusions

The extracted compounds were unique in composition, with Ecklonia sp. fucoidans
having a relatively high carbohydrate content compared to S. elegans and commercially
purchased F. vesiculosus. Furthermore, the Ecklonia sp. fucoidans had a comparatively
low degree of sulphation compared to the other fucoidans, despite having comparatively
lower molecular weights. Their low molecular weight could have had an impact on the
anti-adhesion and anti-spheroid migration of the HCT116 cancer cells. Although slightly
larger, the S. elegans and F. vesiculosus fucoidans had a relatively higher sulphate content
than the Ecklonia sp. fucoidans, which may have enhanced the anti-cancer activities of
these fucoidans observed by the anti-colony formation, anti-adhesion and anti-spheroid
migration of the HCT116 cells. Our study reaffirms that molecular weight and sulphation
of fucoidan, along with other properties, may be important for biological activity. This
study also showed that fucoidans differ in structure and activity depending on the type
(genus and species) of seaweed. Although there are structural differences between the fu-
coidans studied, their anti-cancer effects suggest some potential health benefits of seaweed
fucoidans that warrant further analysis.
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Abstract: Age-related macular degeneration (AMD) is the leading cause of vision loss among the
elderly. The progression of AMD is closely related to oxidative stress in the retinal pigment epithelium
(RPE). Here, a series of chitosan oligosaccharides (COSs) and N-acetylated derivatives (NACOSs)
were prepared, and their protective effects on an acrolein-induced oxidative stress model of ARPE-19
were explored using the MTT assay. The results showed that COSs and NACOs alleviated APRE-19
cell damage induced by acrolein in a concentration-dependent manner. Among these, chitopentaose
(COS–5) and its N-acetylated derivative (N–5) showed the best protective activity. Pretreatment with
COS–5 or N–5 could reduce intracellular and mitochondrial reactive oxygen species (ROS) production
induced by acrolein, increase mitochondrial membrane potential, GSH level, and the enzymatic
activity of SOD and GSH-Px. Further study indicated that N–5 increased the level of nuclear Nrf2
and the expression of downstream antioxidant enzymes. This study revealed that COSs and NACOSs
reduced the degeneration and apoptosis of retinal pigment epithelial cells by enhancing antioxidant
capacity, suggesting that they have the potential to be developed into novel protective agents for
AMD treatment and prevention.

Keywords: chitosan oligosaccharide; N-acetylated chitosan oligosaccharide; ARPE-19; oxidative
stress; Nrf2

1. Introduction

Age-related macular degeneration (AMD) is one of the main causes of irreversible
central visual loss in the elderly worldwide [1,2]. In 2020, the number of AMD patients
worldwide was 19.6 million, and this number was predicted to be 288 million in 2040 [1,3,4].
According to the symptoms, AMD can be divided into dry and wet forms with 80% and
20% prevalence, respectively [5]. Current treatments for wet AMD include laser therapy
and VEGF antibody injection (such as Eylea) [6], while there is no preventive therapy for
dry AMD [7]. Therefore, it is necessary to develop effective agents to prevent or cure
dry AMD.

Numerous studies have indicated that AMD pathogenesis was related with chronic
oxidative stress and the inflammation of retinal pigment epithelial (RPE) cells, which could
lead to the eventual degeneration of the RPE [8–11]. Jin et al. [12] suggested that retinal
pigment epithelium cell apoptosis was induced by ultraviolet and hydrogen peroxide via
AMPK signaling. Melissa officinalis L. extracts and resveratrol were reported to improve
cell viability and decrease reactive oxygen species (ROS) generation in RPE cells to prevent
AMD [10,13]. These results demonstrated that the inhibition of RPE cell damage induced by
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ROS could prevent the process of AMD [14]. Therefore, antioxidation could be an effective
strategy to protect RPE cells for the amelioration of early AMD.

Chitin is extracted mainly from the shells of crabs, shrimps and insects and is one of the
most abundant natural biopolymers [15–17]. Chitosan oligosaccharides (COSs) are the de-
graded product of chitin or chitosan and consist of glucosamine linked by β-1,4-glycosidic
bonds, possess various biological effects, including anti-inflammatory, antimicrobial, im-
munomodulatory, antioxidant, and anticancer activities [18–21]. Fang demonstrated that
COS attenuated oxidative-stress related retinal degeneration in a dose-dependent manner
in a rat model [22]. Xu found that COSs protected against Cu(II)-induced neurotoxicity in
primary cortical neurons by interfering with an increase in intracellular reactive oxygen
species (ROS) [23]. Our previous study indicated that peracetylated chitosan oligosaccha-
ride (PACOs) pretreatment significantly reduced lactate dehydrogenase release and reactive
oxygen species production in PC12 cells [24]. In addition, Guo’s group indicated that the
antioxidant properties of chitosan were inversely related to its molecular weight (Mw) [25].
We performed a preliminary screening of structurally related compounds, and COSs and
NACOs showed excellent antioxidant activity with the potential to prevent AMD. In the
present study, we investigated the effect of a series of chitosan oligosaccharides and their
N-acetylated derivatives on RPE cell damage and explored the possible mechanisms of
action. The results showed that chitosan oligosaccharides had an excellent capacity for
protecting RPE cells from acrolein-induced oxidative stress.

2. Results and Discussion

2.1. Characterization of Chitooligosaccharides and N-Acetylated Chitooligosaccharides

According to the previous method, chitooligosaccharides (COSs) and N-acetylated
chitooligosaccharides (NACOs) were prepared via enzymatic hydrolysis [24] and acetylated
modification [26].

The crude products were isolated and purified to provide monomers with different
degree of polymerization (Figure 1A). NACOs were purified by column chromatogra-
phy using graphitized carbon black as the stationary phase and ethanol–water as the
mobile phases. This purification method was simple and efficient with the elimination
of the tedious operation process of desalting, compared with gel exclusion and ion ex-
change purification methods [27]. The purity of these compounds was analyzed via HPLC
(LC-10AD, Shimadzu, Kyoto, Japan) [28,29]. As shown in Figure 1B, the purity of COS
(COS–2~6) and NACO (N–2~6) monomers was above 95%.

The structures of COSs and NACOSs were characterized using a quadrupole time of
flight (Q-TOF) mass spectrometer, and nuclear magnetic resonance (NMR) and Fourier-
transform infrared spectroscopy (FT-IR) analysis (Figure 1C–E). The Q-TOF MS analysis
(positive ion mode) of COSs and NACOs samples are shown in Figure 1C and Table 1.

For the FT-IR spectra (Figure 1D), the bands at 3370 cm−1, 2876 cm−1, and 1073 cm−1

were corresponded to stretching vibrations of O-H, C-H and C-O, respectively. The spectra
of N-acetyl chitosan oligosaccharides showed the characteristic absorptions of 1649 cm−1,
1549 cm−1 and 1314 cm−1, which were attributed to amide I, II and III bands of amide,
respectively [30]. Moreover, there was no 1735 cm−1 band (-C(=O)O-) in the N-acetylated
chitosan oligosaccharide, indicating no acetylation on the OH groups of COSs.

The structures of COSs and NACOSs were also characterized via NMR. Taking COS–3
and N–3 as examples, the 13C NMR signals in spectra (Figure 1E) were assigned in Table 2.
Compared to COS–3, acetyl signal peaks appeared in the 13C NMR spectrum of N–3, with
174.8 ppm attributed to C=O, and peaks at 22.6~22.3 ppm attributed to CH3 of acetyls.
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Figure 1. Characterization of COSs and NACOs. (A) Schematic structures of COSs (a) and NACOs
(b). (B) HPLC chromatograms of COSs (a) and NACOs (b). (C) MS spectra of COSs (a) and NACOs
(b). (D) IR spectra of COSs and NACOs. (E) 13C NMR (125 MHz, D2O) of COS–3 and N–3.
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Table 1. The MS data of COS and NACO samples.

Molecular Formula Mw m/z

COS–2 C12H24N2O9 340.1 [M + H]+ = 341.2
[M + Na]+ = 363.2

COS–3 C18H35N3O13 501.2 [M + H]+ = 502.3
[2M + H]+ = 1003.7

COS–4 C24H46N4O17 662.3 [M + H]+ = 663.4

COS–5 C30H57N5O21 823.4 [M + H]+ = 824.6
[M + 2H]+ = 412.8

COS–6 C36H68N6O25 984.5 [M + H]+ = 985.9
[M + 2H]+ = 493.5

N–2 C16H28N2O11 424.4
[M + H]+ = 425.2
[M + Na]+ = 447.2

N–3 C24H41N3O16 627.6
[M + H]+ = 628.3

[2M + H]+ = 1255.5

N–4 C32H54N4O21 830.8 [M + H]+ = 831.3

N–5 C40H67N5O26 1033.9 [M + H]+ = 1034.4

N–6 C48H80N6O31 1237.1 [M + H]+ = 1237.8

Table 2. The 13C NMR date of COS–3 and N–3.

Sample
NMR Data (ppm)

C=O CH3 C1 C2 C3 C4 C5 C6

COS–3

GlcN′′ 100.4 58.5 74.4 72.3 79.1 62.9

GlcN′ 100.2 58.5 79.1 77.4 72.8 62.7

GlcNβ 95.3 59.3 70.6 79.1 72.6 62.7

GlcNα 91.6 56.9 70.6 79.1 72.6 62.7

N–3

GlcNAc′′

174.8
22.6
22.5
22.3

101.8 56.0 73.9 70.1 76.3 61.0

GlcNAc′ 101.6 55.4 72.6 79.6 74.9 60.4

GlcNAcβ 95.2 56.5 72.9 79.6 75.0 60.5

GlcNAcα 90.8 54.1 69.6 80.1 70.4 60.4

2.2. Protective Effect of COSs and NACOs against Acrolein-Induced Cell Death

The cytotoxicity of COS and NACO monomers (DP 2, 3, 4, 5, 6) was tested via MTT
assay in ARPE-19 cells. After 24 h of incubation with 1 mM COSs or NACOs, the MTT test
showed that both COSs and NACOs exhibited no significant cytotoxicity (Figure S1A). In
addition, the effect of COSs and NACOs on the viability of ARPE-19 cells was tested with
different concentrations (200, 400, 800 μM). It showed that COSs and NACOs did not affect
cell proliferation. (Figure S2).

Acrolein, a major component of the gas phase of cigarette smoke and also a product of
lipid peroxidation in vivo, has been shown to be a mitochondrial toxicant related to mito-
chondrial dysfunction [31]. Therefore, acrolein-induced cellular oxidative mitochondrial
dysfunction in retinal pigment epithelial (RPE) cells had been used as a cellular model to
evaluate antioxidants and mitochondrial protecting agents [32–34]. Here, AREP-19 cells
were pretreated with different concentrations of COSs or NACOs (200, 400 and 800 μM) for
48 h, and then treated with 75 μM acrolein for 24 h, and cell viability was measured using
the MTT test.

As shown in Figure 2, the cells exposed to 75 μM acrolein showed a significant decrease
in cell viability (about 50%) compared to the untreated control group. However, after
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pretreatment with COSs or NACOs at 200, 400, and 800 μM for 48 h before acrolein exposure,
the cell viability increased significantly. Furthermore, COSs and NACOs exhibited similar
protective activity which was dose-dependent. In addition, we also prepared peracetylated
chitosan oligosaccharides (PACOs) [24], but PACOs had a certain cytotoxicity to ARPE-
19 (Figure S1B). Glucosamine pentamer (COS–5) and N-acetylated chitopentaose (N–5)
showed the highest protective activity, which indicated that the pentaose skeleton may
be the suitable structure for binding to the receptors or targets, such as heparin core
pentasaccharide, for anticoagulant activity [35].

Figure 2. Protective effect of COSs and NACOs against acrolein-induced ARPE-19 cell death. The
cells were pretreated with 200, 400, 800 μM COSs (A) or NACOs (B) for 48 h and then treated with
75 μM acrolein for an additional 24 h. Cell viability was analyzed using the MTT method. Values are
mean ± SD of five separate experiments. ## p < 0.01 vs. control (no acrolein, no COSs or NACOs);
* p < 0.05, ** p < 0.01 vs. acrolein.

2.3. Protective Effect of COS–5 and N–5 against Acrolein-Induced Oxidative Stress

The involvement of oxidative-stress-triggered apoptosis in retinal endothelial cells was
considered as the leading cause of AMD [2,36,37]. In this study, RPE cells were stimulated
by acrolein to induce oxidative stress. It was evaluated for the capacity of COS–5 and N–5
to prevent oxidative-stress-induced cell death and the imbalance of the antioxidant system.
Initially, the effects of COS–5 and N–5 on acrolein-induced ROS generation (Figure S3)
and MMP decline (Figure S4) in ARPE-19 cells were evaluated at different concentrations
(200, 400, 800 μM). The results showed that there were no significant differences between
400 and 800 μM. Thus, all subsequent experiments were performed with the 400 μM dose.
Then, intracellular and mitochondria ROS accumulation, GSH level, and GPx and SOD
activities were measured (Figure 3).

ROS are natural by-products of aerobic respiration. ROS can be controlled by various
cellular antioxidant compounds and enzymes, and their overproduction would lead to
cell death [38]. Compared with the control, intracellular and mitochondria ROS levels
were significantly increased to about 270% and 276% after acrolein exposure, respectively
(Figure 3A,B). However, pretreatment with COS–5 or N–5 at the concentration of 400 μM
reduced acrolein-induced ROS production significantly. GSH is one of the most important
endogenous small molecule antioxidants. As shown in Figure 3C, the intracellular GSH
level was decreased significantly after acrolein exposure (about 49%). Pretreatment with
COS–5 or N–5 could successfully inhibit the decrease in GSH content induced by acrolein,
which increased by 39% and 41% (p < 0.01), respectively. GSH peroxidase (GPx) and SOD
activity was decreased to 30% and 55% after acrolein treatment (Figure 3D,E), respectively.
The activities of antioxidant enzymes (GPx and SOD) significantly enhanced after COS–5 or
N–5 treatments. These results indicated that the excellent antioxidant activity of COSs and
NACOs played a critical role in protecting cells against acrolein-induced oxidative damage.
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Figure 3. COS–5 and N–5 against acrolein-induced oxidative stress. ARPE-19 cells were treated
with 400 μM COS–5 or N–5 for 48 h and then treated with acrolein for an additional 24 h. Cellular
ROS generation (A), ROS level in mitochondria (B), GSH level (C), GPx (D) and SOD activities (E).
The data expressed as ratio relative to controls. Values are mean ± SD of five separate experiments.
## p < 0.01 vs. control (no acrolein, no COS–5 and N–5); ** p < 0.01 vs. acrolein.

In this study, we found that chitooligosaccharides and their derivatives could protect
APRE-19 cells from acrolein oxidative damage by improving their antioxidant capacities.
However, without acrolein exposure, COS–5 or N–5 pretreatment did not affect these
antioxidant biomarkers when compared to control cells (Figure 3). This is an interesting
phenomenon. ROS at a low level play important roles as signaling molecules in normal
physiology. Navdeep et al. [39] found that the mitochondrial complex III ROS was essential
for T cell activation both in vitro and in vivo. It is a huge advantage that the antioxidant
activities of N–5 and COS–5 were selective, and they did not affect ROS balance and ROS-
mediated signaling pathways in normal cells. The data above showed that COS–5 or N–5
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has the potential to be studied further and developed into a novel therapeutic agent for the
treatment of AMD.

2.4. COS–5 and N–5 Improved Mitochondrial Function in Acrolein-Treated ARPE-19 Cells

Mitochondria are the main sites of oxidant generation, and are easily affected by
oxidants, resulting in mitochondrial dysfunction and apoptosis. We examined mitochon-
drial function by assaying cellular and mitochondrial ROS production, and mitochondrial
membrane potential MMP. The results of cellular (Figure 3A) and mitochondrial ROS
production is shown in Figure 3B. MMP is an important index of mitochondrial function,
which could be evaluated using a JC-1 fluorescent probe. As shown in Figure 4, MMP was
decreased to about 45% by acrolein (75 μM, 24 h), which was consistent with previous re-
ported results [32]. MMP was significantly increased after pretreatment with COS–5 or N–5.
Similarly, COS–5 or N–5 did not affect mitochondrial function of normal ARPE-19 cells.

Figure 4. Protective effect of COS–5 and N–5 against acrolein-induced ARPE-19 mitochondrial
dysfunction. The cells were pretreated with 400 μM COS–5 or N–5 for 48 h and then treated with
75 μM acrolein for an additional 24 h. The effects of COS–5 or N–5 on mitochondrial membrane
potential were tested using the JC-1 method. Data are red/green (590/530 nm) fluorescence ratios.
The data are expressed as ratio relative to controls. Values are mean ± SD of five separate experiments.
## p < 0.01 vs. control (no acrolein, no COS–5 and N–5); ** p < 0.01 vs. acrolein.

Zhou [40] found that COS could entered into cells in a dose-dependent and time-
dependent manner, and COS was localized preferentially in the mitochondria. However,
it was not reported whether NACOSs could enter into cells. Here, the localization of N–5
in ARPE-19 cells was detected by confocal microscopy using the FITC-labeled N–5 (N5-
FITC). After treatment with N5-FITC (100 μM) for 3 h, a green fluorescence was observed
around the mitochondria, while nearly no fluorescence was found in control cells (Figure 5),
suggesting that N–5 could enter into ARPE-19 cells and localize in the mitochondria. These
data indicated that the intracellular localization of chitooligosaccharides was not affected by
the introduction of acetyl group into amino. Taken together, the results demonstrated that
N–5 could localize in the mitochondria and protect ARPE-19 cells against mitochondrial
dysfunction and apoptosis induced by oxidative stress.

2.5. N–5 Promoted Nrf2 Nuclear Translocation and Increased Antioxidant Enzyme Expression

Nuclear transcription factor Nrf2 plays a key role in regulating the expression of
phase II detoxification enzymes and antioxidant enzymes. Under normal physiological
conditions, Nrf2 was present in the cytoplasm coupled with the negative regulatory protein
Kelch Ech-associated protein 1 (Keap1), which interacted with Nrf2 and acted as an adaptor
protein, maintaining Nrf2 at a low level and allowing it to be continuously degraded by
the proteasome in a ubiquitin-mediated process [41]. When cells were exposed to oxidative
stress, Nrf2 in the cytoplasm was released from the negative regulatory protein Keap-1
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and translocated to the nucleus, then bonded to an antioxidant response element (ARE).
Then, a variety of genes, including glutathione reductase (GR), heme oxygenase-1 (HO-1),
catalase (CAT), NAD(P)H Quinone oxidoreductase-1 (NQO-1), and γ-glutamyl cysteine
ligase (GCL) were regulated to resist the cell damage caused by oxidative stress [42].

 

Figure 5. The intracellular localization of N–5 in ARPE-19 cells. The cells are stained with FITC and
MitoTracker Red CMXRos. Red: MitoTracker Red CMXRos (a,d), Green: FITC (b,e), Merge images
(c,f). Images were captured with confocal microscope. Scale bar: 8 μm.

We determined the effect of oxidative stress induced by acrolein on Nrf2 nuclear
translocation in the ARPE-19 cell. Due to the similar activity of N–5 and COS–5, as well as
the easy preparation of N–5, we focused on N–5 in subsequent experiments. As Figure 6A,B
shows, the level of Nrf2 protein in the nucleus significantly decreased after acrolein damage,
similar to a published report [43], while pretreatment with N–5 significantly increased the
level of nuclear Nrf2, indicating that N–5 could promote Nrf2 nuclear translocation.

Meanwhile, we detected the effect of N–5 on the transcription of genes downstream
of Nrf2. The mRNA expression of HO-1 and NQO-1 were performed via qRT-PCR. As
shown in Figure 6C,D, the mRNA levels of HO-1 and NQO-1 were significantly reduced
in ARPE-19 cells treated with acrolein, and upregulated significantly when pretreated
with N–5. These results suggested that N–5 could activate the Nrf2-ARE pathway in
ARPE-19 cells, enhance Nrf2 protein nuclear translocation and upregulate the expression
of phase II metabolizing enzymes (such as HO-1 and NQO1) to alleviate acrolein-induced
oxidative injury.

Oxidative damage of RPE cells was a major factor in the pathogenesis of AMD,
and protecting RPE from oxidative damage and death has become a trend in the treat-
ment and prevention of AMD disease. COS and their derivatives were well-known for
their free radical scavenging potential by interrupting radical chain reactions to inhibit
oxidative damage [44]. The antioxidant activity of chitosan increased with decreasing
Mw [45]. Li et al. [46] reported that COS had strong antioxidant activities such as hydroxyl
and superoxide radical scavenging activity and reducing power. Qu [47] found that chi-
tooligosaccharides had a certain radical scavenging activity in vitro, and they protected
mice from oxidative stress, increased the activity of SOD, catalase, and GPx significantly in
mice on a high-fat diet. However, there are fewer reports on N-acetylated oligochitosan

38



Mar. Drugs 2023, 21, 137

with the same repeated unit as chitin. Several high-purity chitosan oligosaccharides and
their N-acetylated derivatives were prepared in this study, and their protective effect on
retinal pigment epithelial cells was studied. Similar to other antioxidants such as cur-
cumin analogs [32], luteolin [48], naringenin [49], or tocopherol [31], chitooligosaccharide
monomers also had good protective activity, and COS–5 and N–5 showed the best activities.

Figure 6. N–5 promoted Nrf2 nuclear translocation and upregulated antioxidant enzyme expressions
in the ARPE-19 cell model of acrolein damage. The cells were pretreated with 400 μM N–5 for 48 h
and then treated with 75 μM acrolein for an additional 24 h, and mRNA and protein levels were
analyzed. Western blot image of nuclear Nrf2 (A) and quantification of Western blots (B), mRNA
expression of HO-1 (C) and NQO1 (D). The data expressed as ratio relative to controls. Values are
mean ± SD of three separate experiments. ## p < 0.01 vs. control (no acrolein, no N–5); ** p < 0.01
vs. acrolein.

Further studies found that acetyl group introduction did not affect the protective effect
of chitooligosaccharides. Subsequent study found that N–5 could enhance the antioxidant
capacity of ARPE-19 cells, via reducing ROS production, increasing the GSH level, and
enhancing SOD/GPx enzyme activity. In addition, N–5 could localize in mitochondria,
increase MMP, reduce mitochondrial dysfunction and cellular damage, and enhance Nrf2
nuclear translocation and the transcription of downstream antioxidant enzyme (HO-1 and
NQO1). Interestingly, N–5-mediated antioxidant properties were selective and associated
with the oxidative stress state. N–5 does not inhibit ROS production and ROS-mediated
signaling pathways in the normal cells. The above results indicated that N-acetylated
chitooligosaccharides may have a potential application in anti-AMD degenerative diseases.

3. Materials and Methods

3.1. Materials

Chitosan (deacetylation > 95%) was purchased from Jinhu Crust Product Corp (zi bo,
Shandong, China). Chitosanase fermented by Renibacter ium sp.QD1 was obtained from
the Ocean University of China. Acrolein was purchased from Xiya Reagent (Chengdu,
China). MitoTracker Red CM-H2Xros and Trizol Reagent were purchased from Invitro-
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gen (Foster City, CA, USA). PrimeScript RT-PCR Kit was purchased from TaKaRa (Dalian,
China). The reduced glutathione (GSH) assay kit was purchased from the Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The MTT cell proliferation and cytotoxicity de-
tection kits, phenyl methane sulfonyl fluoride (PMSF), reactive oxygen species (ROS)
detection kit, mitochondrial membrane potential (MMP) detection kit, BCA protein as-
say kit, CuZn/Mn-SOD assay kit (WST-8), cellular glutathione peroxidase (GPx) assay
kit, Nuclear and Cytoplasmic Protein Extraction kit, PVDF membranes, and BCIP/NBT
Alkaline Phosphatase Color Development kit were purchased from the Beyotime Institute
of Biotechnology (Shanghai, China). Nrf2 XP Rabbit mAb and Histone H3 XP Rabbit mAb
were purchased from Cell signaling technology (Boston, MA, USA). All other reagents
were obtained from Sigma-Aldrich (Saint Louis, MO, USA), unless otherwise stated.

3.2. Chitosan Oligosaccharide (COSs) Preparation and Purification

The COSs were prepared via the enzymatic hydrolysis of chitosan and purified with
gel filtration chromatography according to a previously reported method [24]. In brief,
chitosan (10 g) was added to 80 mL of distilled water, then 1.5 mL of chitosanase solution
(10 U/mL) was added. The mixture was stirred at 50 ◦C for 24 h, and the pH of the reaction
mixture was adjusted to 5~6 with HCl solution (4 mol/L) during the hydrolysis process.
The hydrolysate was adjusted to pH 8~9 with NaOH solution (1 mol/L) and filtered to
remove insoluble parts. The filtrate was concentrated and precipitated by adding a four-
fold volume of ethanol at 4 ◦C overnight. The precipitate was collected via centrifugation
for 15 min at 8000 rpm, and then lyophilized to yield powdered products, and identified as
a COS mixture.

The COS mixture (200 mg) was dissolved in 2 mL of 0.1 M NH4HCO3, and then filtered
with a microporous membrane (0.22 μm) to obtain a clear solution. The filtrate was loaded
on a Bio Gel P6 column (2.6 × 110 cm) that was connected to an AKTA UPC100 purification
system (GE Healthcare, Fairfield, CT, USA) equipped with an online refractive index
detector. The column was eluted with 0.1 M NH4HCO3 solution at a flow rate 0.5 mL/min.
Eluents (8 mL/tube) were collected using a fraction collector to afford the pure dimers,
trimers, tetramers, pentamers, and hexamers of the COSs. The COSs were analyzed using
the high-performance liquid chromatography (HPLC), mass spectra, nuclear magnetic
resonance (NMR) and Fourier-transform infrared spectroscopy (FT-IR) methods [24].

3.3. N-Acetylated Chitooligosaccharide (NACOs) Preparation and Purification

The NACOs were prepared via the acetylation of COSs according to a previously
reported method [26]. Briefly, the dried COS mixture (1 g) and NaHCO3 (756 mg) were
added to methanol–water solution (8:1; v/v, 35 mL) with stirring, and 5 mL of acetic
anhydride was added dropwise at 0 ◦C with stirring. After stirring for 4 h at room
temperature, the NACO mixture solution was filtered to remove insoluble parts and the
reaction completion was monitored using TLC (n-propanol:water, 2:1, v/v). The filtrate
was concentrated and lyophilized to obtain the NACO mixture powder.

Then, the NACO mixture (500 mg) was dissolved in 2 mL of water, and filtered with a
microporous membrane (0.22 μm). The filtrate was loaded on a graphitization of carbon
black column (2.6 × 20 cm) that was connected to an AKTA UPC100 purification system
(GE Healthcare, Fairfield, CT, USA). After loading the sample, the column was eluted
with the following gradient of water and ethanol with a gradient of solvent B (ethanol) as
follows: 0% B for 3 CV (column volume), then up to 60% B over 5 CV. Eluents (10 mL/tube)
were collected using a fraction collector and monitored using TLC (n-propanol:water, 2:1,
v/v). Pure dimers, trimers, tetramers, pentamers, and hexamers of the NACOs were pooled
and lyophilized. The NACO samples were identified via HPLC chromatogram, mass
spectra, nuclear magnetic resonance (NMR) and Fourier-transform infrared spectroscopy
(FT-IR) analysis.
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3.4. MTT Assay for Cell Viability

The ARPE-19 (human retinal pigment epithelial) cell line was purchased from ATCC
(CRL2302) and cultured in a DMEM-F12 medium supplemented with 10% fetal bovine
serum, 0.348% sodium bicarbonate, 2 mM L-glutamine, 100 μg/mL of streptomycin, and
100 U/mL of penicillin. The cell culture was maintained at 37 ◦C in a humidified atmo-
sphere of 95% air and 5% CO2 [50]. ARPE-19 cells were used within 10 generations, and
the medium was changed every two days. COSs and NCOSs were dissolved with PBS
buffer, filtered through a sterile 0.22 μm filter, and diluted with complete culture medium
to different concentrations for the cell experiments.

The ARPE-19 cells were seeded in 96-well plates at 5 × 104 cells per well and incubated
overnight. After incubation with different concentrations of COSs or NCOSs for 48 h, the
cells were treated with 75 μM acrolein for 24 h. Cell viability was measured via MTT
cell proliferation and a cytotoxicity detection kit (Beyotime). After 4 h of incubation with
MTT, the solubilization buffer was added to each well and incubated at 37 ◦C overnight.
The optical densities were read at 555 nm using a SpectraMax M5 plate reader (Molecular
Devices, Sunnyvale, CA, USA).

3.5. Antioxidant Enzyme Activities, ROS Generation, and Intracellular GSH Levels Assay

The GSH level, superoxide dismutase (SOD) activity, and GPx activity were deter-
mined using commercial assay kits [51]. Briefly, cells were placed in 6-well plates at a
density of 5 × 105 cells per well. After 12 h, the cells were treated for 48 h with 400 μM of
COS–5 or N–5 and then for 24 h with or without 75 μM acrolein. After treatment, the cells
were washed twice with PBS, and then the antioxidant enzyme activities and GSH level in
the cells were detected.

Moreover, the ROS levels in PRE cells and mitochondria exposed to acrolein were
determined using fluorescent probe. In brief, cells were plated in 96-well plates at a density
of 2.5 × 104 cells per well for 12 h. ARPE-19 cells were treated with 400 μM of COS–5 or
N–5 for 48 h, and then incubated with or without 75 μM acrolein for another 24 h. The ROS
level in PRE cells was determined by the 2′, 7′-dichlorofluorescein diacetate (DCFH-DA)
method using a SpectraMax M5 plate reader (Molecular Devices, San Jose, CA, USA) at a
488 nm excitation wavelength and a 525 nm emission wavelength [52]. The ROS generation
in mitochondria was detected using MitoTracker Red CM-H2Xros at a 579 nm excitation
wavelength and a 599 nm emission wavelength.

3.6. Confocal Imaging

ARPE-19 cells were cultured on glass-bottom cell culture dishes at a density of
2 × 104 cells per well for 12 h. The cells were incubated with 25 nM MitoTracker Red
CMXROS at 37 ◦C for 30 min. Thereafter, the cells washed three times with PBS to remove
unbound probes. Then, the cells were incubated with FITC (100 μM) or FITC-labeled N–5
(100 μM) for 3 h at 37 ◦C. Cellular uptake was terminated by washing the cells three times
with PBS. Finally, the cells were observed under a Nikon A1 confocal microscope (Nikon
Corporation, Tokyo, Japan). The green fluorescence of FITC was measured at Ex495/Em525,
and the red fluorescence of MitoTracker Red CMXRos was measured at Ex578/Em599 [53].

3.7. Mitochondrial Dysfunction Evaluation

Mitochondrial membrane potential (MMP) was detected in live ARPE-19 cells using a
cationic fluorescent indicator JC-1, according to the manufacturer’s instructions. Briefly,
APRE-19 cells were seeded at a density of 2.5 × 104 cells per well in a 96-well plate.
After 12 h, the cells were exposed to 400 μmol/mL of N–5 for 48 h. After treatment with
75 μmol/mL of acrolein for 24 h, the cells were treated with JC-1 for 30 min at 37 ◦C,
washed with PBS, and observed under the fluorescence microscope. The Δψm of ARPE-19
cells in each treatment group was calculated as the fluorescence ratio (590 to 530 nm) [54].
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3.8. Western Blot

Western blot was performed as in previously described methods [55] and each Western
blot was repeated at least three times. Nuclear proteins were prepared using a Nuclear
and Cytoplasmic Protein Extraction Kit, and nuclear Nrf2 was analyzed using Western
blot. Briefly, the lysates were homogenized and centrifuged at 13,000 ×g for 15 min at 4 ◦C.
The supernatants were collected, and the protein concentrations were determined using
the BCA Protein Assay kit. Equal amounts (20 μg) of each protein sample were loaded on
10% SDS-PAGE gels, electrophoresed, transferred to PVDF membranes, and blocked with
5% non-fat milk. The membranes were incubated with anti-Nrf2 (1:1000) and anti-histone
H3 (1:1000) at 4 ◦C overnight, and then incubated with anti-mouse secondary antibodies
at room temperature for 1 h. Protein bands were visualized using a BCIP/NBT Alkaline
Phosphatase Color Development Kit. Signals were quantified using ImageJ software
(Version 1.52b, NIH, Baltimore, MD, USA), and defined as the ratio of target protein to
histone H3.

3.9. Real-Time PCR

Real-time PCR was performed using a previously described method [56]. Total RNA
was extracted from the cells using Trizol reagent according to the manufacturer’s proto-
col. Reverse transcription was performed using the PrimeScript RT-PCR Kit followed by
semiquantitative real-time PCR using specific primers. The primer sequences are listed
in Table 3.

Table 3. Primer sequences.

Primers Forward Reverse

HO-1 GGTCCTTACACTCAGCTTTCT CATAGGCTCCTTCCTCCTTTC
NQO1 AAAGGACCCTTCCGGAGTAA CCATCCTTCCAGGATTTGAA
β-actin ACCCTGAAGTACCCCATCGAG GGATAGCACAGCCTGGATAGCA

3.10. Statistical Analysis

All quantitative experiments were repeated at least 3 times independently. Data are
presented as mean ± SD. Data were analyzed by one-way analysis of variance (ANOVA)
with Tukey’s multiple comparison post hoc test using GraphPad Prism 8.0 Statistics Soft-
ware (Graphpad Software, Inc., La Jolla, CA, USA). A p value of < 0.05 was considered
statistically significant.

4. Conclusions

In conclusion, our study demonstrated that chitosan oligosaccharides (COSs) and
their N-acetylated chitooligosaccharides (NACOs) exhibited excellent protection effects on
acrolein-induced ARPE-19 cell damage. Among the monomers, COS–5 or N–5 pretreatment
significantly reduced reactive oxygen species production, raised the intracellular level of
GSH and the activity of SOD and GSH-Px, and attenuated the loss of mitochondrial mem-
brane potential. Further study indicated that the N–5 could localize in the mitochondria and
promote Nrf2 nuclear transfer and the expression of downstream phase II detoxification
enzymes. These results suggest that COSs and NACOs might be promising antagonists
against acrolein-induced APRE-19 cell death.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md21030137/s1, Figure S1: The cytotoxicity of COSs, NACOs
and PACOs in ARPE-19 cell; Figure S2: Effects of COSs and NACOs on the proliferation of ARPE-19
cells; Figure S3: COS–5 and N–5 against acrolein-induced oxidative stress; Figure S4: Protective effect
of COS–5 and N–5 against acrolein-induced ARPE-19 mitochondrial dysfunction.
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Abstract: Alginate oligosaccharides (AOS) and their derivatives become popular due to their fa-
vorable biological activity, and the key to producing functional AOS is to find efficient alginate
lyases. This study showed one alginate lyase TsAly7A found in Thalassomonas sp. LD5, which was
predicted to have excellent industrial properties. Bioinformatics analysis and enzymatic properties
of recombinant TsAly7A (rTsAly7A) were investigated. TsAly7A belonged to the fifth subfamily of
polysaccharide lyase family 7 (PL7). The optimal temperature and pH of rTsAly7A was 30 ◦C and 9.1
in Glycine-NaOH buffer, respectively. The pH stability of rTsAly7A under alkaline conditions was
pretty good and it can remain at above 90% of the initial activity at pH 8.9 in Glycine-NaOH buffer for
12 h. In the presence of 100 mM NaCl, rTsAly7A showed the highest activity, while in the absence of
NaCl, 50% of the highest activity was observed. The rTsAly7A was an endo-type alginate lyase, and
its end-products of alginate degradation were unsaturated oligosaccharides (degree of polymerization
2–6). Collectively, the rTsAly7A may be a good industrial production tool for producing AOS with
high degree of polymerization.

Keywords: alginate lyase; endo-type; alkaliphilic; polyM-preferred; cold-adaption; high degree of
polymerization

1. Introduction

Alginate is a natural linear anionic polymer which consists of β-D-mannuronic acid
(M) and α-L-guluronic acid (G) linked by β-1,4-glycosidic bonds [1]. It is the only natu-
ral marine biological polysaccharide with one carboxyl in each sugar ring [2]. Alginate
polymer blocks arrange in three possible ways: poly-α-L-guluronic acid (polyG), poly-β-
D-mannuronic acid (polyM), and hetero-polymeric random sequences (polyMG). These
characteristics lead to the difference of their high-order structures, so polyM, polyG and
their derivatives display different activities [3]. In medical fields, alginates with different
arrangement and degree of polymerization (DP) have wide application prospects, including
drug delivery and tissue engineering [4–6]. Alginate oligosaccharides (AOS) and their
derivatives with different DPs are becoming popular due to their favorable biological activ-
ity and water solubility [1]. Most importantly, AOS have been found to play an important
role in anti-tumor [7], anti-inflammatory [8], neuroprotective [9], immune regulation [10],
anti-obesity [11], antibacterial [12], antioxidant [13,14], anti-diabetic [15] and other as-
pects [16,17]. These functions of AOS were mostly relevant to gut microbiota. For example,
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Zhang et al. proposed that fecal microbiota transplantation (FMT) from AOS-dosed mice
improved small intestine function by increasing beneficial microbes [8], and another study
showed that GV-971 could suppress neuroinflammation through inhibiting gut dysbiosis
to reduce phenylalanine/isoleucine accumulation [9]. In addition, Li et al. determined that
unsaturated alginate oligosaccharides (UAOS) obtained by enzyme degradation showed
significant anti-obesity effects in a high-fat diet (HFD) mouse model [18], and then they
determined that UAOS can attenuate the HFD-induced obesity through modulating gut
microbiota by selectively increasing the relative abundance of beneficial intestinal bacte-
ria and decreasing the abundance of inflammogenic bacteria [19]. The different types of
AOS had different functions in past studies, including the immuno-stimulatory activity of
guluronate oligosaccharide (GOS) [10], the hypoglycaemic and hypolipidaemic activities
of oligosaccharide from S. confusum (SCO) [15] and the neuroprotective activity of GV-971
(a sodium oligomannate) as mentioned above [9]. It is worth mentioning that UAOS per-
formed significant anti-obesity effects compared with saturated alginate oligosaccharides
(SAOS) [18,19].

At present, enzymatic degradation is the most common method to prepare AOS, so
the key to producing functional AOS is to find efficient alginate lyases [16,17]. According
to amino acid sequence, alginate lyases are divided into 12 polysaccharide lyase families
(PL5, 6, 7, 14, 15, 17, 18, 31, 32, 34, 36, 39, 41) in the CAZy database [20]. The PL7 family
(http://www.cazy.org/PL7.html, accessed on 11 February 2022) contains the most alginate
lyases and is further divided into six subfamilies [21,22]. In addition, based on substrate
specificity, it can be classified into polyG-specific, polyM-specific, bifunctional alginate lyase
and polyMG-specific alginate lyase [23–25]. Based on the different modes of action, it can
also be categorized into endo- and exo-type alginate lyases [26]. Endo-type alginate lyases
can cleave the glycosidic bonds in alginate polymer randomly and release unsaturated
oligosaccharides (disaccharides, trisaccharides and tetrasaccharides) as the main products.
Exo-type alginate lyases cut the alginate chains successively from non-reducing ends to
produce monosaccharides.

This study cloned and expressed a new PL7 alginate lyase-encoding gene, tsaly7A, from
Thalassomonas sp. LD5. The recombinant TsAly7A (rTsAly7A) exhibited good properties
such as pH stability under alkaline conditions, high activity under low temperature, and
wide range of product distribution. These characteristics make rTsAly7A a good industrial
production tool for producing AOS with high DPs.

2. Results

2.1. Sequence Analysis of TsAly7A

One predicted alginate lyase gene, tsaly7A, was detected and cloned from Thalas-
somonas sp. LD5, composed of 939 bp, encoding 312 amino acid residues. It only contained
a catalytic module (CM) as shown in Figure 1A. The original length of tsaly7A (OL-tsaly7A)
had a signal peptide (SP) at the N-terminal end with a length of 17 amino acid residues, a
carbohydrate binding module (CBM) at middle with a length of 161 amino acid residues
and a CM at C-terminal end (Figure 1A). The theoretical molecular weight of TsAly7A was
34.39 kDa and theoretical pI was 4.57. The sequence data were deposited in GenBank with
accession No. OM672104.1. According to the results of Protein BLAST search, the similarity
rate between TsAly7A and AlgMsp of PL7 family from Microbulbifer sp. 6532A [27] was
71%, indicating that TsAly7A was a new member of PL7. Further phylogenetic analysis
proved that TsAly7A belonged to the fifth subfamily of PL7 (Figure 1B).
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Figure 1. (A) Sequence analysis of TsAly7A. Domain structure of OL-tsaly7A. (B) Phylogenetic
tree analysis of TsAly7A. The unrooted phylogenetic tree was constructed by the Maximum Likeli-
hood method and JTT matrix-based model using MEGA X. Bootstrap analysis was computed with
1000 replicates, and bootstrap values below 50% were omitted. TsAly7A was marked with thickening
in blue box. Subfamily 1, the first subfamily of PL7.

2.2. Expression and Purification of rTsAly7A

The rTsAly7A was successfully constructed and then expressed in E. coli BL21(DE3).
By optimizing the induction conditions of rTsAly7A, the yield of rTsAly7A was highest at
18 ◦C and induced by 0.1 mM IPTG for 24 h (Figure 2A). After 1 L fermentation broth was
purified, 13.46 mg pure enzyme of rTsAly7A was finally obtained. Through purification,
the specific activity of rTsAly7A was 1536.36 U/mg, and the recovery rate was 31.41%. A
single band on SDS-PAGE gel showed the molecular weight of the rTsAly7A was estimated
to be about 40 kDa (Figure 2B).

2.3. Biochemical Characterization of the rTsAly7A

The optimum pH of rTsAly7A was 9.1 in Glycine-NaOH buffer (Figure 3A), while the
enzyme activity at pH 7.0 was less than 50% of the highest. The enzyme activity of rTsAly7A
remained above 80% after 12 h incubation in Na2HPO4-NaH2PO4 buffer (pH 7.0–8.0) and
was most stable at pH 8.9 in Glycine-NaOH buffer for 12 h (Figure 3B), indicating that it
was alkaliphilic.
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Figure 2. (A) Expression and purification of rTsAly7A. Relative enzyme activity of TsAly7A under
different induction conditions. (B) SDS-PAGE of rTsAly7A. Lane M, protein standard marker; lane 1,
crude enzyme; lane 2, flow-through; lane 3, elution by 0 mM imidazole; lane 4, elution by 25 mM
imidazole; lane 5, elution by 75 mM imidazole; lane 6, elution by 150 mM imidazole; lane 7, elution
by 300 mM imidazole, purified rTsAly7A.

Figure 3. Biochemical properties of rTsAly7A. Optimal pH (A), pH stability (B), optimal temperature
(C), thermal stability (D) of the rTsAly7A. The relative activity of 100% in (A,C) was determined
at optimal condition. The original activity of 100% in (B,D) was determined before incubation at
optimal condition.

The optimum temperature of rTsAly7A was 30 ◦C, but the enzyme activity decreased
sharply over 30 ◦C (Figure 3C), whereas it exhibited 16% of highest activity at 0 ◦C. In
addition, after incubation for an hour at 20 ◦C, it maintained half of the enzyme activity
(Figure 3D). Therefore, rTsAly7A is a cold-adapted alginate lyase that can be used at room
temperature.

Only Fe3+ promoted the enzyme activity by 1.5 times as shown in Figure 4A. The
enzyme activity of rTsAly7A was significantly decreased with 1 mM Li+, Cu2+, Co2+, Ba2+,
Ca2+ and Ni2+ (Figure 4A). As for 1mM Zn2+, the enzyme activity of rTsAly7A was mostly
lost. In the presence of EDTA, the enzyme activity of rTsAly7A was even completely lost.
In addition, it is noteworthy that 1mM Na+, K+, NH4

+, Mg2+, Mn2+, Fe2+, and SDS had no
significant effect on rTsAly7A. As shown in Figure 4B, rTsAly7A maintained 50% activity
in the absence of NaCl and reached maximum activity in the presence of 100 mM NaCl.
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Figure 4. Effects of metal ions, chelator, and surfactant (1 mM) (A) and effects of NaCl concentrations
(0–1 M) (B) on the activity of rTsAly7A. The substrate specificity of rTsAly7A (C). The relative activity
of 100% was determined at optimal condition. **** for p < 0.0001, ** for p < 0.01, * for p < 0.05, ns for
not significant.

2.4. The Substrate Specificity of rTsAly7A

The 0.3% (w/v) substrate was prepared under the optimum pH 9.1 and NaCl (100 mM)
conditions, and the enzyme activity was determined by using substrate alginate, polyM
and polyG, respectively. The degradation ability of polyM was 76% of that of alginate, and
the degradation ability of polyG was weak, only 12% of that of alginate (Figure 4C).

2.5. Degradation Mode and End-Products of rTsAly7A

Size-Exclusion Chromatography (SEC) was used to reveal the time-course of alginate
degradation by rTsAly7A. At the beginning of the degradation reaction, a large number
of products with high DP appeared (Figure 5A). With the extension of degradation time,
these products gradually degraded into oligosaccharides with lower DPs. It indicated that
rTsAly7A was an endo-type alginate lyase, and some products with low DPs appeared at
the initial stage of degradation reaction, indicating that the initial enzymatic reaction speed
of the enzyme was very fast.

The SEC results of the final degradation products of rTsAly7A showed five UV absorp-
tion peaks at 12.6 mL, 13.2 mL, 13.9 mL, 14.7 mL and 15.6 mL, respectively, with a ratio of
0.24:1.07:1.78:1.16:1 (Figure 5B). The five peaks were collected and analyzed by ESI-MS. The
results of mass spectrometry analysis were shown in Figure 5C. There are several obvious
nuclear-to-mass ratio peaks in the mass spectrometry results, 351.06, 527.09, 703.12, 879.15
and 1055.18 m/z representing molecular peaks [ΔDP2−H]−, [ΔDP3−H]−, [ΔDP4−H]−,
[ΔDP5−H]−, and [ΔDP6−H]−, respectively, which correspond to the molecular weights
of unsaturated alginate disaccharide, trisaccharide, tetrasaccharide, pentasaccharide and
hexasaccharide. Therefore, the final degradation product of rTsAly7A were unsaturated
oligosaccharides of DP 2–6.
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Figure 5. Degradation mode and end-products of rTsAly7A. The time-course of alginate degradation
by rTsAly7A (A). SEC analysis of end-products of rTsAly7A (B). Mass spectra analysis of final product
of rTsAly7A (C). ΔDP2, unsaturated alginate disaccharide.

3. Discussion

In this study, we characterized an endo-acting, cold-adapted and polyM-preferred
alginate lyase TsAly7A from Thalassomonas sp. LD5. Notably, different from our previous
work on TsAly7B [28], which produced unsaturated oligosaccharides of DP 2–4 as its final
products, TsAly7A released DP 2–6 from alginate.

The results reflected that rTsAly7A had a lower optimal temperature (30 ◦C) and
maintained 16% of highest activity at 0 ◦C, which indicates that rTsAly7A is one cold-
adapted alginate lyase. The cold-adapted character of rTsAly7A reveals its adaptation to
marine environment in that TsAly7A was cloned from marine bacterium Thalassomonas
sp. LD5 [29], which was found in the coastal sediments with a temperature of 5 ◦C. Some
cold-adapted alginate lyases had been characterized, but rTsAly7A had some excellent
properties in other aspects. For example, AlyS02 from Flavobacterium sp. S02, AlyPM from
Pseudoalteromonas sp. SM0524 and AlgSH17 from Microbulbifer sp. SH-1 were all cold-
adapted and polyM-preferred alginate lyases [30–32], but AlyS02 and AlyPM could only
release the oligosaccharides of DP 2, 3, and their optimal pH was 7.6 and 8.5, respectively.
AlgSH17 could release the oligosaccharides of DP 2–6, but it was not really stable as
rTsAly7A under alkaline conditions. TsAly7A released unsaturated oligosaccharides of DP
2–6 from alginate and had the highest activity in pH 9.1. In addition, rTsAly7A was stable
under alkaline conditions as shown in Figure 3B.

The alkali suitability is one good property in alginate lyase application and alginate
oligosaccharide production. Several studies have reported some robust alginate lyase;
Alyw203 from Vibrio sp. W2 showed outstanding pH stability with a highest activity under
alkaline conditions of pH 10.0 [29] and Aly08 from Vibrio sp. SY01 held above 80% of its orig-
inal activity in pH 4.0–10.0 [33]. Similarly, the rTsAly7A showed outstanding pH stability
under alkaline conditions, which made it an excellent tool in strict industrial condition.
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This study also demonstrated that rTsAly7A had a wide substrate utilization range
with a preference for polyM as most alginate lyase from PL7. Similarly, AlyPM and AlgSH17
also preferably degraded polyM [31,32] while AlyS02 preferably degraded polyG [30].

The study of the effect of ions has shown that only Fe3+ promoted enzyme activity.
However, Li+, Cu2+, Co2+, Ba2+, Ca2+ and Ni2+ inhibited the enzyme activity of rTsAly7A,
which means that it cannot be used with these conditions. Additionally, Zn2+ and EDTA
showed remarkable inhibitory effects on rTsAly7A, and yet rTsAly7A remained at 89% ac-
tivity in the presence of SDS, which indicates it may have more extensive use in application.
In addition, Na+, K+, NH4

+, Mg2+, Mn2+ and Fe2+ had no effect on rTsAly7A. The enzyme
activity of rTsAly7A was the highest in the 100 mM NaCl condition and rTsAly7A can
maintain a 50% activity without NaCl, which means it would not easily cause equipment
corrosion in subsequent industrial production applications without using NaCl.

Therefore, as mentioned above, rTsAly7A is a tool to produce high degree of poly-
merization oligosaccharides. Studies by Chen et al. showed that the oligosaccharides
of DP 5 released by alginate lyase had a remarkable inhibitory effect on the growth of
osteosarcoma cells, while DP 2, 3 and 4 had no inhibitory effect [34]. The most common
products of alginate lyase were DP 2–4 [30,35,36]. In other words, the oligosaccharides of
DP 2–6 released by rTsAly7A may have more new properties can be studied.

4. Materials and Methods

4.1. Strains, Media, Plasmids, and Reagents

Escherichia coli strains BL21 (DE3) and DH5α from TaKaRa (Dalian, China) were culti-
vated in Luria–Bertani (LB) medium containing Kanamycin (50 μg/mL) when necessary.
For the expression of recombinant proteins, plasmid pET-24a (+) was used. The DNA
polymerase and DNA Restriction enzyme were from TaKaRa (Dalian, China). TIANamp
Bacteria DNA Kit was purchased from TIANGEN BIOTECH (Beijing, China). ClonExpress
II One Step Cloning Kit was purchased from Vazyme (Nanjing, China). Qingdao Gather
Great Ocean Algae Industry Group Co., Ltd. (Qingdao, China) provided Alginate and
polyM, polyG were from Qingdao HEHAI Biotech Co., Ltd. (Qingdao, China).

4.2. Identification, Cloning and Sequence Analysis of TsAly7A

Genomic DNA used as template was extracted from Thalassomonas sp. LD5 using
TIANamp Bacteria DNA Kit. PCR primers (TsAly7A-F: taagaaggagatatacatatgGTGGT-
TAATCACTGTGGTGAACTTG, TsAly7A-R: gtggtggtggtggtgctcgagATAGTTATAGCCG-
GTATGTGAATTGTC) were designed according to the genomic sequence of Thalassomonas
sp. LD5 to obtain gene Tsaly7A without signal peptide and stop codon. The vector pET-24a
(+) was linearized by restriction enzyme Nde I and Xho I. Then, the gene Tsaly7A was
ligated into pET-24a (+) by ClonExpress II One Step Cloning Kit using primers above. The
SignalP-5.0 server (http://www.cbs.dtu.dk/services/SignalP/, accessed on 9 December
2020) was used to predict Signal peptide [37]. The recombinant plasmids rTsAly7A were
transformed into the E. coli DH5α. Theoretical molecular weight and pI were determined
using the ProtParam tool (https://web.expasy.org/protparam/, accessed on 9 December
2020) [38]. Multiple sequence alignments and phylogenetic tree construction of TsAly7A
were performed using MAGA-X [39–42].

4.3. Expression and Purification of rTsAly7A

According to Zhang et al. [28], protein expression was conducted in E. coli BL21
(DE3) strains induced until OD600 reached 0.6 with 0.1 mM IPTG for 24 h. The cells were
collected, resuspended, and broken up, and then the crude enzymes were extracted from
the supernatants according to Zhang et al. [28]. One 1 mL HisTrapTM HP Column (GE
healthcare, Stanford, USA) was then used to separate the recombinant proteins from the
crude enzyme. SDS-PAGE on a 10% (w/v) resolving gel was used to detect the purity
and molecular mass of recombinant TsAly7A, and the NCM BCA protein assay kit (NCM
Biotech, Suzhou, China) was used to measure the protein content.
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4.4. Activity Assay of rTsAly7A

Alginate lyase activity was determined by UV spectrophotometry for its change at
235 nm. Briefly, 900 μL of 0.3% (w/v) of alginate substrate (50 mM PB, 100 mM NaCl, pH 9.1)
was incubated at 30 ◦C for 5 min, and then 100 μL of enzyme solution was added. Enzyme
boiled at 100 ◦C for 10 min was used as the control. The A235 value was detected by UH5300
UV–visible spectrophotometer (HITACHI, Tokyo, Japan) after being incubated at 30 ◦C
for 10 min. An enzyme activity unit (U) was defined as the amount of enzyme required to
increase 0.1 units of UV absorption per minute. These results were repeated 3 times and
the average values were indicated along with a standard deviation.

4.5. Biochemical Characterization of rTsAly7A

The enzyme activity was determined at 10–60 ◦C to find the optimum temperature
of rTsAly7A. To determine the thermal stability, the residual activity of the enzyme was
determined after incubation at 0–80 ◦C for 1 h. The substrate was prepared with 50 mM
buffers at different pH [Na2HPO4-citric acid (pH 2.2–8.0), Na2HPO4-NaH2PO4 (pH 5.8–8.0),
Tris-HCl (pH 7.1–8.9), Glycine-NaOH (pH 8.6–10.6)], and the enzyme activity was measured
at the optimum temperature to study the optimum pH value of rTsAly7A. To study its
pH stability, the enzyme was incubated in different pH at 0 ◦C for 12 h, and then its
residual activity was determined. As for the effect of sodium chloride on rTsAly7A activity,
0.3% (w/v) alginate substrate (50 mM glycine-NaOH, pH 9.1) was prepared by adding
different concentrations (0–1 M) of NaCl. To determine the effects of different metal ions
and surfactants on TsAly7A, the enzyme activity of rTsAly7A was measured by adding
1 mM different metal ions and SDS at optimal temperature and pH. To determine the
substrate specificity of rTsAly7A, 0.3% (w/v) of different substrate (polyM, polyG, and
alginate) solutions were used to determine the activity of it.

4.6. Degradation Mode and End-Products of rTsAly7A

To clarify the degradation mode of action of rTsAly7A, 1 mL (50 U) enzyme was put
in 9 mL alginate substrate [0.3% (w/v), 50 mM PB, 100 mM NaCl, pH 9.1] and incubated at
30 ◦C with progressive time (0, 1, 5, 10, 20, 30 and 60 min, respectively). The reaction was
ended by boiling for 10 min. Subsequently, the degradation mode was further detected by
fast protein liquid chromatography (FPLC) with a Superdex peptide 10/300 GL column
(GE Healthcare, Boston, MA, USA) for separation, 200 mM NH4HCO3 at a flow rate of
0.2 mL/min was used as the mobile phase, and UV detector was used to detect A235.

To obtain the final product, rTsAly7A was put in 0.3% (w/v) alginate solution to
produce a final concentration of 100 U/mL, and then incubated for 12 h at 30 ◦C. The
obtained sample was investigated by gel filtration on Superdex peptide 10/300 GL column.
The detection wavelength was 235 nm, the flow rate of the mobile phase (0.2 M NH4HCO3)
was 0.2 mL/min. In addition, each peak of the final product was collected, and then mixed
with acetonitrile 1:1 (v/v). After that, its molecular weight was detected by negative-ion
electrospray ionization-mass spectrometry (ESI-MS) in the range of 100–2000 m/z.

5. Conclusions

In this study, an endo-acting, cold-adapted, and polyM-preferred alginate lyase rT-
sAly7A from Thalassomonas sp. LD5 was detailed. rTsAly7A had a low optimal temperature
(30 ◦C) and remained at 16% of highest activity at 0 ◦C, which indicated that rTsAly7A is
one cold-adapted alginate lyase. Compared with other characterized alginate lyases, its
pH stability under alkaline conditions was pretty good in that it can remain at above 90%
of activity after incubation at pH 8.9 in Glycine-NaOH buffer for 12 h. rTsAly7A shared
the highest activity in the presence of 100 mM and maintained 50% of the highest activity
in the absence of NaCl. The SEC results showed rTsAly7A was an endo-type alginate
lyase, and its end-products were unsaturated oligosaccharides (degree of polymerization
2–6). Overall, due to the good characteristics, rTsAly7A can be used as a tool enzyme for
producing AOS with high degree of polymerization.
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Abstract: Fucoidans represent a type of polyanionic fucose-containing sulfated polysaccharides
(FCSPs) that are cleaved by fucoidan-degrading enzymes, producing low-molecular-weight fucoidans
with multiple biological activities suitable for pharmacological use. Most of the reported fucoidan-
degrading enzymes are glycoside hydrolases, which have been well studied for their structures
and catalytic mechanisms. Little is known, however, about the rarer fucoidan lyases, primarily
due to the lack of structural information. FdlA from Flavobacterium sp. SA-0082 is an endo-type
fucoidan-degrading enzyme that cleaves the sulfated fuco-glucuronomannan (SFGM) through a
lytic mechanism. Here, we report nine crystal structures of the catalytic N-terminal domain of FdlA
(FdlA-NTD), in both its wild type (WT) and mutant forms, at resolutions ranging from 1.30 to 2.25 Å.
We show that the FdlA-NTD adopts a right-handed parallel β-helix fold, and possesses a substrate
binding site composed of a long groove and a unique alkaline pocket. Our structural, biochemical,
and enzymological analyses strongly suggest that FdlA-NTD utilizes catalytic residues different from
other β-helix polysaccharide lyases, potentially representing a novel polysaccharide lyase family.

Keywords: fucoidan lyase; polysaccharides; crystal structure; catalytic mechanism

1. Introduction

Fucoidans are a class of sulfated, fucose-rich polysaccharides produced by brown algae
and certain marine invertebrates [1,2]. The backbone of fucoidans is generally linked via an
α-1,3- and/or α-1,4-glycosidic bond and is highly variable in length and monosaccharide
composition. In addition to fucose (Fuc), fucoidans also contain galactose (Gal), mannose
(Man), glucuronic acid (GlcUA), and other types of monosaccharide [3]. Moreover, the
L-fucose residues in fucoidans are usually sulfated at different hydroxyl group positions,
including C-2, C-3, and C-4 [4]. The diverse composition in monosaccharides, the variation
in sulfate ester pattern and content, and the different branching sites for sugar chains
result in considerable structural variation among fucoidans produced by different brown
algae [5,6]. Furthermore, the structural complexity of fucoidans is influenced by other
factors, including the geographical locations of macroalgal species, the specific time of
harvest of brown algae, as well as the methods used for isolation and purification of
fucoidans [7].

Fucoidans represent a suitable candidate drug possessing antiviral activity, as they
were recently reported to effectively inhibit SARS-CoV-2 [8]. It was shown that fucoidans
tightly bind to the S-protein of SARS-CoV-2, thus acting as a decoy that interferes with the
binding of the S-protein to the heparin sulfate co-receptor present at the surface of host cells,
potentially inhibiting viral infection [8]. In addition to their antiviral activity, fucoidans
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show antithrombotic, anticoagulant, anti-inflammatory, antitumor, and immunomodula-
tory effects [9,10]. One report indicated that the sulfate patterns (the sulfate content and the
position of the sulfate groups) present on fucoidans are important for their bioactivity [11].
However, native fucoidans are usually characterized by high molecular weight, high vis-
cosity, and irregular structures, considerably hindering their application as therapeutic
agents. In contrast, low-molecular-weight fucoidans (LMWFs) are easily absorbed and
possess higher bioavailability, rendering these polysaccharides a more promising target
for pharmaceutical use [9,12]. Therefore, depolymerization of HMWFs into LMWFs using
specific enzymes is a suitable approach, as it preserves the integrity of the specific structure
of fucoidans and generates relatively homogeneous degradation products.

Fucoidan-degrading enzymes are promising tools for producing bioactive fucoidan
oligosaccharides for a range of biomedical applications [13,14]. Fucoidan-degrading
enzymes differ in their mode of action and are usually classified into exo- or endo-
enzymes [12]. Exo-fucoidan-degrading enzymes are capable of cleaving fucoidans from
the terminus of the sugar chain, usually producing monosaccharides. Endo-fucoidan-
degrading enzymes break the glycosidic bond from the middle of the sugar chain to
produce oligosaccharides exhibiting different degrees of polymerization [15]. Currently,
all fucoidan-degrading enzymes that have been identified act as endo-hydrolases, and
are classified into glycoside hydrolases (GHs) family 107 (GH107, endo-α-1,4-L-fucanase
(EC 3.2.1.212)), and 168 (GH168, endo-α-(1,3)-L-fucanase (EC 3.2.1.211)) in the Carbo-
hydrate Active enZymes database (CAZy database, http://www.cazy.org, accessed on
1 July 2022) [16,17]. The marine bacterium Flavobacterium sp. SA-0082 was earlier reported
to produce a novel type of extracellular endo-fucoidan lyase that cleaves the sulfated
fucoglucuronomannan from Kjellmaniella crassifolia (Kj-fucoidan) [18,19]. Two genes that
encode for putative fucoidan lyase have been identified in the genome of this marine
bacterium (Flavobacterium sp. SA-0082), and their gene products were termed FdlA and
FdlB [19]. These two enzymes are 56% identical at the amino acid sequence level. The
enzymatic activity of FdlA is higher than that of FdlB when acting on Kj-fucoidan [20].

Earlier studies carried out biochemical characterization and enzymatic analysis for
native FdlA, demonstrating that the optimal conditions for catalytic activity of FdlA are a
temperature of 40 ◦C, slightly alkane pH of pH 7.5, as well as the presence of NaCl at 0.4 M
concentration [12,21]. Previous studies found that polysaccharides lacking sulfated fucose
are not cleaved by native FdlA, indicating that the sulfated fucoses of fucoidans are impor-
tant components for their recognition and cleavage by the lyase [19]. The final products
of Kj-fucoidan cleaved by FdlA were identified as three types of trisaccharides, charac-
terized by an identical backbone structure termed Δ4,5GlcpUAβ1-2L-Fucpα1-3D-Manp.
Nevertheless, these trisaccharide molecules possess different numbers of sulfate groups
and/or different sulfation positions, namely monosulfated (Molecular weight (Mw) 564
Da, Fucp(3-O-sulfate)), disulfated (Mw 644 Da, Fucp(3-O-sulfate)α1-3D-Manp(6-O-sulfate)),
and trisulfated (Mw 724 Da, Fucp(2,4-O-disulfate)α1-3D-Manp(6-O-sulfate)) trisaccharides
(Scheme 1), with the monosulfated form being the major degradation product [21]. Based
on the structures of the final products, it can be deduced that FdlA acts on the α-1,4-linkage
between D-mannose and D-glucuronic acid in Kj-fucoidan, which possesses a branched
sulfated fucose linked on the C-3 hydroxyl group of D-mannose [5,21]. However, de-
spite the extensive body of biochemical and enzymological analysis, the precise catalytic
mechanisms responsible for FdlA activity remain elusive.

To date, FdlA has not been classified into any enzyme family in the CAZy database.
However, as it acts as a uronic acid-containing polysaccharide lyase, it presumably belongs
to the family of polysaccharide lyases (PL). At present, 42 PL families have been identified
in the CAZy database, and are grouped into six classes based on their overall folding,
namely into the right-handed parallel β-helix class (termed β-helix henceforth), the (α/α)n
barrel class, the β-jelly roll class, the β-propeller class, the β-sandwich and β-sheet class,
as well as the triple-stranded β-helix class [22]. Members from the same PL family show
high sequence similarity and possess essentially conserved catalytic residues. However,

58



Mar. Drugs 2022, 20, 533

FdlA exhibits low amino acid sequence homology with all these PL members, rendering
it impossible to classify FdlA into the existing PL families without information about its
structure and key catalytic residues [5,23].

 
Scheme 1. Enzymatic reaction catalyzed by FdlA to digest Kj-fucoidan and yield three types of trisaccharides.

Despite possessing different folds, all PLs degrade uronic acid-containing polysaccha-
rides via a β-elimination mechanism, utilizing Brønsted base and acid to cleave the scissile
glycosidic bond [24]. This reaction process yields a new non-reducing end with an unsatu-
rated bond in the sugar products. The catalytic mechanisms of PLs are generally divided
into two groups based on the neutralizers used for the C-5 carboxyl group: (i) His/Tyr
β-elimination and (ii) metal ion (usually Ca2+)-assisted β-elimination. In the former type,
amino acid residues are used as a neutralizer, and a histidine and a tyrosine usually act as
Brønsted base and acid, respectively. In the latter, a metal ion serves as a neutralizer, and
an arginine and a lysine commonly act as Brønsted base and acid, respectively [25]. One
previous report found that metal ions are unable to stimulate FdlA activity [19], suggesting
that FdlA adopts the His/Tyr β-elimination mechanism for catalysis. However, the key
residues for catalysis and their locations in FdlA remain unclear.

While previously obtained structural and enzymatic data provide important infor-
mation for understanding the structure and function of fucoidan hydrolases and polysac-
charide lyases, the overall folding and the catalytic mechanism of fucoidan lyases remain
to be elucidated. Here, we report crystal structures and enzymological characterization
of wild type (WT) and eight single mutants of the catalytic N-terminal domain (NTD)
of FdlA, revealing its unique substrate binding pocket and identifying the key catalytic
residues. Our results provide detailed structural information on fucoidan lyase and there-
fore should facilitate a deeper understanding of the catalytic mechanisms used by uronic
polysaccharide lyases.

2. Results

2.1. Purification and Biochemical Characterization of FdlA-NTD

As shown in Figure S1, the full-length FdlA from Flavobacterium sp. SA-0082 contains
697 amino acid residues including a secretory signal peptide (Met1–Thr24). Based on
the conserved domain database (CDD), the C-terminal region (residue 472–697) of FdlA
contains an F5/8 type C domain (known as the discoidin domain) and a por secretion tail
(known as a secretion system C-terminal sorting domain) [26,27], thus it may not be related
to FdlA lyase activity, while its NTD is likely to constitute the catalytic domain of FdlA.
This assumption was supported by sequence alignment of FdlA and FdlB, another fucoidan
lyase from Flavobacterium sp. SA-0082. This result showed that both enzymes contain an
N-terminal domain with a high sequence identity of approximately 75% (Figure S1).

As the full-length FdlA tends to aggregate when expressed in E. coli, we constructed a
truncated version of FdlA solely consisting of the NTD (FdlA-NTD, residue 25–471), and
successfully expressed and purified the truncated recombinant enzyme (Figure S2A,B).
Size exclusion chromatography indicated that this FdlA-NTD form exists in solution as
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monomers. Circular dichroism (CD) analysis showed that FdlA-NTD is stable at temper-
atures below 35 ◦C for at least 120 min, while its secondary structure starts to change at
40 ◦C following a short incubation of 10 min (Figure S2C). This observation suggested
that FdlA-NTD is characterized by low heat resistance. Furthermore, our FdlA-NTD form
exhibited superior pH stability under neutral and alkaline pH conditions, preserving its
secondary structure at pH 6.0–11.0, even after extended incubation of 17 h (Figure S2D).

2.2. Enzymatic Properties of FdlA-NTD

We next evaluated the activity of FdlA-NTD under various conditions by measuring
the 232 nm absorption of the products of Kj-fucoidan degraded by FdlA-NTD (Figure 1),
according to a previously described method [19]. FdlA-NTD shows relatively high salt
tolerance, displaying the highest activity in the presence of 0.5 M NaCl (Figure 1A). The
optimal pH and temperature for catalytic activity of FdlA-NTD were pH 7.5 and 40 ◦C after
1 min-incubation (Figure 1B,C). However, we found that FdlA-NTD activity was greatly
decreased after incubation at 40 ◦C for 5 min and its enzymatic activity was almost com-
pletely lost following 30 min-incubation (Figure 1D). Our enzymatic data were consistent
with the CD results obtained for FdlA-NTD (Figure S2C). On the basis of these findings, we
next performed all enzyme reactions under the optimal conditions but at room temperature
(25 ◦C) instead of 40 ◦C.

Figure 1. Biochemical and enzymatic characterization of FdlA-NTD using Kj-fucoidan as the substrate.
(A) Effects of NaCl on FdlA-NTD activity. (B) Effects of pH on FdlA-NTD activity. (C) Effects of
temperature on FdlA-NTD activity. (D) The kinetics of the thermal inactivation of FdlA-NTD at 20 ◦C
(black diamond), 30 ◦C (yellow circle), 35 ◦C (red square) and 40 ◦C (green triangle). (E) Effects of
metal ions and chemical reagents on FdlA-NTD activity. (F) The catalytic kinetics of FdlA-NTD. Error
bars represent standard deviation (n = 3 independent experiments).

Enzymes of the PL family are commonly found to be associated with metal ions,
especially Ca2+. These ions participate in the catalytic step through a metal-dependent
β-elimination mechanism. One earlier study demonstrated that native FdlA does not
require metal ions for catalysis [19]; therefore, we tested the effect of metal ions and a
variety of chemical reagents on the enzymatic activity of FdlA-NTD. As shown in Figure 1E,
most metal ions, including Ca2+ and Ba2+, failed to affect the catalytic activity of FdlA-NTD,
while Cu2+ and Fe3+ greatly inhibited the catalytic activity of FdlA-NTD. A small number
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of chemical reagents, including EDTA, slightly stimulated FdlA-NTD activity. Together,
these results strongly suggested that the activity of FdlA-NTD, similar to that of the native
full-length protein, is independent of metal ions [19]. On the basis of these findings, we
concluded that the truncated FdlA-NTD possesses identical enzymatic properties as its full-
length native protein, and it may adopt the His/Tyr elimination mechanism for catalysis.

We next determined the kinetic parameters of the catalytic reaction of recombinant
FdlA-NTD with Kj-fucoidan concentrations ranging from 0.2 to 2% (w/v) for 1 min, under
the optimized conditions (Figure 1F), using the Lineweaver-Burk equation [28]. The
kinetic values obtained were only the apparent parameters, as saturation of Kj-fucoidan
towards FdlA-NTD was not reached, even at an almost saturated concentration of Kj-
fucoidan. The calculated apparent Km and kcat values of FdlA-NTD towards Kj-fucoidan
were 7.7 ± 0.5 mg/mL and 59.0 ± 4.3 s−1, respectively, resulting in the kinetic efficiency
(kcat/Km) of 7.66 ± 0.011 mL/mg/s.

2.3. Analysis of Degradation Products of the FdlA-NTD

To identify the degradation products of FdlA-NTD, we purified its degraded oligosac-
charide products through high-performance liquid chromatography (HPLC) before charac-
terizing these products by mass spectrometry (MS) (Figure 2). Analysis of the primary MS of
peak at m/z 563.146 (Figure 2B). The molecular weight was consistent with a monosulfated
trisaccharide, the major trisaccharide product previously reported for native FdlA [21]. Fur-
ther analysis of the secondary MS of the peak at m/z 563.146 identified the exact structure of
the degradation product as �4,5GlcpUAβ1-2(L-Fucp(3-O-sulfate)α1-3)D-Manp, matching
well with the previously the digested products showed that the major degradation product
corresponded to the reported monosulfated trisaccharide product.

Figure 2. Identification of products of the Kj-fucoidan digested by FdlA-NTD. (A) The HPLC
purification of Kj-fucoidan products degraded by FdlA-NTD. (B) Mass spectrum (negative ESI-MS)
of the products of Kj-fucoidan cleaved by FdlA-NTD. The secondary MS result is shown in the inset.

2.4. Overall Structure of FdlA-NTD

We solved the crystal structure of FdlA-NTD WT at 1.3 Å resolution using the single-
wavelength anomalous diffraction (SAD) method (Table S1). In the FdlA-NTD structure,
two molecules are present in an asymmetric unit and adopt nearly identical conformations,
with a root-mean-squares deviation (RMSD) of 0.11 Å for all Cα atoms (Figure S3).

FdlA-NTD forms a right-handed parallel β-helix (Figure 3A), one type of the six PL
classes, shaping like a fish skeleton with a dimension of 67 Å × 22 Å × 47 Å. Here, we
adopted the nomenclature of Yoder and Yurnak in describing the β-helix structure [29].
The β-helix fold comprises three parallel β-sheets, PB1, PB2, and PB3, together with three
turns (T) linking two β-strands, T1 (between PB1 and PB2), T2 (between PB2 and PB3), and
T3 (between PB3 and PB1). In most β-helix proteins, PB1 and PB2 form an antiparallel β
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sandwich, while PB3 is positioned nearly perpendicular to PB2. The regular β helix unit
can be regarded as one coil with a specific order of PB1-T1-PB2-T2-PB3-T3 (Figure 3A).

Figure 3. Overall structure of FdlA-NTD. (A) Cartoon representation of FdlA-NTD. The PB1 (orange),
PB2 (violet), PB3 (green), and accessory elements, including four α helices (α1–α4, light cyan) and
two pairs of antiparallel strands (β1–β2 and β3–β4, slate) are indicated. Coil 4 as a representative
coil of β-helix structure was shown in the inset. (B) The groove formed by PB1 (orange) and T3
(light pink), and enclosed by α3–α4, β1–β2 and T3 loops from coils 4 and 6 (cyan) at one side, β3–β4
(slate) at the opposite side, and the T1 loop from coil 11 (yellow) at the C-terminal end. (C) The
unusual cysteine ladder as well as four aliphatic stacks and a short asparagine ladder located inside
the β-helix structure of FdlA-NTD. The residues constitute various ladders and stacks are shown as
sticks, and in different colors for carbon atoms. (D) Electrostatic surface representation of FdlA-NTD
(blue and red represent the positive and negative charge, respectively). Three sulfate groups in the
‘groove-pocket’ region are shown in ball-and-stick mode. S1 is located in the alkaline pocket at the
C-terminal end of the groove (marked by dotted circle).
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The FdlA-NTD molecule contains 13 coils, with coils 1–6 being complete, while the
other coils lacking either PB1 or PB3. The T3 loops at coils 1–9 together with the adjacent
PB1 sheets form a 30-Å long concave groove at the surface of the β-helix (Figure 3B). PB2s
and PB3s are located at the bottom face of the β-helix, beneath PB1s and T3s, respectively,
supporting the shape of the groove from below.

In addition, FdlA-NTD possesses several accessory elements, including four α-helices
(α1–α4) and two pairs of antiparallel strands (β1–β2 and β3–β4) (Figure 3A). The α1 is
an amphipathic helix lying at the N-terminal end of the β-helix, with the hydrophobic
region facing towards the β-helical interior. Two helices (α3 and α4) as well as one pair
of antiparallel strands (β1–β2) are located at the T3 loop of coil 5. Together with the long
flexible T3 loops at coil 4 and coil 6, these fragments form a side wall at one side of the
groove, while the other pair of antiparallel strands (β3–β4) inserts into the T1 loop of coil
6, and shapes the opposite side-wall of the groove. At the C-terminal end, the groove
is sealed by the T1 loop, which is located in coil 11 and protrudes upwards (Figure 3B).
This structural arrangement suggests that these accessory elements play a pivotal role in
encircling the elongated groove, and this semi-open groove presumably constitutes the
substrate binding site for FdlA-NTD.

2.5. Structural Elements for FdlA-NTD Stabilization

A β-helix fold usually contains a number of characteristic residues whose side-chains
are stacked or aligned either within the interior, or sometimes at the exterior space, of the
β-helix [29–31]. These residues greatly contribute to the stabilization of β-helix proteins
and are generally divided into three types: asparagine ladders, aliphatic stacks (comprising
mainly residues Val, Ile, and Leu), and aromatic stacks [32]. When analyzing the FdlA-NTD
structure, we identified four aliphatic stacks and one short asparagine ladder (Figure 3C).
The longest aliphatic stack on PB2 is located opposite the other three shorter aliphatic stacks
lying on PB1 and PB3, and contains 12 hydrophobic residues located on coils 2–13, almost
spanning across the entire molecule. In addition to these common stacks and ladders, we
also found an unusual cysteine ladder composed of five cysteine residues (Cys168, Cys192,
Cys267, Cys290, Cys309) that are located at the T2-PB3 juncture of coils 4–8 (Figure 3C),
beneath the potential substrate binding groove. Together, these stacks and ladders stabilize
the β-helix folding of FdlA-NTD.

2.6. FdlA Uses a Unique Positively-Charged ‘Groove-Pocket’ for Substrate Binding

Enzymes belonging to five PL families (PL1, PL3, PL6, PL9, and PL31) adopt right-
handed parallel β-helix folding, similar to FdlA-NTD. We compared our FdlA-NTD
structure with lyase structures selected from each of the five families (PL1-pectate lyase:
2ewe [30]; PL3-pectate lyase: 4z04 and 4ew9 [33]; PL6-alginate lyase: 6itg and 6a40 [34];
PL9- pectate lyase: 5olq and 5olr [35]; PL31-alginate lyase: 6kfn [36]), and found that
FdlA-NTD failed to superimpose well with these PLs (r.m.s.d of 2.5–3.6 Å for all Cα atoms).
Besides this, FdlA-NTD exhibits low sequence homology (lower than 15%) and possesses
non-conserved catalytic residues with all other structurally characterized PL proteins
(Figure S4).

One common feature of all these β-helix PLs is that they possess a surficial groove that
was previously shown to be the substrate binding groove of these PLs [30,33–36]. However,
the T1 and T3 loops of these enzymes exhibit a wide range of lengths and adopt different
conformations, resulting in the different sizes and shapes of these grooves (Figure S4).
These structural variations may facilitate specific substrate recognition, in agreement with
the fact that these enzymes differ in their substrate selectivity.

In contrast to other PL enzymes, which form a planar groove, FdlA-NTD extends its
C-terminal part of the surficial groove into a deep pocket, measuring 11 Å × 13 Å × 8 Å
(Figure 3D). The region comprising the deep pocket and the C-terminal part of the groove
(between coil 5 and coil 9) is characterized by a strong positive charge (Figure 3D), which is
unfavorable for metal binding due to the electrostatic repulsion. This feature is in agreement
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with the results of our enzymatic assays, showing that FdlA-NTD catalysis is independent
of metal ions. In agreement with this result, the β-helix PLs (from PL1, PL3, PL9, and
PL31) adopting metal-dependent elimination mechanism possesses an acidic active region
(Figure S4), which presumably stabilizes the binding of metal ions.

Moreover, we observed several bulbs of non-protein densities in the ‘groove-pocket’
region, and modeled these densities as three sulfate groups (S1–S3) (Figures 3D and S5A),
based on the density shape and the fact that high concentration of sulfate ammonium
was added in the crystallization reagent. One sulfate S1 is located in the alkaline pocket
(Figure 3D), strongly indicating that the positively charged pocket facilitates the attraction
and interaction with the negative charged sulfate groups of fucoidans, explaining the
previous observation that FdlA can only cleave fucoidans containing sulfated fucoses.
We docked a monosulfated trisaccharide into the FdlA-NTD structure and found that
the alkaline pocket can well accommodate the trisaccharide (Figure S5B), thus the pocket
may act as an anchor to grasp the bent sugar chain tightly into the ‘groove-pocket’ region.
Compared with a planar groove, the ‘groove-pocket’ mode is more suitable for the branched
polysaccharide chain and thus may play an essential role in substrate recognition and
stabilization. Such a structural design can be very efficient in the degradation of high
molecular weight polysaccharides with branched chains.

2.7. Enzyme-Substrate Docking Model Reveal the Catalytic Site

As we failed to obtain the structures of FdlA-NTD in complex with substrate or product
or their analogues, we then docked [37] representative substrate oligosaccharides, namely
hexasaccharide (HS), nonasaccharide (NS), and dodecasaccharide (DS) ((�4,5GlcpUAβ1-
2(L-Fucp(3-O-sulfate)α1-3)D-Manp)-α1-4GlcpUAβ1-2(L-Fucp(3-O-sulfate)α1-3)D-Manp)1-3,
into the FdlA-NTD structure, and established three docking models, namely FdlA-NTD-HS,
FdlA-NTD-NS, and FdlA-NTD-DS (Figure 4). When we analyzed the FdlA-NTD-HS model,
we observed that one trisaccharide unit is accommodated in the alkaline pocket, while
another trisaccharide unit is bound within the groove. In FdlA-NTD-NS and FdlA-NTD-DS,
models of FdlA-NTD binding to longer oligosaccharides, we found that the first trisaccha-
ride unit is deeply inserted inside the pocket, and the second trisaccharide is positioned
at the opening of the pocket. The remaining one or two trisaccharide units are located
within the groove (Figure 4A). These results confirmed our hypothesis that the alkaline
pocket is responsible for binding a trisaccharide unit of the sugar substrate. Interestingly,
the sulfate groups of different substrates are not located at the same position within the
alkaline pocket, which is probably because the entire pocket is positively charged, thus
enabling the sulfate group of trisaccharides to bind at multiple sites. This observation also
explains the finding of a previous study, showing that the native FdlA is able to degrade
fucoidans of different sulfated levels and produce three types of trisaccharides [21].

Previous results suggested that the site within the oligosaccharides that is attacked
by FdlA is the glycosidic O (C-4 oxygen) atom between two neighboring trisaccharide
units [21]. Our docking models showed that these oligosaccharides contain two trisac-
charides located at similar positions, independent of their length. The glycosidic O atom
between the two units can be well superimposed among three docking models (Figure 4A),
suggesting this C-4 oxygen atom represents the cleaved site. According to the nomencla-
ture of sugar-binding subsites proposed by Davies et al. [38], the monosaccharides are
numbered as the subsite +1, +2, +3, +n, starting from the cleaved site to the reducing end
of the polysaccharides, and −1, −2, −3, −n to the non-reducing end of the polysaccha-
rides. The proceeding of β-elimination catalysis requires neutralization of the C-5 carboxyl
group at +1 subsite. The carboxyl groups in the three docking models are also located at
similar places. In addition, both glycosidic O atoms between −1 and +1 subsites and the
carboxyl group at +1 subsite are hydrogen bonded with Tyr242 (Figure 4A), implying the
essential role of Tyr242 for FdlA-NTD catalysis. Tyr242 in the substrate binding groove
is located at the edge of the alkaline pocket (Figure 4A). This arrangement, together with
our observation that the pocket is able to accommodate a trisaccharide unit (Figure S5B),
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strongly suggests that Tyr242 directly participates in cleaving the substrate to produce
trisaccharides, and the alkaline pocket assists in orientating the polysaccharide substrate
into a position close to Tyr242. This suggestion is in line with findings from our enzymatic
analysis that the cleaved products of FdlA-NTD are exclusively trisaccharides (Figure 2).

Figure 4. Docking models of FdlA-NTD with three types of oligosaccharides. (A) Docking models of
FdlA-NTD with hexasaccharide (FdlA-NTD-HS, cyan), nonasaccharide (FdlA-NTD-NS, yellow), and
dodecasaccharide (FdlA-NTD-DS, deep salmon). Oligosaccharides are shown as sticks, the glycosidic
O atom at the putative cleavage site is highlighted as a red ball. Residue Tyr242 is shown as magenta
sticks and indicated. The bottom box shows the residues of FdlA-NTD potentially interacting with
HS in the FdlA-NTD-HS docking model. Residues are shown as sticks in different colors according to
their locations. Residues close to Tyr242 (His176, Phe179, Glu236, and Asn243) are shown as green
sticks for carbon atoms, residues shaping the alkaline pocket (Asp137, Arg272, His279, and Tyr322)
are shown as blue sticks for carbon atoms, residues Lys141 and Arg240 near the +1 subsite are shown
as yellow sticks for carbon atoms. Residues involved in the interaction with different subsites of HS
are listed. (B) The potential interactions between Tyr242, His176, and HS. Glycosidic O atom (red
ball) and carboxyl group at +1 subsite are hydrogen-bonded with Tyr242. (C) Interactions between
residues of FdlA-NTD and the C-5 carboxyl group at +1 subsite of HS. (D) Interactions between
residues of FdlA-NTD and the +2 and +F subsites of HS.
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2.8. Residues Essential for Enzymatic Activity of FdlA-NTD

Based on our crystal structure and docking models, we selected 11 residues poten-
tially essential for FdlA-NTD activity (Figure 4), and generated 12 single mutants, by
replacing each of the 11 residues with alanine as well as mutating Tyr242 to phenylalanine
(Figure S2B). We first measured the enzymatic activity of 12 mutants (Figure 5A) and found
that eight of them (D137A, K141A, H176A, F179A, E236A, R240A, Y242A, and Y242F)
almost completely abolished their activities, H279A mutant retained approximately 65%
of the activity compared with WT, while mutations of Asn243, Arg272, and Tyr322 to
Ala only negligibly affect their activities. These results are consistent with our docking
models, which showed that Asn243, Arg272, and Tyr322 are located slightly distant from
the substrate compared with other residues (Figure 4A). Circular dichroism (CD) spectra
showed that all inactive mutants possess similar secondary structures to the wild-type
protein (Figure 5B), indicating that the loss of activity of these mutants is due to the residue
mutations, but not protein conformational changes.

 
Figure 5. Characterization of FdlA-NTD mutants. (A) Enzymatic activities of the WT and mutant
forms of FdlA-NTD towards Kj-fucoidan. (B) CD spectra of the WT and mutant forms of FdlA-NTD.
(C) Binding affinity of FdlA-NTD (wild type and inactive mutants) with the substrate (Kj-fucoidan).
The representative result of WT with Kj-fucoidan is shown.

To assess whether these mutations affect the interaction between FdlA-NTD and the
polysaccharide substrate, we next measured the binding affinity of FdlA-NTD (wild type
and inactive mutants) with the substrate (Kj-fuoicdan) using the MicroScale Thermophore-
sis (MST) method (Figures 5C and S6). We found that the inactive FdlA-NTD mutants
exhibited similar Kd values as the wild-type form. These binding assay data clearly demon-
strated that while our inactive mutants lost their catalytic activity, they maintained their
substrate binding ability. This experimental observation is in agreement with the fact that
the substrate of FdlA-NTD is a type of high molecular weight macromolecule, hence it may
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form multiple interactions with the protein. Thus, a single mutation of the enzyme does
not significantly affect its binding affinity with the substrate.

2.9. Crystal Structures of FdlA-NTD Mutants

To analyze the potential function of these residues, we further solved 11 crystal
structures of FdlA-NTD mutants (eight inactive and three active mutants) except for H279A,
which yielded no crystals (Figure S7, Table S1). The overall structures and the putative
active region of the three active mutants (N243A, R272A, and Y322A) are nearly identical to
that of the WT (Figure 6A, R272A as a representative), well explaining how full activities of
these mutants were maintained. Furthermore, we found that the inactive mutants failed to
exhibit significant structural changes compared with the wild type, which is consistent with
our CD results (Figure 5B). However, we identified changes around the potential active
site in several inactive mutants (Figure 6), implying the potential roles of these residues
in catalysis.

Mutation of Y242A resulted in a large structural change at the potential active site
(Figures 6B and S7A), with a 3 Å shift of Asn243, which narrows the substrate groove in
the mutant structure. However, the Y242F mutant, which also lost its catalytic activity,
possesses a potential active site nearly identical to the wild-type form (Figures 6C and S7B).
This result highlighted the importance of the hydroxyl group of the Tyr242 side chain. In
our docking models of FdlA-NTD with fuco-oligasaccharide, the hydroxyl group of Tyr242
side chain is located within a hydrogen bond distance with the glycosidic O atom between
−1 and +1 subsites (Figure 4A), thus allowing Tyr242 to donate a proton to glycosidic O
atom and function as a catalytic acid. This suggestion was supported by a previous report
showing that a conserved tyrosine residue in β-helix PL31 family members serves as the
Brønsted acid [36].

Brønsted base is responsible for proton extraction from C-5 atom in β-elimination
reaction [39]. Two positively charged residues Lys141 and Arg240 have their side chains
pointing closely to the C-5 atom at the +1 subsite (Figure 4C), hence are potential candidates
for a catalytic base. Our structures showed that the K141A mutant possesses an active
site almost identical to the WT (Figures 6D and S7C), similar to the Y242F mutant. In
contrast, the R240A mutant exhibits visible structural changes around the active site.
Specifically, the Try242 residue was rotated approx. 90 degrees, and shifted toward Ala240
(Figures 6E and S7D). As it constitutes the catalytic acid, the hydroxyl group of the Tyr242
side chain is essential for the enzymatic activity, and its improper positioning may severely
affect the catalysis of the enzyme. These structures suggested that the loss of activity of the
R240A mutant may be due to the shift of the Tyr242 side chain. In contrast, Lys141 possibly
functions as a catalytic base by capturing a proton from the C-5 atom at +1 subsite.

Similar to R240A, the mutant form F179A also exhibited a structural rearrange-
ment around the active site, with a 3.8 Å shift of the Tyr242 side chain towards Ala179
(Figures 6F and S7E). Residue His176 is located close to Tyr242, and the H176A mutation
shows a slight influence on the Tyr242 side chain conformation (Figures 6G and S7F).
Therefore, mutation of Phe179 and His176 possibly results in the dysfunction of Tyr242
and hence loss of the catalytic activity of FdlA-NTD. In addition, His176 forms a hydrogen
bond (2.8 Å) with the hydroxyl group of Tyr242 side chain in WT (Figure 4B), implying
another possibility that it might play a role in providing a proton to Tyr242 to facilitate the
catalytic reaction.

In the WT structure, both Asp137 and Glu236 form hydrogen bonds with Arg272,
while Arg272 participates in the shaping of the alkaline pocket (Figure 6H–J). In both D137A
and E236A mutant structures, the side chain of Arg272 switches to the opposite direction
compared with that in WT due to the loss of the acidic residue (Arg272 in E236A mutant
also exhibits an alternative conformation similar to that in WT), and partially occupies
the deep substrate pocket (Figures 6J and S7G,H). These results suggest that the steric
hindrance of Arg272 in the two mutants may interfere with the substrate fully entering the
pocket and hence the correct positioning of the glycosidic O atom, thus resulting in the
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complete loss of activities of D137A and E236A mutants. This hypothesis is supported by
the fact that the R272A mutation does not significantly affect the enzymatic activity, as this
mutant form possesses an identical active site (Figure 6A) hence a similar pocket compared
to that of the WT form.

Figure 6. Comparison between the active sites of the inactive mutants and WT of FdlA-NTD.
(A–I) Comparison of mutants R272A (A), Y242A (B), Y242F (C), K141A (D), R240A (E), F179A (F),
H176A (G), D236A (H), D137A (I) with WT. Key residues are shown as sticks. The carbon atoms are
shown in green for WT in (A–I), brown for R272A in (A), magenta for Y242A in (B), pink for Y242F
in (C), yellow for K141A in (D), slate for R240A in (E), cyan for F179A in (F), orange for H176A in
(G), light pink for D236A in (H) and gray for D137A in (I). Residues are labeled with the mutated
residues labeled in red. (J) The side chain of Arg272 (gray stick) in D137A mutant (grey surface)
partially occupies the deep substrate pocket present in WT (green surface).

3. Discussion

In this study, we purified recombinant FdlA-NTD and identified its cleaved product
of Kj-fucoidan as the monosulfated trisaccharide, which is the same as the major product
of native FdlA [21]. However, native FdlA produced two additional types of trisaccharides
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using Kj-fucoidan as substrate, all of which contained an identical backbone with the
monosulfated trisaccharide product but carried a different number of sulfate groups. One
possible explanation for this observation is that the substrate (Kj-fucoidan) that FdlA
and FdlA-NTD cleave exhibits slightly different structures, resulting in different product
profiles for FdlA-NTD and FdlA. The Kj-fucoidan used in the previous study was isolated
from brown algae harvested in the sea of Hokkaido, Japan. In contrast, the Kj-fucoidan
used in our work was obtained from brown algae growing near Dalian, China. Despite
being harvested from the same species, the different geographical locations of brown algae
may result in the production of fucoidan characterized by different structures/sulfated
levels [4], which may account for the small discrepancy of the enzymatic products between
the present work and the earlier report.

We performed an enzymatic assay on FdlA-NTD and identified its optimal catalytic
conditions. In addition, we showed that the sulfhydryl reagent (iodoacetamide) reduces the
activity of FdlA-NTD (Figure 1E). An earlier report showed similar results for native FdlA,
implying that FdlA constitutes a sulfhydryl enzyme [19]. However, our crystal structure of
FdlA-NTD suggested that it is not a sulfhydryl enzyme, as the five cysteine residues are
actually located beneath the hypothetical substrate binding groove (Figure 3C). Thus, the
cysteine residues may not directly participate in the catalysis, but rather help to stabilize
the groove from the bottom by forming the cysteine ladder. Therefore, the inhibition of
FdlA/FdlA-NTD by sulfhydryl reagents may be due to the conformational disturbance
upon the modification of the cysteine ladder.

FdlA-NTD possibly belongs to the β-helix PL family; however, its unique structural
features, as well as the non-conserved nature of its catalytic residues compared with other
known PLs with β-helix fold suggested that FdlA constitutes a novel β-helix PL family
hitherto not identified. In addition, FdlA may use unique catalytic residues functioning
as Brønsted base and acid for the β-elimination catalysis. While it remains considerably
challenging to unambiguously identify residues responsible for proton abstraction and
transfer without structures of FdlA-NTD in complex with substrates or products, we were
able to infer from our crystal structures and docking models that Tyr242 and Lys141 serve
as the potential Brønsted acid and base, respectively.

Our biochemical data demonstrated that FdlA-NTD lyase favors the β-elimination
catalytic mechanism independent of metal ions, and thus is likely to use positively charged
amino acid residues to neutralize the negative charge of the substrate. Usually, more than
one residue functions as a neutralizer in PLs [40], thus the potential neutralizer residues
are difficult to identify, since mutation of a single neutralizer residue may not greatly
affect its activity. Based on our structural and docking models, several positively charged
residues such as Arg240, His176, and Lys141, located near the +1 subsite, potentially serve
as neutralizers in FdlA-NTD, weakening the negative charge of the C-5 carboxyl group at
+1 subsite, and making the C-5 proton susceptible to the attack by a Brønsted base.

On the basis of our structure and biochemical analysis of wild-type and mutant
proteins combined with docking models, we propose the following model describing
the catalytic process of FdlA (Figure 7). First, the substrate binds in the groove of the
enzyme and the binding is stabilized through multiple interactions. One trisaccharide unit
is inserted into the deep alkaline pocket, which is critical for substrate recognition and the
proper positioning of the cleaved glycosidic bond. Next, the positively charged residues
including Arg240 and His176, which are located near the +1 subsite, neutralize the C-5
carboxyl group of D-GlcUA at +1 subsite, thus reducing the pKa of the C-5 proton, making
it more susceptible to the attack by a base. Subsequently, abstraction of the proton occurs
on C-5, a process that is presumably accomplished by Lys141, leading to the formation of
an enolate intermediate. The hydroxyl group of the Tyr242 side chain is directed to the
glycosidic oxygen of the scissile bond where it may function as a Brønsted acid to break
the glycosidic bond between −1 and +1 subsites, generating a 4,5-unsaturated sugar at the
new non-reducing end of the product. Lastly, a new catalytic cycle is repeated after the
cleaved products leave the putative active site.
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Figure 7. Proposed catalytic model of FdlA-NTD towards Kj-fucoidan. Schematic of the FdlA-NTD
and kj-fucoidan were shown. The positively-charged region of the ‘groove-pocket’ of FdlA-NTD was
colored blue. During catalysis, the positively charged residues (such as Arg240 and His176) stabilize
the negatively charged carboxylate group at +1 subsite, thus facilitating the depriving of the proton at
the C-5 position (+1 subsite) by a catalytic base (possibly Lys141). Tyr242 may serve as a catalytic acid
to donate a proton, then the glycosidic bond between −1 and +1 subsites are broken and generate a
4,5-unsaturated sugar at the new non-reducing end of the product.

4. Materials and Methods

4.1. Materials

Unless specified, all chemicals are of analytical grade and were purchased from Sigma
(St. Louis, DE, USA) or Aladdin (Shanghai, China). Escherichia coli Trans10 and BL21 (DE3)
were purchased from TransGen Biotech (Beijing, China). Crystallization screen commercial
kits were purchased from Hampton Research (Aliso Viejo, CA, USA). Ni2+-NTA column,
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SuperdexTM 200 10/300 GL, and DEAE Sepharose Fast Flow were purchased from GE Life
Sciences and GE Healthcare ((Chicago, IL, USA). Fucoidan from Kjellmaniella crassifolia
used in this experiment was given by Professor Qiukuan Wang of Dalian Ocean University
(Dalian, China).

4.2. Cloning, Expression, and Purification

The codon-optimized sequence of full-length FdlA encoding a fucoidan lyase (fucoglu-
curonomannan lyase) from Flavobacterium sp. SA-0082 (GenBankTM accession number
AAO00510.1) was synthesized by Shanghai Sangon Biotech Co. Ltd. (Shanghai, China).
Sequence analysis showed that the NTD of FdlA is likely the catalytic domain. Therefore,
the cDNA encoding FdlA-NTD (residue 25–471) without signal peptide was cloned into
pET28a between the Nde I and Xhol I restriction sites, with an N-terminal 6 × his tag.
All point mutations of FdlA-NTD were generated through the QuickChange site-directed
mutagenesis method (Stratagene Ltd., La Jolla, CA, USA) by overlap-PCR [41].

The above plasmids were transformed into Escherichia coli BL21 (DE3) and the clones
were cultured in Lucia-Bertani (LB) medium containing 25 μg/mL Kannamycin at 37 ◦C
until the OD600nm reached 0.6–0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was
then added at a final concentration of 1 mM and the cells were cultured at 18 ◦C for an
additional 18 h. The cells were harvested and resuspended in lysis buffer (20 mM Hepes
pH 7.5, 400 mM NaCl, 5% glycerol, 10 mM imidazole). After sonication, the cell lysate was
centrifuged at 18,000 rpm for 30 min at 4 ◦C and the supernatant was loaded onto the Ni2+-
NTA affinity column. The target protein was eluted by imidazole of 300 mM concentration
and further purified through size-exclusion chromatography (SuperdexTM 200 10/300 GL
colume) in a buffer containing 20 mM Hepes pH 7.5, 100 mM NaCl, 5% glycerol. The purity
of the enzyme was analyzed via SDS-PAGE in 12% polyacrylamide gels.

To obtain the selenomethionine (SeMet)-labeled FdlA-NTD (FdlA-NTDSeMet), the
protein was expressed in E. coli B834 (DE3). The cells grown overnight in LB medium
were harvested when the OD600nm reached 0.6–0.8 and then transferred into M9 medium
supplemented with various amino acids (60 mg/liter L-SeMet, 100 mg/liter L-lysine, L-
threonine, L-phenylalanine; 50 mg/liter L-leucine, L-isoleucine, L-valine). The cells were
incubated at 37 ◦C for 40 min, then cooled to 16 ◦C for 30 min and IPTG was added. Finally,
the culture was incubated at 16 ◦C for 18 h. The purification steps of FdlA-NTDSeMet were
the same as those of the native protein described above.

4.3. Crystallization, Data Collection, and Structure Determination

Crystals were grown at 18 ◦C through the sitting-drop vapor diffusion method by
mixing 0.7 μL of the protein solution (14 mg/mL) with an equal volume of various reservoir
solutions. FdlA-NTD crystals were formed in a reservoir solution containing 0.1 M CAPS,
pH 10.5, 0.2 M Li2SO4, 2 M (NH4)2SO4, 1% (v/v) Pluronic F-68 at 18 ◦C. Crystals of FdlA-
NTDSeMet were obtained under the same conditions without Pluronic F-68. Crystals of
mutants D137A and E236A were grown in a reservoir solution containing 0.1 M Tris, pH
8.5, 0.2 M Li2SO4, 30% (w/v) polyethylene glycol (PEG) 4000, and crystals of mutant R240A
were grown in a reservoir solution containing 0.1 M Hepes sodium, pH 7.5, 10% (v/v)
2-Propanol, 20% PEG 4000. Other mutants were crystallized under the same conditions
as wild-type.

The crystals were cryoprotected by adding 20% (v/v) glycerol to each crystallization
solution. The X-ray diffraction data of FdlA-NTD and various mutants were collected at
beamlines BL17U1, BL18U1, BL19U1, and BL02U1 of the Shanghai Synchrotron Radiation
Facility (SSRF) in China [42,43]. All diffraction data were processed using the program
HKL2000 [44]. Data collection statistics are shown in Table S1.

The initial phase of FdlA-NTD was solved by single-wavelength anomalous diffraction
(SAD) method using Autosol in the Phenix program (version 1.15.2) [45]. The structural
model was automatically built through AutoBuild in the Phenix program. Structures of
FdlA-NTD mutants were determined by molecular replacement (MR) method through
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Phaser-MR in the Phenix program using the WT FdlA-NTD structure as the initial model.
All structures were refined through Refine in Phenix program and Coot (version 8.6.1) [46]
alternately. The statistics of structural refinement were summarized in Table S1.

4.4. Circular Dichroism

CD spectra were recorded by Chirascan Plus (Applied Photophysics Ltd., London,
UK) and used to evaluate the structural stability of FdlA-NTD by detecting its secondary
structural change under different conditions. Protein was diluted to a final concentration
of 0.2 mg/mL. The pH stability was estimated by measuring the CD spectra of protein
incubated in Britton-Robinson (B & R) buffer systems at different pH (5.0–12.0) for 17 h at
room temperature. For thermal stability, FdlA-NTD was incubated at different temperatures
for 120 min in a buffer containing 50 mM sodium phosphate buffer (pH 7.5), and the CD
spectra were recorded starting at 5 min.

4.5. Enzymatic Activity Assay

Fucoidan from Kjellmaniella crassifolia was used as the substrate of FdlA-NTD enzyme
assay. Kjellmaniella crassifolia was cultured along the coast of Dalian, China and Kj-fucoidan
was extracted following the extraction procedure reported in earlier literature [19,21]. The
standard reaction mixture (200 μL) of enzymatic assay consists of 1% (w/v) Kj-fucoidan and
appropriately diluted enzyme solution. The lyase activity of FdlA-NTD toward Kj-fucoidan
was measured by monitoring the increase of 232 nm absorbance, which was caused by
the production of 4, 5-unsaturated glucuronic acid-containing oligosaccharides, in the
mixture. The extinction coefficient of the 4, 5-unsaturated bond at 232 nm was assumed as
5.5 L/(mmol·cm). One unit of the enzyme was defined as the amount of enzyme needed to
catalyze the production of 1 μmol unsaturated oligosaccharides per minute, and the activity
of one-milligram enzyme was defined as the specific activity of FdlA-NTD. Absorption
at 232 nm was measured continuously at room temperature for 10min using a U-3900
UV-Visible spectrophotometer (Hitachi High-tech, Tokyo, Japan). Each measurement was
repeated at least two times.

4.6. Biochemical Characterization of FdlA-NTD

To determine the optimal catalytic pH of FdlA-NTD, B & R buffer systems (pH 5.0–12.0)
were used at a concentration of 50 mM for the reaction using 1% (w/v) Kj-fucoidan as the
substrate. To determine the optimal temperature, reactions were performed at different
temperatures, ranging from 10 ◦C to 70 ◦C. All enzymatic reactions under different tem-
peratures were incubated for 1min, and then the reaction mixtures were boiled to stop
the catalysis. To determine the thermal inactivation of FdlA-NTD, the reaction system
was pre-incubated at 20 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C, respectively, for varied time intervals
(5 min to 120 min) at pH 7.5, and then chilled on ice for at least 10 min. The activities were
measured under standard conditions (pH 7.5, 40 ◦C for 1 min). To determine the optimal
NaCl concentration, the activity of FdlA-NTD was measured under standard conditions
with different NaCl concentrations (0.092 M–2 M).

The effects of metal ions or chemical reagents (1 mM) on the catalytic activity of
FdlA-NTD were determined by adding 1 mM of various metal ions or chemical reagents
[Pb(CH3COO)2, NiSO4, MnSO4, CuSO4, BaCl2, CoCl2, CaCl2, MgCl2, FeSO4, Fe2(SO4)3,
KCl, LiCl, SDS, EDTA, β-mercaptoethanol, iodoacetamide] to the standard enzyme assay
system as above. Since phosphate in B & R buffer might impact the assay, 50 mM Tris-HCl
(pH 7.5) was used instead. The system without supplying metal ions or chemical reagents
was used as the control.

Kinetic parameters were determined under initial rate conditions using non-linear
regression analysis of the Michaelis–Menten equation. The lyase activity was measured at
room temperature using Kj-fucoidan as substrate at concentrations ranging from 0.2 to 2%
(w/v) in a 50 mM B & R buffer (pH 7.5) after being incubated for 60 s.
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4.7. Analysis of Degradation Products

The molecular weight (MW) of Kj-fucoidan is within a range since it is a mixture of
heterogeneous polysaccharides. To estimate the average MW of Kj-fucoidan, the samples
were analyzed by High-Performance Gel Permeation Chromatography (HPGPC) with
TSK GEL GMPWXL column, and the polysaccharides were eluted with mobile phase
containing double distilled water at a flow rate of 0.5 mL/min and detected by Evaporative
Light-scattering Detector (Acchrom, Beijing, China). The average MW of Kj-fucoidan was
estimated as 80 kDa.

High-performance liquid chromatography (HPLC) analysis was used to purify the
degradation products of Kj-fucoidan cleaved by FdlA-NTD. FdlA-NTD was incubated with
1% (w/v) Kj-fucoidan in 50 mM sodium phosphate buffer (pH 7.5) for 3 h at 37 ◦C, and the
enzyme was then inactivated by heating in a water bath at 100 ◦C for 10 min. The reaction
mixture was centrifuged at 12,000 rpm for 10 min, and the supernatant was subjected to
high-performance liquid chromatography analysis. HPLC analysis was performed on an
Acchrom S6000 HPLC system (Acchrom Technologie, Dalian, China) and the separation
was performed on an Acchrom XAmide column (4.6 mm × 250 mm, 5 μm, Acchrom
Technologies, Dalian, China). The mobile phase consisted of water (A), acetonitrile (B), and
ammonium formate (C) with the following elution gradients: mobile phase A from 0 to
40%, mobile phase B from 90% to 50%, and mobile phase C at 10% within 40 min, at a flow
rate of 1.5 mL/min and a column temperature of 40 ◦C. The enzymatic digestion products
were detected at 232 nm with a UV detector.

Mass spectrometric (MS) analysis was used to identify the degradation products of
FdlA-NTD. The purified enzymatic digestion products were mixed with the matrix DHB
and analyzed by a matrix-assisted laser resolved ionization-time of flight mass spectrometer
(UltraflextremeTM MALDI-TOF/TOF, Brucker, Karlsruhe, Germany) in reflection mode.

4.8. Microscale Thermophoresis Assay

Microscale thermophoresis (MST) assay was performed on NT.115 Monolith instru-
ment from NanoTemper Technologies using standard treated capillaries (NanoTemper,
Munich, Germany). The purified wild-type and mutant proteins (10 μM) were labeled
using a Protein Labeling Kit RED-NHS 2nd Generation. The substrate Kj-fucoidan (45 μM)
was prepared in a ligand buffer containing 25 mM Hepes pH 7.5, 100 mM NaCl, and done
two-fold dilution in series. For the MST assay, 150 nM labeled protein was incubated with
a series of substrates in a ligand buffer containing 0.05% Tween-20 for 5 min in NT.115 cap-
illaries separately. Each capillary containing the mixed enzyme and substrate was tested by
Monolish NT.115 at 25 ◦C, 20% excitation power, and medium MST power. Thermophoresis
data were analyzed by MO. Affinity Analysis software (version 2.3, NanoTemper) [47].
Each measurement was repeated at least two times.

4.9. Molecular Docking

Molecular docking analysis of FdlA-NTD with various oligosaccharides (substrates)
was performed to identify the amino acid residues potentially critical for the active
site formation and catalysis of FdlA-NTD. The structural coordinates of oligosaccharide
molecules containing a sulfate group were built with a CHARMM-GUI server online
(http://www.charmm-gui.org/, accessed on 15 July 2021) [48] and converted into mol2
format by Open Bable tool for Ledock program (version 1.0) [37,49]. A root-mean-squares
deviation (RMSD) value and the number of binding poses were set to 1 and 500, respec-
tively. All docked results were sorted by score energy ranking. The docking results ranking
on the top of the list were chosen for analysis in the next step.

5. Conclusions

FdlA from Flavobacterium sp. SA-0082 is the first fucoidan lyase reported so far. Here,
we determined the atomic-resolution crystal structures of the FdlA N-terminal catalytic
domain. In addition, we performed extensive biochemical and enzymatic analysis on the
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wild-type and mutant forms of FdlA-NTD, revealing key residues essential for the catalysis.
Compared with other β-helix PLs, FdlA-NTD possesses a similar overall folding, but
considerably different active site and key residues that potentially serve as the catalytic acid
and base in β-elimination reaction. Moreover, we revealed that FdlA-NTD uses a unique
‘groove-pocket’ for substrate binding and the alkaline pocket is suitable to accommodate
a trisaccharide unit, thus rationalizing the observation that the final product of FdlA-
NTD is exclusively trisaccharide. Together, our work identified the unique structural and
catalytic features of FdlA-NTD, providing novel insights into the mode of action of PLs,
and enriching our knowledge on the fucoidan-degrading enzymes. Our results may further
aid the applied research in designing mutated forms of FdlA-NTD that would be used in
producing specific products for industrial use.
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Abstract: Alginate lyases with unique biochemical properties have irreplaceable value in food and
biotechnology industries. Herein, the first new hybrid action mode Thalassotalea algicola-derived
alginate lyase gene (TAPL7A) with both psychrophilic and cold-tolerance was cloned and expressed
heterologously in E. coli. With the highest sequence identity (43%) to the exolytic alginate lyase
AlyA5 obtained from Zobellia galactanivorans, TAPL7A was identified as a new polysaccharide lyases
family 7 (PL7) alginate lyase. TAPL7A has broad substrate tolerance with specific activities of
4186.1 U/mg, 2494.8 U/mg, 2314.9 U/mg for polyM, polyG, and sodium alginate, respectively.
Biochemical characterization of TAPL7A showed optimal activity at 15 ◦C, pH 8.0. Interestingly,
TAPL7A exhibits both extreme psychrophilic and cold tolerance, which other cold-adapted alginate
lyase do not possess. In a wide range of 5–30 ◦C, the activity can reach 80–100%, and the residual
activity of more than 70% can still be maintained after 1 h of incubation. Product analysis showed that
TAPL7A adopts a hybrid endo/exo-mode on all three substrates. FPLC and ESI-MS confirmed that
the final products of TAPL7A are oligosaccharides with degrees of polymerization (Dps) of 1–2. This
study provides excellent alginate lyase candidates for low-temperature environmental applications
in food, agriculture, medicine and other industries.

Keywords: alginate lyase; biochemical characterization; endo/exolytic; psychrophilic; cold-tolerant

1. Introduction

Alginate is a structural polysaccharide in the cell wall of Phaeophyta, such as Saccharin japonica
and Undaria pinnatifida [1]. Alginate consists of β-D-mannuronate (M) and its C5 epimer
α-L-guluronate (G) randomly combined by 1,4 glycosidic bonds [1]. Alginate has been
widely used in food, agriculture, medicine, materials and other industrial fields because of
its excellent properties. For example, alginates can be used as food stabilizers and thickeners
to improve the stability of ice cream [2]. As the products of alginate lyase degradation of
alginate, alginate oligosaccharides (AOS) have the advantages of outstanding solubility
and high bio-availability under the same biochemical activity as polysaccharide. Alginate
oligosaccharides have probiotic properties and can regulate the intestinal micro-ecological
balance by promoting the proliferation of Bifidobacterium [3]. In addition, AOS can promote
the growth of crop roots, while polysaccharides did not show a corresponding effect [4].

As one of the modifying enzymes of alginate, alginate is degraded to low molec-
ular oligosaccharides by alginate lyase by a β-elimination mechanism. Alginate lyases
are mainly derived from marine bacteria (Pseudomonas, Vibrio), soil bacteria (Klebsiella,
Azotobacter), viruses (Chlorella vius), fungi (Corollospora intermedia) and other microorganisms;
marine algae (Laminaria japonica); marine echinoderms and mollusks (Haliotis discus hannai) [5].
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According to the CAzy database, alginate lyases are classified into 14 polysaccharide
lyase (PL) families, including PL5, PL6, PL7, PL8, PL14, PL15, PL17, PL18, PL31, PL32,
PL34, PL36, PL39 and PL41 families. In addition, alginate lyases can be classified into
polyG-lyase (EC4.2.2.11), polyM-lyase (EC4.2.2.3) and bifunctional lyase because of the
difference in substrate specificity [6]. According to the action mode, endo-alginate lyase
degrades the substrate to oligosaccharides with a degree of polymerization of 2 or more,
while exo-alginate degrades the substrate to monosaccharides. In recent years, alginate
lyases with both endo- and exo-activities have been gradually characterized, and their
simple and clear product distributions have attracted extensive attention in tailoring special
AOS [7]. However, the commercial application of alginate lyases is largely limited by
low activity and poor adaptability to industrial environments [8]. Most of the alginate
lyases with mixed endo/exo-mode belong to the PL17 family, and only Alg2951 derived
from Alteromonas portus HB161718T belongs to the PL7 family. To meet the environmental
conditions for industrial applications, the discovery of extreme alginate lyases such as
thermophilic and salt-tolerant enzymes have received extensive attention. Among them,
cold-adapted enzymes have gradually attracted widespread attention in industrial applica-
tions [9]. Biocatalysis at lower temperatures reduces the instability of some biologically
active substances. Therefore, with the biocatalytic degradation process of alginate from
brown-algae at lower temperatures, more active substances can be retained [10]. The use of
alginate lyases with high activity and catalytic efficiency at low temperature can reduce
energy consumption and cost in the process of producing bioethanol from brown algae
crops. The inactivation of mesophilic and hyperthermic enzymes requires higher temper-
atures and consumes more energy. Low temperature cannot only effectively prevent the
reproduction of harmful microorganisms, but also selectively inactivate the alginate lyase
by raising the temperature slightly to achieve the purpose of terminating the reaction [9,11].
Alginate lyases with excellent biochemical properties at low temperature have potential in
industrial applications such as food, medicine and biotechnology.

The cold-adapted alginate lyases found so far are concentrated in the PL6, PL7, PL15
and PL17 families [7,12–14]. However, most of these characterized cold-adapted alginate
lyases have good stability at low temperature, but lose more specific activity, and the
optimal temperature is not lower than 20 ◦C. In relation to the PL7 family, there are
dozens of alginate lyases that have been biochemically characterized, including some
structural resolved, such as AlyA5 isolated from Z. galactanivorans and VxAly7D isolated
from Vibrio xiamenensis QY104 [15,16]. The alginate lyases of the PL7 family have broad
substrate specificities, and different enzymes have different modes of action. However,
it is difficult for the discovered enzymes to have both high activity at low temperature
and cold-tolerance, such as Aly3C derived from Psychromonas sp. C-3, AlyL1 derived from
Agarivorans sp. L11 [13,17].

Herein, a cold-tolerant and psychrophilic PL7 family alginate lyase (TAPL7A) from
Thalassotalea algicola was firstly cloned and expressed in Escherichia coli. We investigated
the enzymatic properties and product distribution of TAPL7A, in detail. Its optimal
temperature is 15 ◦C and optimal pH is 8.0. This enzyme is the first PL7 family alginate
lyase with high activity and stability below 0–30 ◦C. Furthermore, TAPL7A adopts a
hybrid endo/exo-mode to degrade three substrates into oligosaccharides with degrees
of polymerization of 1–2 at low temperature, with a preference for polyM. This work
provides a new psychrophilic and cold-tolerant alginate lyase for the preparation of alginate
oligosaccharides, and provides new data for the study of the structure and functional
mechanism of psychrophilic enzymes.

2. Results

2.1. Sequence Analysis of Gene TAPL7A

We first cloned and analyzed the gene of alginate lyase TAPL7A from Thalassotalea algicola
in this study. The open reading frame (ORF) of TAPL7A, consisting of 1041 bp of nu-
cleotides, encoded a putative alginate lyase composed of 347 amino acids with a theoretical
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molecular mass of 36.76 kDa. The isoelectric point (pI) of TAPL7A is 6.17. TAPL7A con-
taining a 16-residue signal peptide (Met1-Ala16). Based on the results of the conserved
domain analysis, TAPL7A contains only an alginate_lyase2 domain of 214 amino acids
(Phe28-Arg343) (Figure 1a). TAPL7A has the highest identity of 43% with AlyA5 from
Zobellia galactanivorans (GenBank accession no. CAZ98266.1) [15], which indicates that
TAPL7A is a new member of the PL7 family. In order to study the relationship between the
amino-acid sequence and structure function of TAPL7A, 11 structurally resolved alginate
lyases from the PL7 family were selected for sequence alignment (Figure 1b). It is evident
that TAPL7A contains conserved regions such as “QIH”, “YFKAGVYNQ” and “(R/E)
(S/T/N) EL”, which form the active center in PL7 family alginate lyases and play a role
in substrate recognition and catalysis [13]. The two catalytic residues His, Tyr and two
neutralization residues Arg, Gln predicted to be involved in the catalytic process based on
sequence alignment were also conserved in PL7 alginate lyases.

Figure 1. The domain analysis and multiple amino-acid sequence alignment of TAPL7A and
other alginate lyases of PL7 family. (a) The domain of TAPL7A. (b) AlyA5 (CAZ98266.1) from
Zobellia galactanivorans DsijT. AlyA (AAA25049.1) from Klebsiella pneumoniae subsp. aerogenes, AlyB
(5ZU5) from Vibrio splendidus, PA1167 (AAG04556.1) from Pseudomonas aeruginosa PAO1, AlgAT5
(5ZQI) from Defluviitalea, alyPG (BAA83339.1) from Corynebacterium sp. ALY-1, AlyA1 (CAZ95239.1)
from Zobellia galactanivorans DsijT, AlyQ (WP_053404615.1) from Persicobacter sp. CCB-QB2, A1-II’
(BAD16656.1) from Sphingomonas sp. A1, FlAlyA (BAP05660.1) from Sphingomonas sp. A1, PsAlg7A
(VFY81779.1) from Paradendryphiella salina. Shaded yellow indicates identical and similar amino-acid
residues in alginate lyase. The red boxes indicate the positions of the three conserved regions. Black
triangles are catalytic bases, red triangles and green triangles represent catalytic acids of PL7 lyase in
different red boxes, respectively. Black circles indicate the neutralization residues.

According to the CAZy database, the PL7 family is subdivided into 5 subfamilies 1, 2,
3, 4, 5 based on sequence similarity. In recent years, some PL7 enzymes with low sequence
similarity to other enzymes in the database have been classified into a new subfamily
6 [13]. To further identify the evolutionary relationship of TAPL7A, 12 sequences from
5 subfamilies, 1 eukaryotic origin and 5 unclassified sequences were selected to construct
a phylogenetic tree according to the CAZy database. It was found that TAPL7A clusters
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with representative enzymes of subfamily 5 (Figure 2), thus TAPL7A is considered as a new
member of the subfamily 5. The results are also consistent with sequence homology. Several
alginate lyases have been characterized in subfamily 5, but their substrate specificity is
not limited by the subfamily. For example, AlyA (GenBank accession no. AAA25049.1)
from Klebsiella pneumoniae subsp. aerogenes prefers polyG [18], AlyA5 (GenBank accession
no. CAZ98266.1) from Zobellia galactanivorans DsijT prefers polyMG [15], and Alg7D
(GenBank accession no. ABD81807.1) from Saccharophagus degradans 2–40 prefers polyM [19].
Therefore, the substrate specificity of TAPL7A cannot be predicted based on sequence
alignment and phylogenetic-tree analysis alone, although it shares the highest identity
with AlyA5.

Figure 2. Phylogenetic analysis of TAPL7A with other alginate lyases of PL7 family. Subfamilies are
separated by blue dotted lines according to the CAZy database. Enzymes for structure-solved are
indicated by red five-pointed stars. Characterized enzymes are indicated by blue circles. PloyMG,
PolyM, and PolyG represent the specific substrates of each enzyme, respectively. The red font is
TAPL7A. The green vertical lines and fonts on the right represent the various subfamilies and PsAlg7A
of eukaryotic origin.

2.2. Cloning and Expression of TAPL7A

After heterologous expression, most of the recombinant proteins aggregated in the
sonicated bacterial pellet in the form of body proteins (Figure 3, Line 1 and line 2). After
renaturation of the body proteins with reference to the method of Singh et al. [20], the active
crude enzyme solution was obtained. Recombinant TAPL7A was purified by Ni-NTA
Sepharose affinity chromatography. The target protein expression and purification were
verified by SDS-PAGE analysis. As shown in Figure 3 (Line 3), it can be observed that the
band of the target protein TAPL7A is clearly located between 35 kDa and 40 kDa, which
is consistent with the predicted molecular mass of 36.76 kDa. The molecular mass of PL7
family alginate lyases mainly depend on their modular domains. The molecular weight of
single-domain PL7 lyases is concentrated between 25–40 kDa, such as AlyA5 [15]. There are
also alginate lyases of the PL7 family that contain, in addition to the catalytic domain, one
or two carbohydrate-binding domains (CBMs) involved in substrate binding and regulation
of product distribution [21,22].
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Figure 3. SDS-PAGE analysis of the molecular mass and purification effect of TAPL7A. Lane M
protein: restrained marker (Thermo Scientific, USA); lane 1: the supernatant of E. coli-pET21a-
TAPL7A; lane 2: induced cell lysate of E. coli-pET21a-TAPL7A; lane 3: renatured purified TAPL7A.

2.3. Substrate Specificity and Enzymatic Kinetics of TAPL7A

Three substrates (0.5% w/v sodium alginate, 0.5% w/v poly M and 0.5% w/v poly G)
were used to perform activity assays and determine the substrate specificity of TAPL7A.
The recombinant TAPL7A showed higher activity towards polyM (4186.1 U/mg) than that
to polyG (2494.8 U/mg) and sodium alginate (2314.9 U/mg) (Table 1). Thus, TAPL7A is a
new PL7 alginate lyase with a preference for polyM and can degrade polyG and sodium
alginate with the same activity.

Table 1. Substrate specificity and kinetics of TAPL7A.

Substrate Activity Km (mM) Vmax (μmol/s) kcat (s−1)

Alginate 2314.9 U/mg 0.26 0.0648 14.305
PolyM 4186.1 U/mg 3.43 0.0622 13.730
PolyG 2494.8 U/mg 1.89 0.07412 16.362

The kinetic parameters (Km and Vmax) of TAPL7A towards polyM, polyG and sodium
alginate were calculated according to hyperbolic regression analysis as shown in Table 1.
The Km values of TAPL7A towards polyM, polyG, and sodium alginate were 3.43 mM,
1.89 mM and 0.26 mM, respectively. TAPL7A is considered to have the strongest affinity for
the M-M blocks. It suggested that TAPL7A exhibited the higher catalytic efficiency towards
G-block than that towards M-block and MG-block. Although the activities of TAPL7A on
polyG and sodium alginate are only half of that on polyM, the catalytic efficiency are higher.
It is speculated that the isoleucine (I) in the conserved motif “QIH” residue recognizes
substrates, and that alginate lyases containing the “QIH” motif generally show a preference
for polyG or polyMG blocks [23], similar to AlyA5, which has the highest identity to
TAPL7A, and is a polyMG-preferred enzyme [15].

2.4. Effect of Temperature and pH on TAPL7A

TAPL7A exhibits surprising psychrophilicity, showing maximum activity at 15 ◦C
and retaining more than 80% of its maximum activity between 5–30 ◦C (Figure 4c). In
addition, the optimal incubation temperature for TAPL7A was 15 ◦C, and more than 70%
of the residual activity was maintained after incubation at 5–30 ◦C for 1 h (Figure 4c).
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In general, the optimal temperature below 35 ◦C and maintaining more than 50% of the
maximum activity at 20 ◦C can be referred to as cold-adapted enzymes (Table 2). Several
cold-adapted alginate lyases have been reported with optimal temperatures no lower than
20 ◦C [13,17,23–26]. This psychrophilic and highly cold-tolerant property of TAPL7A is
rare among the cold-adapted alginate lyases. To the best of our knowledge, TAPL7A is
currently the alginate lyase with the lowest optimal temperature 15 ◦C [27]. In order to
highlight the excellent cold adaptation of TAPL7A, several cold-adapted enzymes were
compared (Table 2). Characterized, cold-adapted alginate lyases exhibit either high activity
at low temperature with poor cold tolerance, or strong cold tolerance with low activity
at low temperature. For example, AlyL1 derived from Agarivorans sp. L11 has better
cold resistance, but when the temperature is lower than 15 ◦C, its activity is only 20–50%
of the maximum activity [28]. The thermophilic mechanism of thermophilic enzymes is
currently thought to be their more compact conformation and rigid structure (such as
disulfide bonds) [29]. Compared to thermostable enzymes, cold-adapted enzymes have
highly flexible structural features. The high flexibility also comes with a stability trade-off,
leading to thermal instability and, in the case of a few studies, cold instability [9,11]. The
possible relatively loose structure of TAPL7A explains its low activity and instability in
the environment at temperatures above 30 ◦C (Figure 4c). It is evident that compared to
other cold-adapted enzymes, TAPL7A has more potential for industrial applications in low
temperature environments (Table 2).

Figure 4. Biochemical characterization of TAPL7A. (a) The optimal pH of TAPL7A. (b) The pH
stability of TAPL7A. (c) The optimal temperature and temperature stability of TAPL7A. (d) The
effects of metal ions and EDTA on activity of TAPL7A. Orange represents metal ion activation; blue
represents metal ion inhibition.
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The optimal pH of TAPL7A is 8.0 (Figure 4a). Furthermore, TAPL7A maintained more
than 50% of the maximum activity at pH 4.0–5.0 and pH 7.0–12.0, and maintained a high
residual activity after incubation at the same pH environment (Figure 4a). The enzyme was
mostly stable at pH 7.0–8.0 (Figure 4b). Most of the cold-adapted alginate lyases maintain
high activity in the pH range near neutral, but their activity decreases sharply in the acidic
and strongly alkaline range. For example, the enzymatic activity and stability of TsAly7B
dropped below 40% of the maximum activity in environments below pH 6.0 and above
pH 9.0 [22]. In contrast, TAPL7A has good pH adaptability.

2.5. Effect of Metal Ions on TAPL7A

The effect of metal ions on enzyme activity was also investigated (Figure 4d). K+ and
Mg2+ can activate the activity of TAPL7A, while Ni+, Ca2+, Mn2+, Zn2+, Cu2+, Co2+ and
Fe3+ inhibit the activity of TAPL7A. In marine environments, the activity of alginate lyases
including TAPL7A are normally activated by K+ and Na+, such as AlgNJ04 from Vibrio sp.
NJ-04 [30]. Both divalent/trivalent metal ions other than Mg2+ and the metal ion chelator
EDTA inhibited the activity of TAPL7A. The effect of metal ions on TAPL7A activity is
similar to that of Alg2951 from Alteromonas portus HB161718T [31].

Table 2. Properties of TAPL7A and partially characterized cold-adapted alginate lyases.

Enzyme PL Family Organism
Optimal

Temperature
(◦C)/pH

Activity/Residual
Activity at 5–15 ◦C

Degree of
Polymerization of
the Product (DP)

Mode of
Action

Refs.

TAPL7A PL7 Thalassotalea algicola 15/8.0 80–100%/90–100% 1–2 Endo+Exo This study

Alyw201 PL7 Vibrio sp. W2 35/8.0 No data-60%/No
data-90% 2–6 Endo [23]

AlyC3 PL7 Psychromonas sp. C-3 20/8.0 58–92%/No data 1–3 Endo [13]
AlyL1 PL7 Agarivorans sp. L11 40/8.6 20–54.5%/80–95% 2–3 Endo [17]

TsAly7B PL7 Thalassomonas sp. LD5 30/7.6 10–40%/60–80% 2–4 Endo [22]

AlyPM PL7 Pseudoalteromonas sp.
SM0524 30/8.5 19–45%/90–100% 2–4 Endo [26]

AlgB PL7 Vibrio sp. W13 30/8.0 No data 2–5 Endo [32]
A9mT PL7 Vibrio sp. A9mT 30/7.5 No data/60–75% No data No data [33]

Alg2951 PL7 Alteromonas portus
HB161718T 25/8.0 40–70%/100% 1, 3 Endo+Exo [31]

AlyGC PL6 Glaciecola chathamensis 30/7.0 50–60%/No data 1 Exo [12]
AlgSH17 PL17 Microbulbifer sp. SH-1 30/7.0 No data 1, 2–6 Endo+Exo [7]

2.6. Effect of NaCl on TAPL7A

Adapted to the marine environment, many alginate lyase enzymes are salt tolerance
or/and salt activated [24,26,34]. For instance, the activity of AlgM4 from Vibrio weizhoudaoensis
M0101 was significantly enhanced approximately 7-folds by 1.0 M NaCl [34]. Salt toler-
ance of TAPL7A was observed at NaCl concentrations of 0.1–1.0 M, taking the activity
at 0 M NaCl as 100%. As shown in Figure 5, recombinant TAPL7A showed activity at
0 M NaCl, while increasing concentrations of NaCl (0–1.0 M) exhibited an increase and
then a decrease in activity. The enzyme activity was increased 3-folds in the presence of
0.4 M NaCl. The activity of TAPL7A increased rapidly at NaCl concentrations in the range
of 0–0.4 M and started to decrease slowly at concentrations above 0.4 M. Thus, TAPL7A
is a new salt-activated alginate lyase. An amount of 0.4 M NaCl is comparable to the salt
concentration of the optimal growth environment of Thalassotalea algicola [35]. The activity
of TAPL7A at 1 M NaCl concentration was still higher than 0 M, which may indicate that
its adaptation to salt concentration fluctuations varies with the salt concentration of the
original growth environment of the strain. Similarly, AlyC3 derived from Psychromonas sp.
C-3 has similar adaptations to environmental salt concentrations [13]. Several salt-activated
alginate lyases have been found to have different mechanisms of salt tolerance. The salt
activation of AlyPM derived from Pseudoalteromonas sp. SM0524 is due to its affinity for the
substrate being enhanced by NaCl [26], while the salt activation of AlgM4 is due to the fact
that its secondary structure can be altered by NaCl, possibly enhancing its substrate affinity
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and resistance to thermal denaturation [34]. The salt activation mechanism of TAPL7A
requires further study.

Figure 5. Effect of NaCl on TAPL7A.

2.7. Products Distribution and Action Pattern of TAPL7A

The degradation products of TAPL7A were analyzed by FPLC over a time gradient
of 0–48 h (Figure 6). In the early stage of the reaction, the three substrates were mainly
degraded to trisaccharides by TAPL7A. As the reaction progresses, trisaccharides are
gradually degraded into disaccharides and monosaccharides. The verification of the
composition of the degradation products was undertaken using ESI-MS (Figure 7). When
sodium alginate, polyM and polyG are used as substrates, oligomers of DP1, 2 and 3
(Signals of 175.02 m/z [ΔDP1-H]−, 351.05 m/z [ΔDP2-H]−, and 527.01 m/z [ΔDP3-H]−)
are released as end products (Figure 7a–c). Consistent with the FPLC results, a signal of
the monosaccharide conversion product 4-deoxy-L-erythron-5-hexoseuloseuronate acid
(DEH) was also detected in the ESI-MS spectrum. Therefore, in the reaction process of
TAPL7A, endo-activity is mainly used in the early stage, and exo-activity is mainly used in
the later stage. It can be seen from the above results that TAPL7A can efficiently degrade
three substrates into monosaccharide and disaccharide with a mixed endo/exo-mode. The
product distribution of endo-lyase of the PL7-5 subfamily is concentrated in DP2-5, while
the exo-lyase is concentrated in DP1 and 2. For example, endo-lyase AlyL2 derived from
Agarivorans sp. L11 [28] and exo-lyase AlyA5 derived from Zobellia galactanivorans [15].

AOS is an excellent material for food, medicine and agricultural applications, and the
difference in its degree of polymerization and structural composition will also lead to dif-
ferent effects. The unsaturated monosaccharide 4-deoxy-L-erythron-5-hexoseuloseuronate
acid (DEH) produced by exo-lyases can be non-enzymatically converted to KDG for
bioethanol production [36]. The AOS produced by the degradation of substrates by Alg2951
with the same endo/exo-mode of action has excellent antioxidant capacity [31]. Therefore,
TAPL7A is an excellent tool enzyme for the production of high value-added AOS with low
energy consumption and acid-base stability.

Figure 6. Analysis of 0–48 h products of TAPL7A by FPLC with (a) sodium alginate, (b) polyM,
(c) polyG. The eluents were detected by measuring the absorbance at 235 nm.
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Figure 7. Analysis of 48 h product composition of TAPL7A by ESI-MS with (a) sodium alginate,
(b) polyM, (c) polyG as substrates; The oligo-uronates are commonly described by their degree of
polymerization (DPx). Oligo-uronates with the unsaturated terminal uronate are denoted in this
study as ΔDPx, and such an oligomer would be ΔDP1.

2.8. Molecular Modeling

Most of the characterized PL7 family alginate lyases are endo-lyase with a wide
range of substrate specificities. The mode of action and substrate preference of enzymes
of the PL7 family are complex, such as the bifunctional endo-lyase PA1167 [37], the bi-
functional exo-lyase VxAly7D [16], and the mixed endo/exo Alg2951 [31]. Therefore,
structural studies of the PL7 family provide useful information on the mode of substrate
recognition and depolymerization. The structure of the alginate lyase AlyA5 derived from
Zobellia galactanivorans (PDB ID: 4BE3) was used as a template to construct a structural
model of TAPL7A with 100% confidence using the online URL PHYRE2 (Figure 8a). The
overall structure of TAPL7A is typical of the PL7 β-sandwich jelly roll-fold [15]. TAPL7A
has 16 anti-parallel β-strands to form the main structure, of which three conserved mo-
tifs “(R/E) (S/T/N) EL”, “QIH” and “YFKAGVYNQ” are located at β-4, β-7 and β-15,
respectively. These three chains make up the catalytic cavity. Catalytic residues His160 and
Tyr300 of TAPL7A predicted based on sequence alignment are displayed in the homology
model (Figure 8a). The relatively loose structure of TAPL7A and the greater opening of the
flexible loops can be seen from the structural alignment of TAPL7A (green structure) with
AlyA5 (blue structure) (Figure 8b). This may also be evidence of TAPL7A psychrophilic
and cold tolerance.
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Figure 8. (a) Overall structure of TAPL7A; (b) The structural comparison of TAPL7A (green) and
AlyA5 (cyan); (c) Comparison of loops at the ends of catalytic groove of TAPL7A (red and purple)
and AlyA5 (blue); (d) Structure-based sequence alignment of TAPL7A and AlyA5. Conservative
amino acids are highlighted by the red background and similar amino acids are highlighted by the
red letters. α-helices are displayed as squiggles, β-strands are rendered as arrows, strict β-turns as
TT letters. This figure has been generated using the program ESPRIPT 3.0.

Most of the PL7 family lyases have multiple flexible loops in their domains, which
play a role in structural stability and mechanism of action. The structural determinants
responsible for the exolytic activity of AlyA5 are three large additional loops, Trp197-
Asp217, Ser257-Glu284 and Gly304-Asp318, which close the catalytic groove of the concave
β-sheet at one end (Figure 8b) [15]. The structural basis of polyM-specific FlAlyA indicates
that two flexible loops linked by hydrogen bonds above its catalytic cleft are involved in
controlling the substrate specificity [38]. Comparing the structures of FlAlyA and AlyA5,
it can be found that there are two to three flexible loops above their active clefts that play
a role in substrate binding. However, the active cleft end of FlAlyA is unblocked, unlike
AlyA5, which is blocked by three flexible loops. Structural alignment indicated that the
loop blocked at the end of the catalytic groove in AlyA5 (blue loop Trp197-Asp217 in
Figure 8c,d) was missing 7 amino acids at the corresponding position in TAPL7A (red
putative loop Trp219-Thr232 in Figure 8c,d) and could not form a loop, so that the catalytic
groove of TAPL7A was opened. As for one of the possible reasons for the exo-lyase activity,
the loop His139-Ser153 in TAPL7A that extends into the catalytic groove but does not block
the catalytic groove (purple loop Figure 8c,d). Only Tyr152 and Ser153 of this loop are
conserved in AlyA5, but the remaining positions are replaced by other residues (His139-
Ala151). In particular, the hydrophobic Ala138 at the top of this loop in AlyA5 is replaced
by a basic Lys149 in TAPL7A, which may form hydrogen bonds with the substrate. Further
research is needed, and structural elucidation will help to understand how the hybrid mode
of action works.

3. Discussion

The ocean, which makes up 71% of the surface of the world, is a veritable treasure trove.
In this treasure trove, marine enzymes represent an essential resource. Marine enzymes may
have different characteristics from enzymes of terrestrial origin and show excellent potential
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applications in biological and industrial technologies. The special environment of the ocean
may create special enzymes adapted to the industrial environment, such as heat-, salt- and
base-tolerant enzymes. The potential of marine enzymes for biotechnology and industrial
applications has been shown in numerous studies [39–45]. For example, thermostable
proteases of marine origin have the potential to be used commercially in protein processing
and in the production of protein hydrolysates in the detergent industry [46]. It is foreseeable
that marine enzymes will become an important tool in various industrial fields in the future.

Alginate lyase is a key enzyme in the marine environment, which plays an important
role in alginate degradation. Although hundreds of alginate lyases have been reported,
only a few of them have specific properties. In this study, we report, for the first time,
on both cold-adapted and cold-tolerant alginate lyase and their hybrid mode for efficient
preparation of alginate oligosaccharides. TAPL7A is a new member of the PL7-5 subfamily
and shares the highest homology of 43% with the alginate lyase AlyA5. TAPL7A has a
typical PL7 family β-sandwich jelly roll-fold. The conserved motifs “QIH”, “YFKAGVYNQ”
and “(R/E) (S/T/N) EL” of PL7 family alginate lyases may play a catalytic and substrate
binding role in TAPL7A. TAPL7A has an optimal pH of 8.0 and also has a wide range of
pH adaptability and pH stability. The enzyme maintains 80–100% activity between 5–30 ◦C.
Moreover, 70–100% of the activity can be retained after incubation at 5–30 ◦C for 1 h. To
the best of our knowledge, this enzyme has the lowest optimal temperature (15 ◦C) and
better cold adaptability among the alginate lyases found so far. In the presence of 0.4 M
NaCl in the solution system, the activity of TAPL7A increased 3-fold compared with the
absence of NaCl. Meanwhile, 0.4 M (2% w/v) NaCl is also the optimal salt concentration for
Thalassotalea algicola growth [35]. The salt concentration-activated mechanism of TAPL7A
may be adapted to the changes in the growth environment of Thalassotalea algicola. K+ and
Mg2+ activate the activity of TAPL7A, while Ni+, Ca2+, Mn2+, Zn2+, Cu2+, Co2+ and Fe3+

inhibit its activity.
In addition, the enzyme has a unique hybrid endo/exo-mode. TAPL7A preferentially

degrades polyM, but also has half the degradation activity of polyM for alginate and polyG.
Early in the reaction, the three substrates can be degraded into alginate oligosaccharides
with a degree of polymerization of DP1-3, and the trisaccharides can be degraded into
monosaccharides and disaccharides with the progress of the reaction. Although we do not
have the detailed crystal structure of TAPL7A, based on homologous model and sequence
alignment, we speculate that one of the factors affecting its unique degradation pattern is
the flexible loops (His139-Ser153) above its catalytic cleft. For example, Qin et al. studied
the structural basis of the alginate lyase FlAlyA and confirmed that the flexible loops near
the active cleft of the PL7 family lyase have an important impact on substrate binding and
mode of action [38]. In regard to the excellent psychrophilic and cold tolerance of TAPL7A,
we speculate that it is due to its relatively loose overall structure. A more in-depth study of
TAPL7A, especially the structural basis, will provide a solid foundation for the analysis
and understanding of cold-adaptive mechanisms and endo/exolytic patterns. With the
growing demand for high value-added alginate oligosaccharides, alginate lyases with their
special degradation mechanism and product distribution will become the first choice. At
the same time, psychrophilic and cold-tolerant alginate lyases will consume less capacity
during the production of alginate oligosaccharides, reducing costs and retaining more
biological activity. In conclusion, TAPL7A is a potentially promising tool for tailoring
alginate oligosaccharides at low temperature.

4. Materials and Methods

4.1. Materials

Sodium alginate was provided by Sigma-Aldrich (M/G ratio 77/23 isolated from
Macrosystis pyrifera, viscosity ≥ 2000 Cp, St. Louis, MO, USA). PolyM and polyG with
average DPs of 39 (purity: about 95%; M/G ratio: 3/97 and 97/3; average molecular
weight: 7200 Da) were purchased from Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao,
China). All other chemicals and reagents were of analytical grade. In this study, E. coli
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DH5α was used as the host for plasmid construction and E. coli BL21 (DE3) was used as
the host for gene expression. E. coli was incubated at 37 ◦C in Luria–Bertani (LB) broth
or LB broth agar plates (LB broth supplemented with 1.5% w/v agar) that both contained
100 μg/mL ampicillin.

4.2. Sequence Analysis of Gene TAPL7A

The theoretical molecular weight (Mw) and isoelectric point (pI) of TAPL7A were
calculated online at the online website Compute pI/Mw tool of Expasy (https://web.expasy.
org/compute_pi/, accessed on 10 September 2021). Signal peptides predicted by the online
website SignalP-6.0 (https://services.healthtech.dtu.dk/service.php?SignalP-6.0, accessed
on 23 September 2021). The alignment of protein sequences of TAPL7A and other enzymes
was performed with ESPript program (https://espript.ibcp.fr/ESPript/ESPript/index.php,
accessed on 29 September 2021). The conserved domains were analyzed by Simple Modular
Architecture Research Tool (SMART) (http://www.ebi.ac.uk/Tools/pfa/iprscan/, accessed
on 15 October 2021) [47]. According to the protein sequences of PL7 family enzymes, the
phylogenetic tree was constructed through the Molecular Evolutionary Genetics Analysis
(MEGA) Program version 5.05.

4.3. Cloning, Expression and Purification of TAPL7A

According to the genomic sequence information of Thalassotalea algicola, a pair of
specific primers with Nde I and Xho I (TAPL7A-F: CGCCATATGTGCGCGAACACCGC-
GAACAC, TAPL7A-R: CCGCTCGAG TGAGCCGCCCGAGCAACAAC) was designed.
The expression vector was pET-21a (+) plasmid and E. coli BL21 (DE3) was used as the
expression host. The recombinant strain was incubated at 37 ◦C until OD600 was 0.4–0.6,
and expression of the recombinant enzyme was induced at 22 ◦C for 36 h after the addition
of 0.1 mM IPTG. Referring to the method of Singh et al., 8 M urea was used to dissolve
the inclusion body proteins in the precipitate of the disrupted bacterial solution, and the
renatured body proteins were obtained by dialysis [20,48]. According to the method of zhu
et al., the renatured TAPL7A was purified by a Ni-NTA Sepharose column (GE Healthcare,
Uppsala, Sweden), and the TAPL7A before and after purification was verified by 12%
(w/v) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [49]. Protein
concentration was determined by a protein quantitative analysis kit (Beyotime Institute of
Biotechnology, Nantong, China).

4.4. Substrate Specificity and Enzymatic Kinetics of TAPL7A

Purified TAPL7A (50 μL) was reacted with 150 μL of each of the three substrates
(sodium alginate, polyM and polyG) at 0.5% (w/v) for 30 min at 15 ◦C, followed by a
boiling water bath for 10 min to terminate the reaction. One unit of enzymatic activ-
ity was defined as the amounts of enzyme required to increase absorbance at 235 nm
(extinction coefficient: 6150 M−1·cm−1) by 0.01 per min. Substrate specificity was de-
termined by the activity of TAPL7A in response to three different substrates (0.5% w/v
sodium alginate, 0.5% w/v polyM and 0.5% w/v polyG). The kinetic parameters of the
TAPL7A towards sodium alginate, polyM, and polyG were evaluated by measuring the
enzyme activity with substrate at different concentrations as described previously [49]. The
Lineweaver–Burk plots were used to calculate the kinetic parameters Km and Vmax based
on the reaction rates of the enzymes with different concentrations of the three substrates
(0.2–10.0 mg/mL) at 235 nm. The ratio of Vmax versus enzyme concentration ([E]) was used
to calculate the turnover number (kcat) of the enzyme. All experiments were performed with
three replicates.

4.5. Effect of Temperature and pH on TAPL7A

The reactions were performed at 5–50 ◦C to investigate the optimal temperature for
TAPL7A. TAPL7A was incubated at 5–50 ◦C for 1 h and then reacted with alginate at
15 ◦C for 30 min to evaluate its temperature stability. Purified TAPL7A and substrate were
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mixed in a 1:3 ratio in buffers of different pH values (4.0–12.0) and reacted at 15 ◦C for
30 min, and the activity was measured under the following standard conditions. In detail,
the purified enzyme was mixed with the substrate in buffers with different pHs, which were
50 mM phosphate-citrate (pH 4.0–5.0), 50 mM NaH2PO4-Na2HPO4 (pH 6.0–8.0), 50 mM
Tris-HCl (pH 7.0–9.0), 50 mM glycine-NaOH (pH 9.0–10.0), and 50 mM Na2HPO4-NaOH
at 15 ◦C for 30 min. After incubation of TAPL7A in buffers of different pH values (4.0–12.0)
for 24 h (4 ◦C), the residual activity of TAPL7A was assayed after 30 min of reaction with
the substrate at the optimal temperature to assess the pH stability.

4.6. Effect of Metal Ions on TAPL7A

TAPL7A was incubated with various metal compounds and EDTA at a final concen-
tration of 1 mM (50 mM Tris-HCl buffer, pH 8.0) at 4 ◦C for 24 h. The effect of metal ions
was evaluated by detecting the participation of the enzyme after 30 min of reaction at
15 ◦C. In addition, the activity of the reaction mixture without any metal ion was regarded
as control (100% relative activity). In order to improve the credibility of the experimental
data, all experiments were performed with three replicates.

4.7. Effect of NaCl on TAPL7A

The salt tolerance of TAPL7A was observed at NaCl concentrations of 0–1.0 M. The
reactions were performed at 15 ◦C. In addition, the activity of the reaction mixture without
any NaCl was regarded as control (100% relative activity). In order to improve the credibility
of the experimental data, all experiments were performed with three replicates.

4.8. Products Distribution and Action Pattern of TAPL7A

FPLC with Superdex peptide 10/300 GE Colum (GE Health) at 235 nm was used to
separate and monitor the products. The reaction mixtures (400 μL) containing 100 μL of
purified TAPL7A, 300 μL of substrates (0.5% w/v sodium alginate, 0.5% w/v polyM, and
0.5% w/v polyG, respectively) were incubated at 15 ◦C for 0–48 h. The samples were taken
after reaction for 0 min, 5 min, 15 min, 30 min, 1 h, 2 h, 6 h, 24 h, and 48 h, respectively. The
mixture was eluted with 0.2 M NH4HCO3 at flow rate of 0.8 mL/min. In addition, the final
degradation products were identified by ESI-MS in negative ion mode, and the specific
conditions of ESI-MS were as follows: ion source voltage, 4.5 kV; capillary temperature,
275–300 ◦C; tube lens, 250 V; sheath gas, 30 arbitrary units (AU); and the scanning mass
range, 150–2000 m/z.

4.9. Molecular Modeling

The structure of alginate lyase AlyA5 (PDB ID: 4B3E) from Zobellia galactanivorans
was used as the homology template, and the online software PHYRE 2.0 (http://www.sbg.
bio.ic.ac.uk/phyre/html/page.cgi?id=index, accessed on 10 November 2021) was used to
successfully construct the structural model of TAPL7A with 100% confidence.
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Abstract: In this study, the anti-inflammatory activity of sulfated polysaccharides isolated from the
green seaweed Codium fragile (CFCE-PS) was investigated in lipopolysaccharide (LPS)-stimulated
RAW 264.7 macrophages and zebrafish. The results demonstrated that CFCE-PS significantly in-
creased the viability of LPS-induced RAW 264.7 cells in a concentration-dependent manner. CFCE-PS
remarkably and concentration-dependently reduced the levels of inflammatory molecules including
prostaglandin E2, nitric oxide (NO), interleukin-1 beta, tumor necrosis factor-alpha, and interleukin-6
in LPS-stimulated RAW 264.7 cells. In addition, in vivo test results indicated that CFCE-PS effectively
reduced reactive oxygen species, cell death, and NO levels in LPS-stimulated zebrafish. Thus, these
results indicate that CFCE-PS possesses in vitro and in vivo anti-inflammatory activities and suggest
it is a potential ingredient in the functional food and pharmaceutical industries.

Keywords: Codium fragile; sulfated polysaccharides; anti-inflammatory activity; RAW 264.7 cells;
zebrafish

1. Introduction

Inflammatory responses are immune responses that protect the organs from infection
and tissue injury. Inflammatory responses are also associated with the pathogenesis of
various diseases such as diabetes, cardiovascular diseases, obesity, arthritis, stroke, and can-
cer [1]. Inflammatory responses are associated with the release of inflammatory molecules
such as histamine, prostaglandins, nitric oxide (NO), bradykinin, and pro-inflammatory
cytokines [2]. The over-generation of these inflammatory molecules can cause uncontrolled
inflammation, which leads to chronic inflammation and promotes the development of
chronic inflammation-related diseases [3–5]. Thus, the inhibition of the production of
inflammatory molecules is thought as a way to control the development of inflammation.

Seaweeds are rich in bioactive compounds. Seaweed-derived compounds possess
several health benefits such as antiviral, anti-aging, antioxidant, anti-cancer, anti-obesity,
anti-inflammatory, and anti-hypertensive effects [6,7]. Sulfated polysaccharides isolated
from seaweeds possess strong anti-inflammatory activities [8,9]. Lipopolysaccharide
(LPS), a component of the cell wall in Gram-negative bacteria, stimulates inflammatory

Mar. Drugs 2022, 20, 391. https://doi.org/10.3390/md20060391 https://www.mdpi.com/journal/marinedrugs
93



Mar. Drugs 2022, 20, 391

responses. Thus, LPS-stimulated in vitro and in vivo models were used to investigate the
anti-inflammatory activities of natural products. Sanjeewa et al. isolated a sulfated polysac-
charide from the brown seaweed Sargassum horneri, which could inhibit lipopolysaccharide
(LPS)-stimulated inflammation in RAW 264.7 cells and zebrafish [10]. Cui et al. purified
a sulfated polysaccharide from Gelidium pacificum Okamura, which could suppress LPS-
stimulated inflammation in human monocytic cells [8]. Rodrigues et al. investigated the
anti-inflammation effect of the sulfated polysaccharide isolated from Caulerpa cupressoides
(Cc-SP2). The results suggested that Cc-SP2 effectively suppressed acute inflammation in
mice [9].

Codium fragile is a popular edible green seaweed. C. fragile contains various bioac-
tive compounds such as fatty acids, carbohydrates, pigments, phenolic compounds, and
proteins [11,12]. The anti-coagulation, antioxidant, anti-angiogenesis, anti-obesity, and im-
munoregulatory activities of C. fragile have been reported [13–15]. In previous studies, we
evaluated the antioxidant activity of sulfated polysaccharides isolated from an enzymatic
digest of C. fragile (CFCE-PS). The results demonstrated that CFCE-PS significantly sup-
pressed hydrogen peroxide-induced oxidative damage in in vitro and in vivo models [16].
To further investigate the bioactivities of CFCE-PS, we evaluated the anti-inflammatory
activity of CFCE-PS in LPS-stimulated RAW 264.7 cells and zebrafish.

2. Results and Discussion

2.1. CFCE-PS Suppressed Cytotoxicity and Inflammatory Molecules Production in LPS-Induced
RAW 264.7 Cells

Sulfated polysaccharides isolated from seaweeds possess strong anti-inflammatory
and immunostimulatory effects [17,18]. The anti-inflammatory activities of sulfated polysac-
charides isolated from seaweeds, such as Saccharina japonica, Sargassum horneri, Padina
commersonii, and Chnoospora minima have been investigated in our previous studies [19–22].
The results further confirm the potential of seaweed-derived sulfated polysaccharides in
anti-inflammatory effects. Thus, in the present study, we evaluated the anti-inflammatory
activity of CFCE-PS in in vitro and in vivo models.

In the present study, the effects of CFCE-PS on LPS-induced cytotoxicity and inflam-
matory molecule production were evaluated. As shown in Figure 1A, the viability of
LPS-stimulated RAW 264.7 cells was decreased to 78.84% compared to the cells non-treated
with sample and LPS (control group, 100%), whereas the viabilities of the LPS-treated RAW
264.7 cells were increased to 84.36, 85.55, and 89.90% by CFCE-PS at concentrations of 25,
50, and 100 μg/mL, respectively (Figure 1A). In addition, LPS significantly stimulated the
production of NO and prostaglandin E2 (PGE2) in RAW 264.7 cells (Figure 1B,C). However,
the production of NO and PGE2 in LPS-treated RAW 264.7 cells was significantly reduced
by CFCE-PS treatment in a concentration-dependent manner (Figure 1B,C). As shown in
Figure 2, LPS significantly stimulated the production of pro-inflammatory cytokines includ-
ing interleukin-1 beta (IL-1β), tumor necrosis factor-alpha (TNF-α), and interleukin-6 (IL-6)
in RAW 264.7 cells. However, the production of these pro-inflammatory cytokines in RAW
264.7 cells was effectively suppressed by CFCE-PS treatment in a concentration-dependent
manner (Figure 2). These results indicate that CFCE-PS protected RAW 264.7 cells against
LPS-stimulated cell death by inhibiting inflammatory molecule production.

Anti-inflammatory effects of the algal sulfated polysaccharides were related to their
sulfated content and proportion of monosaccharides. Previous reports suggested that the
polysaccharides contain high amounts of the sulfate group, fucose, and galactose, which
could inhibit the LPS-induced inflammatory response in RAW 264.7 cells [23–27]. CFCE-PS
contains 21.06% sulfate and 70.19% galactose, and significantly inhibited the production of
the inflammatory molecules in LPS-stimulated RAW 264.7 cells. According to the previous
and present results, CFCE-PS suppressed LPS-stimulated cytotoxicity and the production
of inflammatory molecules in RAW 264.7 cells. This action may be due to it containing a
high amount of the sulfate group and galactose.
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Figure 1. Effect of CFCE-PS on LPS-induced cytotoxicity in RAW 264.7 cells. (A) The viability of
LPS-stimulated RAW 264.7 cells; the production levels of NO (B) and PGE2 (C) in LPS-stimulated
RAW 264.7 cells. The cells non-treated with CFCE-PS and LPS are referred to as the control group.
The experiments were conducted in triplicate and the data are expressed as mean ± SE. * p < 0.05,
** p < 0.01 as compared to the LPS-stimulated group and ## p < 0.01 as compared to control group.

2.2. Protective Effect of CFCE-PS against LPS-Stimulated Inflammatory Response in Zebrafish

LPS-stimulated zebrafish embryo has been successfully used to investigate the in vivo
anti-inflammatory effects of sulfated polysaccharides in our previous studies [21]. There-
fore, in this study, the LPS-stimulated zebrafish embryo was used as the in vivo model to
investigate the anti-inflammatory effect of CFCE-PS. As shown in Figure 3, the survival
rate of LPS-stimulated zebrafish decreased to 56.67% compared to the control group (100%),
whereas the survival rates of zebrafish treated with 50 and 100 μg/mL CFCE-PS were re-
markably increased to 63.33 and 73.33%, respectively (Figure 3). In addition, the ROS level
of LPS-treated zebrafish was increased to 172.65% compared to the control group (100%).
However, the levels of ROS in CFCE-PS-treated zebrafish were significantly decreased in a
dose-dependent manner (Figure 4A). As shown in Figure 4B, LPS significantly stimulated
cell death in zebrafish, whereas the cell death levels of zebrafish treated with 25, 50, and
100 μg/mL CFCE-PS were decreased from 295.22% to 277.72, 217.68, and 185.58%, respec-
tively (Figure 4B). Furthermore, the NO production level of zebrafish stimulated with LPS
was increased to 220.45% compared to the control group (100%). However, the NO level of
LPS-stimulated zebrafish was reduced to 172.99, 154.53, and 133.51% by the treatment of
25, 50, and 100 μg/mL CFCE-PS, respectively (Figure 4C). These results demonstrate that
CFCE-PS remarkably protected zebrafish against LPS-stimulated inflammation.
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Figure 2. Effect of CFCE-PS on the production of pro-inflammatory cytokines in LPS-stimulated
RAW 264.7 cells. (A) Production of TNF-α; (B) production of IL-1β; and (C) production of IL-6.
The cells non-treated with CFCE-PS and LPS are referred to as the control group. The experiments
were conducted in triplicate and the data are expressed as mean ± SE. ** p < 0.01 as compared to
LPS-stimulated group and ## p < 0.01 as compared to control group.

Figure 3. Survival rate of zebrafish after being treated with CFCE-PS or/and with LPS. The zebrafish
non-treated with CFCE-PS and LPS are referred to as the control group. The experiments were
conducted in triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.01 as compared
to the LPS-stimulated group and ## p < 0.01 as compared to the control group.
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Figure 4. Effect of CFCE-PS on inflammatory responses in LPS-induced zebrafish. (A) ROS level
of LPS-stimulated zebrafish; (B) cell death of LPS-stimulated zebrafish; and (C) NO production in
LPS-stimulated zebrafish. The zebrafish non-treated with CFCE-PS and LPS are referred to as the
control group. The relative amounts of ROS, cell death, and NO of zebrafish were measured using
ImageJ software. The experiments were conducted in triplicate and the data are expressed as the
mean ± SE. * p < 0.05, ** p < 0.01 as compared to the LPS-treated group and ## p < 0.01 as compared
to control group.

In summary, in this study, the in vitro and in vivo anti-inflammatory effects of CFCE-
PS were evaluated in LPS-stimulated RAW 264.7 cells and zebrafish. The results indicate
that CFCE-PS inhibited LPS-induced inflammatory response by inhibiting the production of
NO and PGE2, and decreasing the levels of pro-inflammatory cytokines in RAW 264.7 cells.
In addition, the in vivo test showed that CFCE-PS remarkably suppressed the survival
rate and reduced the levels of ROS, cell death, and NO in LPS-stimulated zebrafish. These
results indicate that CFCE-PS possesses in vitro and in vivo anti-inflammatory effects. It
could be used as a functional material in food and pharmaceutical industries.

3. Materials and Methods

3.1. Reagents and Chemicals

LPS, MTT, and DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Enzyme-linked immunosorbent assay (ELISA) kits used for measurement of IL-1β, TNF-α,
PGE2, and IL-6 were purchased from R&D Systems Inc. (Minneapolis, MN, USA).

3.2. Preparation of CFCE-PS

C. fragile was collected in June 2019 from the coastal area of Jeju Island, South Ko-
rea. CFCE-PS was prepared based on the protocol described in the previous study [16].
CFCE-PS contained 76.84% sulfated polysaccharides, including 21.06% sulfate and 55.78%
carbohydrates, which were composed of galactose (70.19%), arabinose (18.71%), glucose
(9.10%), and xylose (1.99%).
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3.3. Measurement of NO Level and Cell Viability

RAW 264.7 macrophages (RAW 264.7 cells, TIB-71TM) were purchased from ATCC
(Manassas, WV, USA). Cells were seeded in a 24-well plate (1 × 105 cells/mL) for 24 h. The
cells were treated with 25, 50, and 100 μg/mL CFCE-PS. The cells non-treated with CFCE-
PS and LPS are referred to as the control group. CFCE-PS-treated cells were incubated
for 1 h and the plate was replaced with the media containing 1 μg/mL LPS. After 24 h
incubation, the viability of LPS-treated RAW264.7 cells was measured using an MTT assay,
and the production of NO was determined using a Griess assay [28].

3.4. ELISA

RAW 264.7 cells were seeded in a 24-well plate (1 × 105 cells/mL) for 24 h. The cells
were treated with 25, 50, and 100 μg/mL CFCE-PS. CFCE-PS-treated cells were incubated
for 1 h and stimulated with 1 μg/mL LPS. After 24 h, the cell culture media was collected.
The levels of pro-inflammatory cytokines and PGE2 were evaluated using ELISA kits [28].

3.5. Application of CFCE-PS and LPS to Zebrafish

The adult zebrafish were purchased from a commercial market (Seoul Aquarium,
Korea) and maintained according to the condition described in our previous study [29].
After approximately 7–9 h of post-fertilization (hpf), the embryos were treated with 25, 50,
and 100 μg/mL CFCE-PS. After 1 h of incubation, the embryos were incubated with the
media containing 10 μg/mL LPS until 24 hpf. The zebrafish non-treated with CFCE-PS and
LPS are referred to as the control group. The survival rate of zebrafish was measured at
3 days post-fertilization. The levels of cell death, ROS, and NO in LPS-induced zebrafish
were measured in live zebrafish larvae by acridine orange, DCFH2-DA, and DAF-FM-DA
staining, respectively [30].

3.6. Statistical Analysis

The experiments were conducted in triplicate and the data are expressed as the
mean ± standard error (SE). One-way analysis of variance used to compare the mean
values of each treatment using SPSS 20.0. Significant differences between the means were
estimated using Tukey’s test.

4. Conclusions

In this study, the in vitro and in vivo anti-inflammatory activities of sulfated polysac-
charides of the edible seaweed C. fragile (CFCE-PS) were investigated. The results demon-
strated that CFCE-PS effectively inhibited LPS-stimulated inflammation in vitro in RAW
264.7 cells and in vivo in zebrafish. These results suggest that CFCE-PS is a potential anti-
inflammatory ingredient in functional food and the pharmaceutical industry. However, to
develop CFCE-PS as a therapeutic agent to treat inflammatory-related diseases, the clinical
study is vital in further research.
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Abstract: 2-keto-3-deoxy sugar acids, which have potential as precursors in medicinal compound
production, have gained attention in various fields. Among these acids, 2-keto-3-deoxy-L-galactonate
(KDGal) has been biologically produced from D-galacturonate originating from plant-derived pectin.
KDGal is also found in the catabolic pathway of 3,6-anhydro-L-galactose (AHG), the main component
of red-algae-derived agarose. AHG is converted to 3,6-anhydrogalactonate by AHG dehydrogenase
and subsequently isomerized to KDGal by 3,6-anhydrogalactonate cycloisomerase. Therefore, we
used the above-described pathway to produce KDGal from agarose. Agarose was depolymerized to
AHG and to agarotriose (AgaDP3) and agaropentaose (AgaDP5), both of which have significantly
higher molecular weights than AHG. When only AHG was converted to KDGal, AgaDP3 and
AgaDP5 remained unreacted. Finally, KDGal was effectively purified from the enzymatic products
by size-exclusion chromatography based on the differences in molecular weights. These results
show that KDGal can be enzymatically produced and purified from agarose for use as a precursor to
high-value products.

Keywords: keto-deoxy-sugar; 2-keto-3-deoxy sugar acid; 2-keto-3-deoxy-L-galactonate; agarose; red
algae; 3,6-anhydro-L-galactose

1. Introduction

Keto-deoxy sugars are known to possess potential as precursors for producing
medicinal compounds [1]. In particular, the demand for 2-keto-3-deoxy sugar acids,
which are key intermediates of the central metabolic pathways of hexose and pentose
and integral constituents of bacterial polysaccharides, have been continuously increasing
in use in various fields to elucidate the mechanisms involved in microbial metabolic
processes and to produce biochemicals using metabolic engineering [2]. However, there
have been few attempts to produce 2-keto-3-deoxy-sugar acids such as 2-keto-3-deoxy-
D-gluconate, 2-keto-3-deoxy-L-gaclatonate (KDGal), 2-keto-3-deoxy-D-xylonate, and
2-keto-3-deoxy-L-arabinonate [2–4]. These sugar acids can be produced using either
chemical or biological methods. Biological methods are known to be advantageous over
chemical methods because the latter often require many reaction steps and involve non-
stereoselective reactions, which result in racemic product mixtures and lower yields [2].
On the contrary, biological processes involve fewer reaction steps, high specificity, and
enantioselectivity and are therefore preferred over chemical processes for the synthesis
of 2-keto-3-deoxy-sugar acids.
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KDGal has been biologically synthesized from galacturonate derived from pectin
present in plant biomass [4]. Pectin is a group of galacturonate-rich polysaccharides [5].
However, galacturonate residues, the main backbone of pectin, are known to be highly
methyl-esterified [6]. In addition, pectin is considered to be the most complex polysac-
charide, which complicates the saccharification process with additional steps, such as
de-methyl-esterification in order to obtain galacturonate [7,8]. However, KDGal, an
intermediate in the galacturonate catabolic pathway in fungi [9], has also been discov-
ered in the metabolic pathway of 3,6-anhydro-L-galactose (AHG) of a marine bacterium
recently [10]. AHG, a major monomer comprising agarose, which is a linear polysac-
charide in marine biomass [11], is oxidized to 3,6-anhydrogalactonate (AHGA) and
subsequently isomerized into KDGal [10]. Thus, AHG derived from agarose in marine
biomass can be used as a substrate for producing KDGal. However, even though agarose
has a simpler structure than that of plant biomass pectin, marine biomass agarose, unlike
plant biomass, has not been utilized for producing KDGal yet [4]. In this study, we
attempted to produce KDGal using agarose from marine biomass via a biocatalytic
enzyme-mediated process.

In this study, we designed a three-step method for the production of KDGal from
agarose: (1) enzymatic production of AHG and neoagarooligosaccharides (NAOSs)
from agarose, (2) enzymatic production of KDGal from AHG, and (3) purification
of KDGal from the reaction product mixture (Figure 1). Agarose is the most abun-
dant polymer in red macroalgal biomass and has gained much attention as a sustain-
able source owing to its higher carbohydrate and lower lignin content compared to
that of plant biomass [12,13]. AHG and D-galactose form agarose via alternative α-
1,3- and β-1,4-glycosidic bonds [11]. Thus, monomeric sugars such as AHG and D-
galactose can be produced by the enzymatic hydrolysis of agarose using β-agarase and
α-neoagarooligosaccharide hydrolase (NAOH) (Figure 1). Accordingly, agarose can be
hydrolyzed into NAOSs, including neoagarotetraose (NeoDP4) and neoagarohexaose
(NeoDP6), by endo-type β-agarase. NAOH can then act on NeoDP4 and NeoDP6, lead-
ing to the production of AHG and agarotriose (AgaDP3) and AHG and agaropentaose
(AgaDP5), respectively [14]. AHG can be subsequently converted to KDGal using the
enzymes AHG dehydrogenase (AHGD) and AHGA cycloisomerase (ACI), which, respec-
tively oxidize AHG into AHGA and isomerize AHGA into KDGal, found in the AHG
catabolic pathway of Vibrio sp. strain EJY3 (Figure 1) [10]. Finally, high-purity KDGal can
be obtained through a purification step using size-exclusion chromatography owing to
the large differences in molecular weights between KDGal and the by-products, AgaDP3
and AgaDP5 (Figure 1). In addition, agarooligosaccharides (AOSs), including AgaDP3
and AgaDP5, which remain after KDGal separation, are known to have prebiotic, antiox-
idant, and anti-inflammatory activities [15–19]. Thus, even byproducts produced along
with KDGal can be utilized as high-value-added products in this process. Overall, this
study showed that agarose-containing red macroalgal biomass can potentially be used
in the production of high-value chemicals, including KDGal.
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Figure 1. Scheme of KDGal production from agarose. Agarose can be degraded into AHG by
two-step enzymatic hydrolysis using endo-type β-agarase and NAOS hydrolase. Subsequently,
AHG is converted into KDGal by a two-step enzymatic reaction using AHG dehydrogenase and
AHGA cycloisomerase. KDGal can be purified by size-exclusion chromatography using water as
an eluent. Abbreviations: AHG, 3,6-anhydro-L-galactose; AHGA, 3,6-anhy-drogalactonate; KDGal,
2-keto-3-deoxy-L-gaclatonate; NAOS; neoagarooligosaccharide.

2. Results

2.1. Enzymatic Depolymerization of Agarose into AHG and AOSs

To obtain AHG as the substrate for producing KDGal from agarose saccharification,
recombinant endo-type β-agarase, Aga16B, and NAOH, SdNABH were purified. The
purified Aga16B and SdNABH were identified by SDS-PAGE based on their theoretical
molecular weights of 63.7 kDa and 41.5 kDa, respectively (Figure 2A). Agarose was initially
hydrolyzed mainly into NAOSs, specifically NeoDP4 and NeoDP6, via enzymatic reaction
using Aga16B, as described previously [20] (Figure 2B,C). The subsequent enzymatic
reaction of SdNABH using Aga16B reaction products containing NeoDP4 and NeoDP6
produced AHG, AgaDP3, and AgaDP5 as reaction products, as previously described
(Figure 2B,C) [21]. These results were also confirmed by HPLC analysis. In the analysis
of products formed by Aga16B, two peaks corresponding to NeoDP4 and NeoDP6 were
detected, and in the analysis of SdNABH reaction products, three peaks corresponding to
AHG, AgaDP3, and AgaDP5 were detected, which is consistent with results obtained upon
TLC analysis (Figure 2B,C).

103



Mar. Drugs 2022, 20, 288

Figure 2. Enzymatic production of AHG from agarose. (A) SDS-PAGE analysis of the purified recom-
binant Aga16B and SdNABH. Lanes: M, protein markers; 1, Aga16B; 2, SdNABH purified by affinity
chromatography. (B) TLC analysis of serial enzymatic reaction products of Aga16B and SdNABH with
agarose for producing AHG. (C) HPLC analysis of serial enzymatic reaction products with agarose
for producing AHG. Abbreviations: AHG, 3,6-anhydro-L-galactose; AgaDP3, agarotriose; AgaDP5,
agaropentaose; NAB, neoagarobiose; NeoDP4, neoagarotetraose; NeoDP6, neoagarohexaose; TLC,
thin-layer chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

2.2. Enzymatic Production of KDGal from AHG

Because we prepared SdNABH products containing AHG, two-step enzymatic reac-
tions were performed to convert AHG to KDGal. VejAHGD and VejACI, originating from
Vibrio sp. EJY3, which has been reported to metabolize AHG as the sole carbon source, were
overexpressed in E. coli, purified, and identified by SDS-PAGE based on their theoretical
molecular weights of 53.3 kDa and 40.4 kDa, respectively (Figure 3A). We confirmed that
AHG was converted to AHGA, an intermediate of the AHG metabolic pathway in Vibrio sp.
EJY3 by VejAHGD (Figure 3C). Subsequently, we also observed that a peak corresponding
to KDGal appeared, whereas a peak corresponding to AHGA disappeared after incubation
with VejACI using GC-MS. In addition, the production of AHGA and KDGal was verified
by comparing the mass fragmentation patterns of AHG, AHGA, and KDGal that were
produced in this study with those observed in a previous study [10] (Figure 4). In partic-
ular, the generation of unique daughter ions at 247 and 290 m/z for AHGA and KDGal,
respectively, was observed in the GC-MS analysis (Figure 4B,C).
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Figure 3. Enzymatic production of KDGal from AHG. (A) SDS-PAGE analysis of the purified recom-
binant VejAHGD and VejACI. (B) TLC analysis of serial enzymatic reaction products of VejAHGD
and VejACI with SdNABH reaction products for producing KDGal. (C) GC-MS total ion chro-
matograms of serial enzymatic reaction products of VejAHGD and VejACI with SdNABH reaction
products. Abbreviations: AHG, 3,6-anhydro-L-galactose; AHGA, 3,6-anhydrogalactonate; KDGal, 2-
keto-3-deoxy-L-gaclatonate; KDGlc, 2-keto-3-deoxy-D-gluconate; GC-MS, gas chromatography–mass
spectrometry; TLC, thin-layer chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.

While the peak corresponding to AHG disappeared, the peaks corresponding to
AgaDP3 and AgaDP5 were observed in TLC analysis (Figure 3B).
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Figure 4. Analysis of the enzymatic reaction products of VejAHGD and VejACI with AHG by GC-MS.
The mass spectra of (A) AHG, (B) AHGA, and (C) KDGal. Abbreviations: AHG, 3,6-anhydro-
L-galactose; AHGA, 3,6-anhydrogalactonate; KDGal, 2-keto-3-deoxy-L-gaclatonate; GC-MS, gas
chromatography–mass spectrometry.

2.3. Purification of KDGal from the Enzymatic Reaction Product Mixture

The purification process is essential for obtaining high-purity KDGal. After the en-
zymatic reaction with VejACI, the reaction product mixture contained KDGal along with
AgaDP3 and AgaDP5, which are the products of the NABH reaction with NeoDP4 and
NeoDP6, respectively (Figure 3B). Molecules with different molecular weights can be sepa-
rated based on their size as they pass through a size-exclusion chromatography column.
Because there is a large difference between KDGal, with a molecular weight of 178.14 g/mol,
and AgaDP3 and AgaDP5, with molecular weights of 486.4 and 792.7 g/mol, respectively,
KDGal was able to be easily separated from the mixture containing AgaDP3 and AgaDP5
using size-exclusion chromatography (Figure 5).

 

Figure 5. TLC analysis of purified KDGal from reaction products of VejACI. Abbreviations: KDGal,
2-keto-3-deoxy-L-gaclatonate; KDGlc, 2-keto-3-deoxy-D-gluconate; TLC, thin-layer chromatography.
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3. Discussion

KDGal, a keto-deoxy sugar that has the potential to be used as a precursor in pharma-
ceutical production, is found in the catabolic pathway of AHG, which is one of the major
monomeric sugars in red macroalgal agarose. As a proof of concept, we have demonstrated
that KDGal, produced from plant-derived D-galacturonate so far, can also be produced
from marine macroalgal agarose in this study.

Prior to KDGal production, AHG was produced with AgaDP3 and AgaDP5 from
agarose by enzymatic hydrolysis. For depolymerization of agarose, the unique properties
of agarose should be considered. Agarose can exist in either the sol or the gel state. Agarose
in the gel state has lower accessibility to enzymes than agarose in the sol state. Thus, it
is important to maintain agarose in the sol state to saccharify it efficiently, which means
that agarose saccharification should be performed above the sol–gel transition tempera-
ture of agarose [20]. In addition, the near-insolubility of agarose hinders its enzymatic
depolymerization. Therefore, initial pretreatment is necessary to increase the solubility
of agarose in water. Chemical pretreatment of agarose has been reported to have several
drawbacks, including the formation of salts and the necessary use of additional enzymes
for complete depolymerization of agarose into monomeric sugars [22–24]. Moreover, it
has been reported that AHG residues seem to be unstable under the mild acid conditions,
leading to overdegradation of AHG to 5-hydroxymethylfurfural, ultimately leading to a
lower yield of KDGal [25]. Thus, to overcome these drawbacks, enzymatic liquefaction,
which can replace chemical pretreatment, has been suggested [20]. Therefore, the impor-
tance of thermostable ento-type β-agarases in the depolymerization of agarose has been
highlighted previously [20].

Thus far, β-agarase has been the most reported and characterized agar-degrading en-
zyme. Aga16B is an enzyme with an optimal temperature of 60 ◦C, the highest temperature
among those β-agarases that produce NeoDP4 or NeoDP6 as the major end products [26].
In addition, we selected Aga16B for agarose hydrolysis because Aga16B produces NeoDP4
and NeoDP6 as the main products and rarely produces neoagarobiose (NeoDP2). In the
NAOH reaction, NeoDP2 is degraded into AHG and D-galactose, which have a small differ-
ence in size, making the final KDGal purification step using size-exclusion chromatography
difficult. Therefore, considering the final purification process, Aga16B, an endo-type β-
agarase that does not produce NeoDP2, is an appropriate choice for saccharifying agarose.

KDGal production was finally achieved using a two-step enzymatic reaction carried
out by VejAHGD and VejACI. Regarding KDGal production from SdNABH enzymatic
reaction products containing mainly AHG, AgaDP3, and AgaDP5, AgaDP3 and AgaDP5
remained after two-step enzymatic reactions of VejAHGD and VejACI, while AHG was
converted to KDGal (Figure 3). VejAHGD has been revealed to display very high substrate
specificity toward AHG [27]. While most aldehyde dehydrogenases are known to have
broad substrate specificities toward various aldehyde substrates, VejAHGD showed almost
no activity toward other aldehyde sugars, including D-galactose, which has been associated
with the unique structure of its substrate, AHG, comprising a bridged bicyclic structure [27].
Although the purification process for separating AHG from AgaDP5 and AgaDP3 in KDGal
production was omitted, owing to the high substrate specificity of VejAHGD, only the
desired reaction, that is, oxidation of AHG without additional byproducts, was achieved.
This is advantageous in reducing the number of overall processing steps by omitting the
purification step prior to VejAHGD reaction.

The purification process was essential since the reaction product mixture contained
KDGal along with AgaDP3 and AgaDP5 after the enzymatic reaction with VejACI. We
separated KDGal from the remaining AgaDP3 and AgaDP5 using size-exclusion chro-
matography with distilled water as the eluent. To simplify the purification step, agarose
was intentionally hydrolyzed into NeoDP4 and NeoDP6 using Aga16B. If agarose had
been hydrolyzed into NeoDP2, it would have been degraded into AHG and D-galactose
by SdNABH. The final enzymatic reaction mixture then would have contained KDGal
and D-galactose, which have similar molecular weights, thereby making it much more
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difficult to purify KDGal from the enzymatic reaction mixture containing D-galactose using
size-exclusion chromatography. Therefore, in this case, although the hydrolysis of agarose
into NeoDP4 and NeoDP6 would result in a lower yield of KDGal than that obtained by
decomposing agarose into NeoDP2, it has the advantage of being a simpler purification
process. Another advantage is the AOSs, including AgaDP3 and AgaDP5 obtained as
byproducts; they are known to have prebiotic, antioxidant, and anti-inflammatory activities
and can therefore be utilized as high value-added products [15–19].

In addition to these advantages, the use of water, a non-toxic solvent as an eluent
also provides an advantage in the purification step of this KDGal production process,
whereas toxic solvents, such as methanol and chloroform, have been used as eluents for
adsorption chromatography for the purification of AHG, which is the substrate for KDGal
production [28]. This makes the purification of KDGal simpler and safer.

This study shows that agarose, one of the major carbohydrate components of red
macroaglae, can also be used for the production of KDGal via enzymatic reactions and a
simple purification process.

4. Materials and Methods

4.1. Overexpression and Purification of Recombinant Proteins

To produce KDGal from agarose, four recombinant enzymes were used: endo-type
β-agarase (Aga16B originating from Saccharophagus degradans 2-40T) [20], NAOH (SdNABH
originating from S. degradans 2-40T) [21], AHGD (VejAHGD originating from Vibrio sp.
EJY3) [10,27], and AHGA cycloisomerase (VejACI originating from Vibrio sp. EJY3) [10]. To
produce the recombinant enzymes, each plasmid encoding each protein was transformed
into Escherichia coli BL21(DE3) by using the heat-shock method, and transformants were
selected on agar plates containing 100 μg/mL ampicillin (Sigma-Aldrich, St. Louis, MO,
USA). E. coli BL21(DE3) harboring genes encoding each of the proteins was grown at 37 ◦C
in Luria-Bertani (LB; BD, San Jose, CA, USA) medium containing 100 μg/mL ampicillin
until the mid-exponential phase of growth. Protein overexpression was induced by adding
0.5 mM IPTG (Sigma-Aldrich, St. Louis, MO, USA) for Aga16B, SdNABH, and VejACI
or 0.2% L-(+)-arabinose (Sigma-Aldrich, St. Louis, MO, USA) for VejAHGD at 16 ◦C for
16 h. The cell pellet was collected by centrifugation at 6000 rpm for 30 min at 4 ◦C and
resuspended in ice-cold Tris-HCl buffer (pH 7.4). Cell disruption was then performed
using a sonicator (Branson Korea, Gunpo, Korea). The supernatant was collected by
centrifugation at 16,000 rpm for 30 min at 4 ◦C to purify the soluble recombinant protein.
The overexpressed recombinant protein was further purified via affinity chromatography
using a HisTrap column (GE Healthcare Life Sciences, Piscataway, NJ, USA), followed
by desalting and concentration using an Amicon ultrafiltration membrane (Millipore,
Burlington, MA, USA). The protein concentration was determined using a BCA protein
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The purified recombinant enzymes
were identified using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) based on their theoretical molar mass.

4.2. Enzymatic Production of AHG from Agarose

To produce AHG as a substrate for KDGal production, we performed enzymatic
depolymerization of agarose using the recombinant enzymes Aga16B and SdNABH. To
produce NAOSs from agarose, including NeoDP4 and NeoDP6, 4 mg of Aga16B was added
to 100 mL of 2% (w/v) agarose (agarose, for molecular biology, Sigma-Aldrich, St. Louis,
MO, USA) in 20 mM Tris-HCl (pH 7.4), and the reaction mixture was incubated at 50 ◦C
overnight. To produce AHG from Aga16B reaction products, NeoDP4 and NeoDP6, 2 mg
of SdNABH was then added to the Aga16B reaction mixture, followed by incubation at
30 ◦C for 5 h.
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4.3. HPLC and TLC Analyses

The enzymatic reaction products of Aga16B and SdNABH were analyzed using high-
performance liquid chromatography (HPLC; Agilent Technologies, Santa Clara, CA, USA)
equipped with a Rezex ROA-Organic Acid H+ (8%) column (Phenomenex, Torrance, CA,
USA) and a refractive index (RI) detector (Agilent Technologies, Santa Clara, CA, USA).
The temperature of the column and RI detector was set to 50 ◦C. The column was eluted
using 0.005 N H2SO4 as the mobile phase at a flow rate of 0.6 mL/min.

The enzymatic reaction products of Aga16B and SdNABH were also identified using
thin-layer chromatography (TLC). Each enzymatic reaction product (1 μL) was loaded
onto silica gel 60 TLC plates (Merck, Darmstadt, Germany), which were developed with
a mobile phase consisting of n-butanol, ethanol, and water (3:1:1, v/v/v). The plate was
visualized using 10% (v/v) H2SO4 and 0.2% (w/v) 1,3-dihydroxynaphthalene in ethanol, as
previously described [28].

4.4. Enzymatic Production of KDGal from AHG

Two recombinant enzymes, VejAHGD and VejACI, were used to convert AHG to
KDGal. First, to oxidize AHG into AHGA using AHGD, VejAHGD was added to the
NABH reaction products containing mainly AHG, AgaDP3, and AgaDP5. The AHGD
reaction mixture containing 2 mM AHG, 3 mM NAD+ as a cofactor, and 0.05 mg/mL
of VejAHGD was incubated at 30 ◦C and 100 rpm. After 12 h, 0.05 mg/mL of VejACI
was finally added to the reaction product of VejAHGD to isomerize AHGA into KDGal.
Subsequently, the reaction mixture was incubated at 30 ◦C and 100 rpm for 12 h.

4.5. GC-MS Analysis of KDGal

To confirm the production of KDGal, the enzymatic reaction products of VejAHGD and
VejACI were analyzed using gas chromatography–mass spectrometry (GC-MS). For GC-MS
analysis, the reaction products of VejAHGD and VejACI were derivatized as previously
described [10]. Before the derivatization step, the enzymatic reaction mixtures of VejAHGD
and VejACI were centrifuged at 4 ◦C and 16,000 rpm for 5 min. Then, 20 μL of the
supernatant was dried for 1 h using a speed vacuum evaporator, and methoxyamination
and trimethylsilylation were subsequently performed for derivatization. Briefly, 10 μL
of 40 mg/mL methoxyamine hydrochloride in pyridine (Sigma-Aldrich, St. Louis, MO,
USA) was added to the dried sample and incubated at 30 ◦C. After 90 min, the sample was
treated with 45 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min at 37 ◦C. The chemically derivatized samples were analyzed
using an Agilent 7890A GC/5975C MSD system (Agilent Technologies, Santa Clara, CA,
USA) equipped with a DB5-MS column (30 m length, 0.25 mm diameter, and 0.25 μm film
thickness, Agilent Technologies). The derivatized sample, 1 μL in volume, was injected
into the GC column in the splitless mode. The oven was programmed to maintain an
initial temperature of 100 ◦C for 3.5 min and then for the temperature to be increased to
160 ◦C at 15 ◦C/min and held for 20 min, increased to 200 ◦C at 20 ◦C/min and held for
20 min, and finally to 280 ◦C at 20 ◦C/min and held for 5 min. Electron ionization was
performed at 70 eV, and the temperature of the ion source was 230 ◦C. The mass range was
85–700 m/z. The reaction products of VejAHGD and VejACI were also analyzed using TLC,
as described above.

4.6. Purification of KDGal from the Enzymatic Reaction Mixture

For the purification of KDGal from the enzymatic reaction mixtures, size-exclusion
chromatography using Bio-Gel P-2 Gel (Bio-Rad, Hercules, CA, USA) was performed.
Distilled water was used for elution at a flow rate of 0.3 mL/min. To obtain high-purity
KDGal, the fractions containing only KDGal were collected and freeze-dried. The purified
KDGal was finally analyzed using TLC.
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Abstract: The glycoside hydrolase family 17 β-1,3-glucanase of Vibrio vulnificus (VvGH17) has two
unknown regions in the N- and C-termini. Here, we characterized these domains by preparing
mutant enzymes. VvGH17 demonstrated hydrolytic activity of β-(1→3)-glucan, mainly producing
laminaribiose, but not of β-(1→3)/β-(1→4)-glucan. The C-terminal-truncated mutants (ΔC466 and
ΔC441) showed decreased activity, approximately one-third of that of the WT, and ΔC415 lost almost
all activity. An analysis using affinity gel containing laminarin or barley β-glucan revealed a shift in
the mobility of the ΔC466, ΔC441, and ΔC415 mutants compared to the WT. Tryptophan residues
showed a strong affinity for carbohydrates. Three of four point-mutations of the tryptophan in the
C-terminus (W472A, W499A, and W542A) showed a reduction in binding ability to laminarin and
barley β-glucan. The C-terminus was predicted to have a β-sandwich structure, and three tryptophan
residues (Trp472, Trp499, and Trp542) constituted a putative substrate-binding cave. Linker and
substrate-binding functions were assigned to the C-terminus. The N-terminal-truncated mutants
also showed decreased activity. The WT formed a trimer, while the N-terminal truncations formed
monomers, indicating that the N-terminus contributed to the multimeric form of VvGH17. The results
of this study are useful for understanding the structure and the function of GH17 β-1,3-glucanases.

Keywords: glucanase; Vibrio; carbohydrate-binding domain; glycoside hydrolase family 17

1. Introduction

Marine algae convert marine carbon into algal polysaccharides by photosynthesis.
Algal polysaccharides are made up of a variety of glycans. The recycling of algal polysac-
charides into carbon dioxide gives us a better understanding of the global marine carbon
cycle [1]. Recently, the involvement of marine bacteria in this cycle has been gradually
revealed [2]. Laminarin is a major glucose polymer found in marine environments [3].
Therefore, an understanding of the mechanisms underlying the degradation of large algal
polysaccharides by enzymes and their modules is useful in order to produce sustainable
and renewable raw materials for use in valuable compounds, feeds, and fuels [4].

Endo-β-1,3-glucanases catalyze the hydrolysis of internal β-(1→3)-glucosidic linkages.
Endo-β-1,3-glucanases mainly belong to the enzyme families GH16, GH17, and GH3 [5].
The GH16 family is mainly composed of bacterial enzymes that catalyze β-(1→3)-glucan
and β-(1→3)/β-(1→4)-glucan [6]. Laminarin is a natural β-(1→3)-glucan with occasional
β-(1→6)-glucosyl branches found in marine micro- and macroalgae. Bacteria degrade and
metabolize laminarin as a source of glucose [7–12]. The successive hydrolysis of laminarin
by GH16 enzymes and GH3 enzymes, a family containing various kinds of glycosidases,
has been reported [13–18]. On the other hand, the GH17 family is mainly composed
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of plant and fungal enzymes. They are classified as pathogen-related proteins [19–21]
that contribute to the degradation and biosynthesis of the cell wall. Recently, many GH17
bacterial enzymes have been discovered due to the progress made in sequencing technology;
however, the biological functions of bacterial enzymes are still unclear. Studies have shown
that proteobacterial species produce an antibiotic biofilm via GH17 glucosyltransferase
activity [22,23]. Another study reported that glucosyltransferase activity was modulated to
a glucanase activity by a single mutation [24].

The CAZy database provides the taxonomic distribution of the GH17 family (cazy.
org/IMG/krona/GH17_krona.html, accessed on 23 February 2022), revealing that a large
number of bacterial enzymes are found within the phylum Proteobacteria (recently renamed
Pseudomonadota). Within Proteobacteria, GH17 enzymes are commonly found within the
genus Pseudomonas, with its diverse members and metabolism. While many Vibrio species,
which belong to the class Gammaproteobacteria, have GH16 enzymes, a limited number
possess enzymes of the GH17 family. The genome of V. vulnificus has been sequenced
and annotated, and sequence analysis has revealed that one GH16 enzyme (VvGH16) and
one GH17 enzyme (VvGH17) exist adjacently in the genome. One GH3 enzyme is located
close to the other two enzymes. On the other hand, three GH16 (VbGH16A, VbGH16B,
and VbGH16C) and one GH17 (VbGH17A) enzyme of Vibrio breoganii 1C10 have been
characterized [25].

Several CAZymes have various domains in addition to the catalytic domain, including
carbohydrate-binding modules (CBMs) [26–28]. These domains are involved in carbohy-
drate binding. Tryptophan is an important amino acid residue in carbohydrate binding [26].
The VvGH17 C-terminus has several tryptophan residues. Therefore, we predicted that this
region may have functions, such as carbohydrate binding, that can increase the catalytic
efficiency or specificity. In this study, we characterized GH17 β-1,3-glucanase of V. vulnificus
to clarify the unknown region of the protein and found that the N- and C- terminal regions
were affiliated with the assembly of monomeric subunits into the multimeric form and the
affinity for the substrate, respectively.

2. Results

2.1. Bioinformatic Analysis of VvGH17

VvGH17 is composed of 615 amino acids (AAs) comprising 1–22 AAs as signal pep-
tides, 23–86 AAs as an unknown N-terminal region (Uk-N), 87–415 AAs as the GH17
domain, and 416–615 AAs as an unknown C-terminal region (Uk-C) (Figure 1a). Secondary
structure prediction showed that Uk-N had a random coil structure, while Uk-C was com-
posed of a β-sheet structure. The structure of VvGH17 was predicted using AlphaFold2 [29]
(Figure 1b). The GH17 domain and C-terminus of Uk-C were predicted to have a (β/α)8
barrel structure and a β-sandwich structure, respectively. It was expected that the Uk-C
structure possessed some function. Therefore, we attempted to characterize the impact of
Uk-N and Uk-C on the catabolic properties of the enzymes.
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Figure 1. Sequence and predicted structure of VvGH17. (a) The scheme of VvGH17. SP—signal
peptide; Uk-N—unknown N-terminal region; GH17—catalytic domain of GH17; Uk-C—unknown
C-terminal region. Characters highlighted in yellow and those highlighted in black in the sequences
are predicted α-fold and β-sheet structures, respectively. (b) Predicted three-dimensional structure.
Colors are related to the truncated mutation region in this study.

2.2. Biochemical Properties of VvGH17

VvGH17 was produced in an Escherichia coli expression system and isolated using a
TALON affinity resin (Takara Bio, Otsu, Japan). The purified enzyme (20 mg) was obtained
from one liter of medium and showed a single band of approximately 63 kDa on SDS-PAGE.
The optimal temperature and pH were 50 ◦C and 5.0–6.5, respectively (Figure 2a,b). The
temperature required for the half inactivation of the hydrolysis activity of VvGH17 at
30 min was 47 ◦C (Figure 2c). The activity of VvGH17 decreased by approximately 80% in
the presence of 0.5 M NaCl and retained the activity up to 4.0 M (Figure 2d). The specific
activity of VvGH17 in optimal conditions was 65.5 U/mg. VvGH17 hydrolyzed curdlan
(insoluble β-(1→3)-glucan) and laminarin, mainly producing laminaribiose, glucose, and
laminaritriose; it did not hydrolyze barley β-glucan, which as β-(1→3)- and β-(1→4)-
linkages (Figure 2e). The products of laminarin hydrolysis by VvGH17 were monitored
from 0 to 60 min using gel filtration; the results revealed that VvGH17 hydrolyzed laminarin
via an endolytic mechanism (Figure 2f).
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Figure 2. Characterization of VvGH17. (a) The effect of temperature on VvGH17 activity. The enzyme
reaction was conducted in a mixture containing 50 mM MES buffer (pH 6.0), 1% (w/v) laminarin,
and 0.02 mg/mL VvGH17 at 20–70 ◦C for 10 min. (b) The effect of pH on VvGH17 activity. The
enzyme reaction was conducted in a mixture containing 1% (w/v) laminarin, 0.02 mg/mL VvGH17,
and 100 mM Britton–Robinson buffer (pH 4.0–10.0) at 45 ◦C for 10 min. (c) The effect of temperature
on VvGH17 stability. A mixture containing 50 mM MES buffer (pH 6.0) and 0.2 mg/mL VvGH17 was
incubated at the indicated temperature for 30 min and placed on ice for 10 min. Then, the enzyme
activity was assayed in a mixture containing 50 mM MES buffer (pH 6.0), 1% (w/v) laminarin, and
0.02 mg/mL VvGH17 at 45 ◦C for 10 min. (d) The effect of NaCl on VvGH17 activity. The enzyme
reaction was conducted in a mixture containing 50 mM MES buffer (pH 6.0), 1% (w/v) laminarin,
0.02 mg/mL VvGH17, and 0–4.0 M NaCl at 45 ◦C for 10 min. (e) Thin layer chromatography (TLC)
analyses of the hydrolysis products obtained using VvGH17. One microliter of each reaction mixture
was applied for TLC analysis. Mk—marker of glucose and laminaripentaose; ‘−’—without VvGH17;
‘+’—with VvGH17. 1©—curdlan; 2©—laminarin; 3©—β-glucan. (f) Gel filtration chromatography
analysis for the hydrolysis of laminarin by VvGH17.

2.3. C-terminal-Truncated Mutant

C-terminal-truncated mutants of VvGH17 were constructed for the characterization
of Uk-C. The position from 87–415 AA was demonstrated as the conserved domain of
GH17. Therefore, Uk-C was defined as the position from 416–615 AA in VvGH17, and
the three C-terminal-truncated mutants (ΔC466, ΔC441, and ΔC415) were constructed
(Figure 3a). Recombinant proteins of the three mutants were successfully expressed, and
we evaluated the enzyme kinetics (Figure 3b, Table 1). The enzyme kinetics kcat/Km of the
WT toward laminarin was 93.0 mM−1 s−1, and 32.8 and 30.5 mM−1 s−1 for ΔC466 and
ΔC441, respectively, which are approximately one-third of the kcat/Km values in the WT.
The kcat/Km values of ΔC415 were less than 2% of those in the WT. To confirm whether the
loss of activity in ΔC415 was derived from folding, the secondary structure was compared
using circular dichroism (CD) spectroscopy (Figure 3c). The difference in the CD spectrum
(deg cm2 dmol−1) between 210 and 230 nm may be a result of the deletion of the C-terminus
in VvGH17. From these results, the truncation of the C-terminus in Uk-C (AA 442–615)
resulted in a decrease in the catalytic efficiency of VvGH17, and the truncation of the whole
Uk-C (416–615 AA) caused the loss of the majority of its activity, suggesting that this is an
essential region.
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Figure 3. C-terminal-truncated mutants of VvGH17. (a) Scheme of C-terminal-truncated mutants.
(b) Enzyme kinetics using laminarin as a substrate. The kcat/Km value of the WT (93.0 mM−1 s−1)
was set at 100%, and the relative values of the other mutants are indicated in the figure. (c) CD spectra
of the WT and mutants. WT—black line; ΔC466—blue line; ΔC441—red line; ΔC415—pink line.

Table 1. Enzyme kinetics of VvGH17 and mutants using laminarin as a substrate.

kcat/Km (mM−1 s−1) kcat (s−1) Km (mM−1)

VvGH17 93.0 148 1.60
ΔC466 35.3 81.7 2.49
ΔC441 32.7 87.6 2.87
ΔC415 0.2 1.4 9.39
ΔN50 67.5 143.3 2.12
ΔN65 24.7 86.8 3.52

2.4. Affinity Gel Analysis of C-Terminal-Truncated Mutants of VvGH17

The truncation of the VvGH17 C-terminus revealed that this region affects the enzyme
kinetics (kcat and Km). This indicates that Uk-C has the potential for carbohydrate binding.
To investigate the Uk-C function further, affinity gel analysis was performed (Figure 4).
The WT and three C-terminal-truncated mutants showed two bands with and without
substrates. The two bands were confirmed as monomers and oligomers (trimer) of the
enzyme, as discussed in Section 2.7. Bovine serum albumin (BSA) was used as a marker
protein for the mobility shift assay. No affinity toward curdlan was found in the tested
enzymes, compared to the gel without substrate. The mobility of the WT monomer was
clearly shifted from below the BSA band (without substrate) to upper the BSA band in the
gels, confirming its affinity toward laminarin and β-glucan.
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Figure 4. Affinity gel analysis of the WT and C-terminal-truncated mutants of VvGH17. (a) Affinity
gel without substrate; (b) gel containing curdlan; (c) gel containing laminarin; (d) gel containing
barley β-glucan. Asterisks show the WT monomer bands. The dashed lines show the mobility of BSA.

2.5. Affinity Gel Analysis of Uk-C and Point Mutants of VvGH17

The affinity of Uk-C and the C-terminus of VvGH17 toward laminarin and β-glucan
was revealed. To confirm the important amino acids for substrate binding, point mutants
of Uk-C and VvGH17 were constructed. Affinity toward substrates was also evaluated by
the mobility as compared with BSA (Figure 5). The mobility of Uk-C in the gel contain-
ing laminarin and β-glucan was decreased compared to the gel without substrate. This
indicated that Uk-C had a binding ability for laminarin and β-glucan. Tryptophan is an
important amino acid for carbohydrate binding [26]. Therefore, we mutated four trypto-
phans in Uk-C to alanines (W472A, W499A, W542A, and W567A), and the affinity was
evaluated by mobility shift assays. The WT and four mutants showed the same mobilities
without a substrate. The mobilities of W472A, W499A, and W542A in the gel containing
laminarin and β-glucan differed from those of the WT and W567A. The decreased mobility
of W472A, W499A, and W542A indicated reduced binding ability, suggesting that the three
tryptophans are essential amino acids for substrate binding.

Figure 5. Affinity gel analysis of the WT, point mutants of VvGH17, and Uk-C. (a) Affinity gel
without substrate; (b) gel containing laminarin; (c) gel containing barley β-glucan. Asterisks indicate
the monomer bands showing different mobility. The dashed lines show the mobility of BSA.

2.6. Prediction of Uk-C Structure and Function

We attempted to clarify the relationship between the predicted three-dimensional
structure of Uk-C (AA 441–615 of VvGH17) and the binding ability of the mutants. The
predicted Uk-C had two domains: the N-terminus of Uk-C (AA 416–462 of VvGH17) was
predicted to be a linker between GH17 and the binding region, and the C-terminus of
Uk-C (AA 463–615 of VvGH17) was predicted to be a β-sandwich structure with a possible
carbohydrate-binding ability (Figure 1b). Three tryptophan residues (Trp472, Trp499, and
Trp542) were located in the putative substrate binding region in the β-sandwich structure
(Figure 6). On the other hand, the predicted structure suggested that Trp567 was located
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outside of the putative substrate binding region. The results of the mutation experiments
agreed with the predicted structure.

Figure 6. Structural prediction of the C-terminus of VvGH17. AA 441-615 of VvGH17 as predicted by
AlphaFold2. Colors from blue to red show the sequence from AA 441 to 615. The locations of the four
tryptophans (Trp472, Trp499, Trp542, and Trp567) are indicated.

2.7. N-Terminal-Truncated Mutants of VvGH17

The catalytic domain of VvGH17 was mapped from AA 87 to 415, and AA 1–22 of
VvGH17 were predicted as a signal peptide. The function of the N-terminus in VvGH17
(AA 23–86) was unclear. Therefore, we constructed two N-terminal-truncated mutants
(ΔN50 and ΔN65) and evaluated their activity (Figure 7). The kcat/Km values of ΔN50
and ΔN65 toward laminarin were 67.5 and 24.7 mM−1 s−1, respectively. The predicted
three-dimensional structure of VvGH17 showed that the region of AA 51–65 was composed
of the bottom of the (β/α)8 barrel structure (Figure 1b). Consequently, the loss of this region
in the ΔN65 mutant led to structural instability, resulting in decreased catalytic efficiency
(Kcat/km) (Table 1).

Figure 7. N-terminal-truncated mutants of VvGH17. (a) Scheme of N-terminal-truncated mutants.
(b) Enzyme kinetics using laminarin as substrate. The kcat/Km value of the WT (93.0 mM−1 s−1)
was set at 100% and the relative values of the other mutants are indicated in the figure. (c) Blue
native PAGE of the WT and N- and C-terminal-truncated mutants. *—WT monomer; **—putative
WT trimer from molecular weight.
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Two bands from the WT and C-terminal-truncated mutants were observed in native
PAGE, as shown in Section 2.4. To confirm the assembly of monomeric subunits into the
multimeric form, blue native PAGE was performed for the WT and N- and C-terminal-
truncated mutants (Figure 7c). The WT and ΔC466 mutant clearly showed two bands
(monomers and putative trimers from the molecular mass), while ΔN50 and ΔN65 showed
a single band corresponding to the monomer.

3. Discussion

In this study, we characterized the GH17 enzymes of V. vulnificus using an E. coli
expression system. Functionally, GH17 enzymes have been reported to be β-(1→3)-glucan
hydrolases and transglycosylases. In particular, endo-type β-(1→3)-glucanases are clas-
sified into the enzyme commission (EC) number EC 3.2.1.6 endo-1,3(4)-β-glucanase; EC
3.2.1.39 represents glucan endo-1,3-β-D-glucosidase; and EC 3.2.1.73 indicates licheni-
nase. Our results showed that VvGH17 was classified into EC 3.2.1.39 due to its endolytic
mechanism and specificity for β-(1→3)-glucan.

VvGH17 produced laminaribiose as the main product regardless of soluble and insol-
uble β-(1→3)-glucans, showing its potential for oligosaccharide production. The amino
acid identity between VvGH17 and VbGH17A from V. breoganii 1C10 was low (42% iden-
tity). VbGH17A contains a signal peptide, the GH17 catalytic domain, and an unknown
region of the C-terminus from amino acid (AA) 411 to 634 [18]. The catalytic domains of
VvGH17 and VbGH17A shared 56% identity; however, the identity between the C-termini
was low (21%). The hydrolysis products of VbGH17A were oligosaccharides, which were
larger than a degree of polymerization (DP) of 4. V. breoganii 1C10 has four endo-type
β-(1→3)-glucanases, which presumably show synergic activity during the hydrolysis of
β-(1→3)-glucans. On the other hand, V. vulnificus has two endo-type β-(1→3)-glucanases.
We expected several enzymes; however, there was only GH16, which had 57% identity with
VbGH16A and produced mainly DP 3 and 4. The GH3 enzymes of Vibrio sp. have been
shown to have activity toward laminaribiose [30]. Therefore, V. vulnificus may metabolize
β-(1→3)-glucan by producing small DP oligosaccharides using two endo-type enzymes
and then hydrolyzing them using the GH3 enzyme.

In this study, we identified the Uk-C as a carbohydrate binding-domain. VvGH17
formed a trimer, and the complex structure also showed carbohydrate binding activity. It
can be concluded that the N-terminal region is affiliated with the trimerization of VvGH17.
A more detailed structure-function analysis is needed. Uk-C showed binding activity with
β-(1→3)-glucan and β-(1→3)/β-(1→4)-glucan and no binding activity with curdlan, an
insoluble triple helix β-(1→3)-glucan. The TLC results indicated that VvGH17 hydrolyzed
curdlan as well as laminarin without the assistance of Uk-C (Figure 2e). This study in-
vestigated the affinity of Uk-C for insoluble curdlan, but not the affinity for curdlan gel.
Therefore, the binding specificity of Uk-C for a linear β-(1→3)-glucan should be further
investigated. Curdlan is produced by the soil bacterium Agrobacterium sp., and V. vulnificus
is a marine bacterium. Therefore, Uk-C might be specific for the marine polysaccharide
laminarin. Laminarin is a soluble β-(1→3)-glucan with a β-(1→6)-glycosyl side chain.
The difference in polysaccharide structure could affect the binding specificity. CBMs are
classified into three types by their ligand binding sites. A-type CBMs recognize crys-
talline polysaccharide-like cellulose and chitin. B-type CBMs recognize a single glycan
by binding a cleft or groove. C-type CBMs recognize the glycan terminus by binding
pockets [26]. The Uk-C structure was predicted to be a B-type groove with three trypto-
phan residues. We confirmed that the mutations constituted the groove. Therefore, the
mutation of tryptophan residues decreased the glucan binding ability. A BLAST search of
Uk-C (416–615 AA) showed identity with CBM domains linked to other GH17 enzymes.
A high AA identity of more than 95% was shared with the CBM domains of the GH17
enzymes from Vibrio sp., including V. fluvialis, V. cholerae, V. metoecus, and V. metschnikovii.
A total of 30–70% identities were shared with enzymes from bacterial species, such as
Enterovibrio sp., Porticoccaceae sp., Bacteroidetes sp., and Grimontia sp. (Table S1). The CBMs
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were classified into 89 families in the CAZy database (accessed on 16 February 2022).
Among them, an affinity for β-(1→3)-glucan or β-(1→3)/β-(1→4)-glucan was demon-
strated by 18 families: CBM4, 6, 11, 22, 28, 39, 43, 52, 54, 56, 65, 72, 76, 78, 79, 80, 81, and
85. CBM43, linked to eukaryotic GH17 enzymes, generally consists of 90-100 AAs [31].
The C-terminus of VvGH17 consisted of 150 AAs. Therefore, the sequences of CBMs
belonging to nine families with around 150 AA residues were selected and aligned using
ClustalW (https://www.genome.jp/tools-bin/clustalw, accessed on 23 February 2022)
after removing the His-tag sequence, and we visualized the tree using iTOL [32] (Figure 8).
The C-terminus of VvGH17 showed the closest relationship to the CBM79 cluster. The AA
identity between Uk-C and CBM79 was 15.6-17.2% (Figure S1, Supplementary Materials).
The complete genome sequence of V. vulnificus was determined in 2011 [33], and CBM79
family was recorded in 2016 [34]; however, Uk-C has not been included. In addition, the
Uk-C sequence was not hit by a BLASTP search using CBM79 as query sequence. The dis-
tance of VvGH17 and CBM79 was similar to other CBM clusters (Figure 8), indicating that
Uk-C is a novel soluble β-(1→3)-glucan and β-(1→3)/β-(1→4)-glucan-binding protein.

Figure 8. Phylogenetic tree of VvGH17 C-terminal domain and relatives. The tree was constructed
based on ClustalW pairwise sequence alignment using the iTOL visualizing software. The following
amino acid sequences were used: CBM4, laminarinase 16A from Thermotoga maritima, accession
number (AN)—AAD35118, protein data bank (PDB) —1GUI [35]; CBM6, β-1,3-glucanase from
Alkalihalobacillus halodurans C-125, AN—BAB03955, PDB—1W9T [36]; CBM6, endo-β-1,3-glucanase
from Zobellia galactanivorans, AN—CAZ95067, PDB—5FUI [36]; CBM22, xylanase Xyn10B from
Acetivibrio thermocellus YS, AN—CAA58242, PDB—1DYO [37]; CBM65, endoglucanase (EcCel5A)
from Eubacterium cellulosolvens 5, AN—BAE46390, PDB—2YPJ [38]; CBM72, endoglucanase from
uncultured microorganism, AN—EU449484 [39]; CBM76, GH44 from Ruminococcus flavefaciens, AN—
AAA95959 [34]; CBM78, GH5 from R. flavefaciens, AN—WP_009983134, PDB—4V17 [34]; CBM79,
GH9 from R. flavefaciens, AN—WP_009984389 [34]; CBM85, GH10 xylanase from metagenomic
data, AN—MH727997 [27]; and VvGH17 from 451–615 AA. His-tag sequences from CBM6_5FUI,
CBM65_2YPJ, and CBM78_4V17 were removed. The alignment of the tree and VvGH17 and CBM79
are shown in Figure S1 and Figure S2, respectively.

4. Materials and Methods

4.1. Materials

Curdlan was purchased from Fujifilm Wako Pure Chemicals Industries Ltd. (Osaka,
Japan); laminarin (Laminaria digitata) was from Sigma-Aldrich Corp. (St. Louis, MO,
USA); and β-glucan (barley; medium viscosity) was from Megazyme International Ireland
Ltd. (Bray, Ireland). Laminaripentaose was prepared by the hydrolysis of curdlan with
KfGH64 [40]. All the other reagents were purchased from Wako Pure Chemical Industries
(Osaka, Japan).

4.2. Bioinformatic Analysis of VvGH17

The GH17 gene from Vibrio vulnificus (hypothetical protein AOT11_01225) was ob-
tained from GenBank (accession no. ASM98089.1). The putative conserved domain was
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searched using BLASTP [41]. The signal peptide was predicted using the SignalP 4.1
server [42]. Secondary structure prediction was performed using the PSIPRED server [43]
and the structure was predicted by AlphaFold2 [29]. Homolog proteins of the C-terminus of
VvGH17 (416–615 AA) were searched by BLASTP with the standard algorithm, excluding
Vibrio vulnificus (taxid: 672); we also removed query covers of less than 40%. A phylogenetic
tree was constructed by pairwise sequence alignment.

4.3. Construction, Expression, and Purification of VvGH17

The expression plasmid of the gene putatively encoding β-(1→3)-glucanase (VvGH17)
was constructed as follows: a codon-optimized mature Vvgh17 gene was synthesized
(Eurofins Genomics) for expression in E. coli harboring NdeI and HindIII sites at 5′ and 3′,
respectively. Then, the Vvgh17 gene was cloned into the NdeI-HindIII site of pET28a to
construct an expression vector of pET28a(VvGH17). The recombinant protein was produced
in E. coli BL21-RIL (DE3) cells (Agilent Technologies, Palo Alto, CA, USA) harboring
pET28a(VvGH17) and was purified as previously described [44]. The protein concentrations
were determined by absorbance at 280 nm using the molar extinction coefficients for
VvGH17 [45].

4.4. Construction of VvGH17 Mutants

The C-terminal-truncated mutants (ΔC466, ΔC441, and ΔC415), N-terminal-truncated
mutants (ΔN50, ΔN65, and UK-C), and point mutants (W472A, W499A, W542A, and
W567A) were constructed by polymerase chain reaction using PrimeSTAR MAX DNA poly-
merase (Takara Bio, Otsu, Japan), primers (Table 2), and pET28a(VvGH17) as a template.

Table 2. Sequences of the primers used in this study.

Primer Name Primer Sequence (5′-3′) Purpose

ΔC466-S TGATGGCAAGCTTGCGGCCGCACTC Truncation of 149 AAs
from C-terminusΔC466-AS GCAAGCTTGCCATCAAACGCGCCGGC

ΔC441-S GACCGGCAAGCTTGCGGCCGCACTC Truncation of 174 AAs
from C-terminusΔC441-AS GCAAGCTTGCCGGTCAGTAATGCACT

ΔC415-S TGCTCCGTGAAAGCTTGCGGCCGCACTC Truncation of 200 AAs
from C-terminusΔC415-AS GCAAGCTTTCACGGAGCAAGAACGGAAT

ΔN50-S CCATATGGGCAACTATCCGACAGCT Truncation of 50 AAsf
rom N-terminusΔN50-AS TAGTTGCCCATATGGCTGCCGCGCGG

ΔN65-S CCATATGGGCAACGCGAATTATCCG Truncation of 65 AAs
from N-terminusΔN65-AS GCGTTGCCCATATGGCTGCCGCGCGG

UK-C-S CCATATGGCCGGCGCGTTTGATGGC Truncation of 410 AAs
from N-terminusUK-C-AS GCGCCGGCCATATGGCTGCCGCGCGG

W472A-S ATCGCAgcgGAAGGTACCGCCTATCTG Mutation of Trp472
to Ala472W472A-AS ACCTTCcgcTGCGATCGCTTCCCCGCC

W499A-S TGGGGTgcgGGAGCGGGCGTCGTGCTC Mutation of Trp499
to Ala499W499A-AS CGCTCCcgcACCCCAGTCTTTTGCAGT

W542A-S GGCCTGgcgGGCAACAACGACCGTCCG Mutation of Trp542
to Ala542W542A-AS GTTGCCcgcCAGGCCGGTCTGAAATCC

W567A-S ACCGAAgcgACAGCCTACACGATTCCG Mutation of Trp567
to Ala567W567A-AS GGCTGTcgcTTCGGTTGAAATGGCACG

Small characters show amino acid mutations from tryptophan to alanine.

4.5. VvGH17 Standard Activity Assay

VvGH17 activity was determined at 45 ◦C for 10 min with an appropriate amount of
enzyme, 1% (w/v) laminarin, and 50 mM 2-morpholinoethanesulfonic acid (MES; pH 6.0).
The amount of reducing sugars was determined using the dinitrosalicylic acid method
(DNS) [46]. One unit of activity was defined as the amount of enzyme that liberated
reducing sugars equivalent to 1.0 μmol glucose per minute. The optimal temperature of
VvGH17 was measured as follows: a reaction mixture containing 1% (w/v) laminarin and
50 mM MES (pH 6.0) was incubated at 22–70 ◦C for 10 min. The optimal pH of VvGH17 was
measured as follows: a reaction mixture containing 1% (w/v) laminarin and 100 mM Britton–
Robinson buffer (a mixture containing sodium acetate buffer, sodium phosphate buffer, and
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glycine–NaOH buffer; pH 4.0–10.0) was incubated at 45 ◦C for 10 min. Temperature stability
was determined by measuring the residual activity after incubation in 50 mM MES (pH 6.0)
at 30–57 ◦C for 30 min. The effect of NaCl was determined using a mixture containing 1%
(w/v) laminarin, 50 mM MES (pH 6.0), and 0–4.0 M NaCl at 45 ◦C for 10 min. The Vmax and
Km with laminarin (0.5–40 mg/mL) were determined by the standard Michaelis–Menten
equation using nonlinear regression (Origin Software, Lightstone Corp., Tokyo, Japan). All
the activity assays were performed in triplicate.

4.6. Analysis of Hydrolysis Products by TLC and Gel Filtration Chromatography

The products of VvGH17 hydrolysis were analyzed by TLC using a silica gel 60 plate
(Merck). The substrates (curdlan, laminarin, and β-glucan: 10 mg/mL) were hydrolyzed
with 0.01 U/mL of VvGH17 for 24 h, and the reaction was terminated by heating at 100 ◦C
for 10 min. The hydrolysis products (1 μL) were developed in ethyl acetate, acetic acid, and
water (2:2:1, v/v/v); sugars were detected by spraying a solution of 10% (v/v) sulfuric acid in
ethanol and then heating at 100 ◦C for 10 min.

The distribution of the hydrolysis products of laminarin was analyzed using high-
performance liquid chromatography (HPLC) with a Superdex Peptide 10/300 GL column
(GE Healthcare UK Ltd., Little Chalfont, UK) and a Corona Charged Aerosol Detector
(Thermo Scientific Inc., Chelmsford, MA, USA). Laminarin (10 mg/mL) was hydrolyzed
with 0.01 U/mL of VvGH17 from 0 to 60 min, and the reaction was terminated by heating
at 100 ◦C for 10 min. The samples were eluted using water with a flow rate of 0.3 mL/min.

4.7. CD Spectroscopy

The secondary structures of VvGH17 were determined by CD spectroscopy using a
J-720WI spectrometer (Jasco Corp. Tokyo, Japan). The proteins were dissolved at a final
concentration of 0.1 mg/mL in 50 mM MES buffer (pH 6.0). The spectra were acquired at
37 ◦C using a 0.2 cm cuvette. The molar ellipticities (per residue) were calculated using the
equation [θ] = 100(θ)/(lcN), where [θ] is the molar ellipticity per residue, (θ) is the observed
ellipticity in degrees, l is the optical path length in centimeters, c is the molar concentration
of the protein, and N is the number of residues in the protein.

4.8. Polyacrylamide Gel Electrophoresis (PAGE) Analysis

The assays for the binding activity of the proteins were performed by affinity gel
electrophoresis, according to the procedure described by Zhang et al. [47]. A stacking
gel containing 3 wt% polyacrylamide in 1.5 M Tris-HCl buffer (pH 8.3), a native gel with
12 wt% polyacrylamide containing 0.1 wt% polysaccharides (curdlan, laminarin, and barley
β-glucan), and a control gel without polysaccharides were prepared. Each protein (1 μg)
was loaded onto the gel, and the gels were electrophoresed at 4 ◦C and 100 V for 3 h. The
gels were then stained with Coomassie brilliant blue G-250 for protein visualization.

Blue native PAGE was performed using a 5–10% gradient gel at 4 ◦C and 150 V
held constant for 3.5 h using an anode buffer (50 mM tricine, 15 mM bis-Tris/HCl, pH
7) and cathode buffer (50 mM tricine, 15 mM bis-Tris/HCl, pH 7, 0.02% (w/v) Coomassie
blue G250).

5. Conclusions

In this study, we characterized the unknown domains of the GH17 β-(1→3)-glucanase
of V. vulnificus. The WT formed a trimer, but the N-terminal truncations formed monomers.
Therefore, the N-terminus contributes to the assembly of monomeric subunits into the mul-
timeric form of VvGH17. The C-terminal region showed an affinity for β-(1→3)-glucan and
β-(1→3)/β-(1→4)-glucan. The C-terminus was predicted to have a β-sandwich structure,
and three tryptophan residues (Trp472, Trp499, and Trp542) were located at the substrate
binding site using mutational analysis. A BLAST search revealed that the C-terminal region
of GH17 was conserved among Gammaproteobacteria. The results of this study are useful
for understanding bacterial GH17 enzymes and oligosaccharide preparation.

123



Mar. Drugs 2022, 20, 250

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md20040250/s1, Table S1: BLAST search result for Uk-C; Figure S1:
AA alignment of Uk-C and CBM79; Figure S2: AA alignment of Figure 8.
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Abstract: Chitooligosaccharides (COSs) have been widely used in agriculture, medicine, cosmetics,
and foods, which are commonly prepared from chitin with chitinases. So far, while most COSs are
prepared from colloidal chitin, chitinases used in preparing COSs directly from natural crystalline
chitin are less reported. Here, we characterize three chitinases, which were identified from the marine
bacterium Pseudoalteromonas flavipulchra DSM 14401T, with an ability to degrade crystalline chitin
into (GlcNAc)2 (N,N’-diacetylchitobiose). Strain DSM 14401 can degrade the crystalline α-chitin in
the medium to provide nutrients for growth. Genome and secretome analyses indicate that this strain
secretes six chitinolytic enzymes, among which chitinases Chia4287, Chib0431, and Chib0434 have
higher abundance than the others, suggesting their importance in crystalline α-chitin degradation.
These three chitinases were heterologously expressed, purified, and characterized. They are all active
on crystalline α-chitin, with temperature optima of 45–50 ◦C and pH optima of 7.0–7.5. They are
all stable at 40 ◦C and in the pH range of 5.0–11.0. Moreover, they all have excellent salt tolerance,
retaining more than 92% activity after incubation in 5 M NaCl for 10 h at 4 ◦C. When acting on
crystalline α-chitin, the main products of the three chitinases are all (GlcNAc)2, which suggests that
chitinases Chia4287, Chib0431, and Chib0434 likely have potential in direct conversion of crystalline
chitin into (GlcNAc)2.

Keywords: chitinases; crystalline chitin; chitooligosaccharides; N,N′-diacetylchitobiose; Pseudoalteromonas

1. Introduction

Chitin is a polymer of N-acetyl-D-glucosamine (GlcNAc) and is the second most
abundant polysaccharide after cellulose in nature. Chitin is mainly present in arthropod
exoskeletons, fungal cell walls, and insect cuticles in a crystalline form, which is intractable,
highly hydrophobic, and insoluble in water [1]. Chitin has three polymorphic isomers,
including α-chitin, β-chitin, and γ-chitin. Among them, α-chitin is the most common form
found in fungi, insect exoskeletons, and shells of crustaceans. α-chitin is harder to degrade
than β-chitin and γ-chitin as it has a higher degree of recalcitrance, which decreases the
accessibility of the individual polymer chains [2]. Colloidal chitin is normally prepared
by treating natural chitin with strong acids to break the crystal structure and increase the
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accessibility of the substrate to enzymes. Therefore, colloidal chitin is usually used as the
substrate for chitinase characterization.

The annual production of chitin in the ocean exceeds billions of tons [3,4], which is
a good source for the production of chitooligosaccharides (COSs) and GlcNAc. Due to
their various bioactive activities, COSs and GlcNAc have been widely applied in agri-
culture, medicine, cosmetics, and foods. For example, COSs have protective effects
against infections and enhanced antitumor properties [5,6]. GlcNAc and (GlcNAc)2 (N,N′-
diacetylchitobiose) can serve as cosmetic ingredients, dietary supplements, and osteoarthri-
tis therapeutics [7–9].

The chitinolytic enzymes contain chitinases (EC 3.2.1.14), mainly from the GH18 and
GH19 families, and β-N-acetylglucosaminidases (EC 3.2.1.52), mainly from the GH20 and
GH3 families. While several β-N-acetylglucosaminidases have been reported to be active
on chitin [10–12], the hydrolysis of chitin into COSs and/or GlcNAc is predominantly
catalyzed by chitinases [13]. Chitinases include endochitinases and exochitinases, which
are widely produced by bacteria [14], fungi [15], and plants [16], playing key roles in
natural chitin degradation and recycling. Many bacteria-derived chitinases have been
characterized, predominantly with colloidal chitin or chitooligosaccharides (or synthetic
chitooligosaccharide analogs) as the substrate. Reported bacterial chitinases are mostly
mesophilic enzymes with optimal temperatures at 40–60 ◦C [17–25]; only a few have been
found to be cold-active enzymes, such as CHI II of Glaciozyma antarctica PI12 (15 ◦C) [26]
and ChiA of Pseudoalteromonas sp. DL-6 (20 ◦C) [27]. The pH optima of bacterial chitinases
are over a wide range. For example, chitinases from Streptomyces chilikensis RC1830 [24],
Pseudoalteromonas tunicata CCUG 44952T [25], and Bacillus sp. R2 [21] showed their highest
activity at neutral pHs (7.0–7.5), those from Micrococcus sp. AG84 [22], Pseudoalteromonas sp.
DC14 [23], and Citrobacter freundii haritD11 [28] at basic pHs (8.0–9.0), and those from
Moritella marina ATCC 15381 [29] and Paenicibacillus barengoltzii CAU904 [17] at acidic pHs
(3.5 and 5.0, respectively). Chitinases are good tools to prepare COSs and GlcNAc from
chitin. Because the natural source of chitin is crystalline chitin, chitinases that can efficiently
hydrolyze crystalline chitin have better application potential in preparing COSs and Glc-
NAc from natural chitin sources than those only active on colloidal chitin. However, so far,
only a few crude enzymes produced by wild strains and recombinant chitinases have been
reported to be used in preparing COSs and GlcNAc from crystalline chitin [27,30–33]. Thus,
it is necessary to identify and characterize more chitinases that can efficiently hydrolyze
crystalline chitin for preparing COSs and GlcNAc from natural chitin sources.

Bacteria of the genus Pseudoalteromonas are widely distributed in the ocean, accounting
for 2–3% of total bacterial abundance in upper ocean waters [34,35]. Many strains in this
genus contain multiple chitinase-encoding genes [36], and some have been reported to
secrete chitinases [18,23,25,27,37,38]. Furthermore, some chitinases from Pseudoalteromonas
have been characterized. The GH18 chitinase Chi23, from Pseudoalteromonas aurantia
DSM6057, is a thermostable enzyme with activity towards crystalline chitin in acidic con-
ditions (pH 3.0–6.0) [18]. The GH18 chitinases ChiA and ChiC from Pseudoalteromonas sp.
DL-6 [27,37] and ChiB from Pseudoalteromonas sp. O-7 [38] are cold-active enzymes with
temperature optima at 20–30 ◦C. The GH19 chitinase Ptchi19 from Pseudoalteromonas tu-
nicata CCUG 44952T was active at 20–50 ◦C and pH 6.0–9.5 [25]. The chitinase purified
from the fermentation broth of Pseudoalteromonas sp. DC14 exhibited halo-alkali and
thermo-stable properties [23]. Despite these studies, Pseudoalteromonas chitinases with
potential in preparing COSs/GlcNAc from natural crystalline chitin have rarely been re-
ported. The aim of this study is to identify and characterize chitinases with activity on
crystalline chitin from marine Pseudoalteromonas bacteria and to evaluate their potential
in preparing COSs/GlcNAc from natural crystalline chitin. In this study, the ability of
26 Pseudoalteromonas type strains to use crystalline chitin as a carbon source for growth was
investigated, and Pseudoalteromonas flavipulchra DSM 14401T (hereafter strain DSM 14401),
which was isolated from surface seawater [39], was found to have the highest degradation
rate on crystalline α-chitin. The extracellular chitinases secreted by strain DSM 14401
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were further identified by genome and secretome analyses. Three chitinases with high
abundance in the secretome were heterologously expressed in Escherichia coli BL21 (DE3)
and biochemically characterized. The hydrolytic products released from crystalline chitin
by these chitinases were further investigated. The results suggest that these chitinases
likely have potential in the preparation of (GlcNAc)2 from natural crystalline chitin.

2. Results and Discussion

2.1. The Ability of Strain DSM 14401 to Utilize Crystalline Chitin

To obtain Pseudoalteromonas strains that can secrete chitinases to efficiently degrade
crystalline chitin, 26 type Pseudoalteromonas strains (Table S1) were cultured in a liquid
medium containing chitin flakes (crystalline α-chitin) as carbon source, and their growth
and the degree of degradation of chitin flakes were observed. Strain DSM 14401 showed
the greatest degradation rate of chitin flakes. This strain was able to degrade most of the
chitin flakes in the medium in 5 days (Figure 1A). The growth curve and the extracellular
chitinase activity of strain DSM 14401 during cultivation were also investigated (Figure 1B).
The strain was cultured in a medium containing 0.05% peptone, 0.01% yeast powder, and
3% chitin flakes; the same medium without chitin flakes was used as a control. Strain DSM
14401 grew rapidly in the first 10 h in both media, with or without chitin flakes. After 10 h,
the growth stagnated in both media, likely due to the depletion of the absorbable nutrients,
such as peptone and yeast powder. After 40 h, while the cell number in the control medium
began to decrease slowly and no extracellular chitinase activity was detected during the
cultivation, both the cell number and the extracellular chitinase activity in the medium
containing chitin flakes began to continuously increase until 68 h (Figure 1B). Based on this
result, it can be speculated that, after absorbable nutrients were depleted, strain DSM 14401
began to secrete chitinases to degrade the chitin flakes in the medium into COSs/GlcNAc,
which were absorbed by the strain to support its growth.

Figure 1. Growth and extracellular chitinase activity of P. flavipulchra DSM 14401T cultured on
crystalline chitin. (A) Cultures of strain DSM 14401 at 25 ◦C for 0 and 5 days. (B) The growth curve
(black line) and the extracellular chitinase activity (red line) of strain DSM 14401. Strain DSM 14401
was cultured in a minimal medium containing 0.05% peptone, 0.01% yeast powder, and 3% (w/v)
chitin flakes at 25 ◦C and 180 rpm. The extracellular chitinase activity was measured with chitin
powder as the substrate at 50 ◦C. Strain DSM 14401 cultured in the same medium without chitin
flakes and under the same conditions was used as the control.
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Paulsen et al. reported that 27 Pseudoalteromonas strains have the ability to degrade
crystalline chitin [36]. Strain Pseudoalteromonas sp. DC14 was also reported to be able to
degrade crystalline chitin [23]. In addition, 5 chitinases from Pseudoalteromonas strains have
been expressed and characterized, including ChiA and ChiC from Pseudoalteromonas sp.
DL-6 [27,37], ChiB from Pseudoalteromonas sp. O-7 [38], PtChi19p from P. tunicata CCUG
44952T [25] and Chi23 from P. aurantia DSM6057 [18]. Among them, chitinases ChiA,
PtChi19p, and Chi23 have activity on crystalline chitin based on substrate specificity
analysis [18,25,27]. These reports indicate that many Pseudoalteromonas strains can produce
chitinases with activity on crystalline chitin. Consistently, strain DSM 14401 was most
likely to secrete chitinases with activity on crystalline chitin due to its high degradation
rate on crystalline α-chitin.

2.2. Identification of the Chitinases Secreted by Strain DSM 14401

To ascertain the chitinolytic enzymes secreted by strain DSM 14401, genomic analysis
was carried out to find putative chitinolytic enzyme-encoding genes in strain DSM 14401.
There are 11 genes encoding putative chitinolytic enzymes in strain DSM 14401, which
were named Chia2822, Chib0431, Chib0434, Chia4287, Chib0889, Chib0721, Chia2290,
Chia3704, Chib0633, Chib0719 and Chib0710. Chia2822, Chib0431, Chib0434, and Chia4287
are potential chitinases belonging to the GH18 family (Figure 2). Of these, Chib0431,
Chib0434, and Chia4287 belong to the GH18A subfamily that mainly contains processive
exochitinases [40–42], and Chia2822 belongs to the GH18B subfamily that mainly contains
non-processive endochitinases [43,44]. Multiple sequence alignments suggest that all these
GH18 chitinases of strain DSM 14401 contain a DxDxE catalytic motif (Figure S1), which is
conserved in the GH18 chitinases [45]. Chitinase Chib0889 belongs to the GH19 family that
mainly contains chitinases found in plants [46]. Two GH19 chitinases, LYS177 and LYS188,
from Pseudomonas Ef1 have been reported to have lysozyme activity and they are clustered
with phage/prophage endolysins based on the phylogenetic analysis [47]. However, the
GH19 chitinase, Chib0889, of strain DSM 14401 was nested in the cluster of chitinases
from Proteobacteria (Figure S2), implying that Chib0889 may function as a chitinase rather
than a lysozyme. Chib0721, Chia2290, Chia3704, Chib0633, and Chib0719 from the GH20
family, and Chib0710 from the GH3 family are potential β-N-acetylglucosaminidases.
The predicted domain architectures of these chitinolytic enzymes are shown in Figure 3.
Except for Chib0710, the other chitinolytic enzymes all have a signal peptide predicted
by SignalP 5.0, implying that they are likely secreted enzymes. Among these enzymes,
Chib0633 and Chib0710 are single-domain enzymes, while the others are all multi-domain
enzymes containing one or more carbohydrate-binding domains (Big_7, CBM_5_12, and
CHB_HEX) in addition to their catalytic domains. The CBMs (carbohydrate-binding
modules) in chitinases were reported to facilitate enzyme movement along a chitin chain
during processive action and to stimulate the substrate to decrystallize [48–51].

Secretome analysis was further performed to identify the chitinolytic enzymes secreted
by strain DSM 14401 cultured in the medium containing 3% chitin flakes as the sole carbon
source. The extracellular proteins tightly absorbed on the chitin flakes were collected
for secretome analysis when approximately half of the chitin flakes in the medium were
degraded after 85 h. Finally, 6 of the putative chitinolytic enzymes were detected in the
secretome. Of these, the 4 GH18 chitinases accounted for 97.50% of the abundance, and the
GH19 and GH20 chitinolytic enzymes each accounted for 1.25% (Table 1), which suggests
the importance of the GH18 chitinases in the degradation of crystalline chitin. Of the GH18
chitinases, Chia4287 was the most abundant (48.75%), followed by Chib0431 (25.00%),
Chib0434 (15.00%) and Chia2822 (8.75%). The five putative β-N-acetylglucosaminidases
with a predicted signal peptide were not found in the secretome, which may be secreted to
the periplasm.
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Figure 2. Phylogenetic analysis of chitinases Chib0431, Chib0434, Chia4287, and Chia2822 with other
GH18 chitinases. The phylogenetic tree was constructed by the Neighbor-Joining method. Bootstrap
analysis of 1000 replicates was conducted.

Table 1. The extracellular chitinolytic enzymes secreted by strain DSM 14401 identified by
secretome analysis.

Chitinolytic
Enzyme

Accession
Number

Family Length (aa)
Molecular

Weight (kDa)
PSMs a Abundance b

Chia4287 WP_039494805 GH18 479 50.86 39 48.75%
Chib0431 WP_039495329 GH18 822 87.51 20 25.00%
Chib0434 WP_039495331 GH18 1037 112.17 12 15.00%
Chia2822 WP_039492151 GH18 850 90.42 7 8.75%
Chib0889 WP_084204324 GH19 470 53.05 1 1.25%
Chib0721 WP_039496328 GH20 915 101.45 1 1.25%

a Peptide-Spectrum Matches. b Abundance was calculated based on the proportion of the PSMs of a chitinolytic
enzyme in the sum of PSMs of all chitinolytic enzymes in the secretome.

It has been reported that chitinolytic strains belonging to the genus Pseudoalteromonas
usually have two GH18 chitinase genes in their chitin degradation clusters [36]. In addition,
many Pseudoalteromonas species also contain one or more GH19 chitinase genes [36]. How-
ever, the removal of the GH19 chitinase gene from strain Pseudoalteromonas rubra S4059 had
no significant influence on the growth of the strain on crystalline α-chitin [52], suggesting
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that the GH19 chitinase is likely unimportant in the utilization of crystalline chitin. In con-
trast, the removal of the GH18 chitinase gene chiD from strain Cellvibrio japonicus Ueda107
made it unable to grow on crystalline α-chitin [53], indicating that the GH18 chitinase plays
an important role in the crystalline chitin degradation of this strain. Moreover, it has been
reported that (GlcNAc)2 and larger chitooligosaccharides can induce the expression of
chitinases in Vibrio furnissii 7225 and Vibrio cholerae O1 [54]. For strain DSM 14401, although
its genome contains a GH19 chitinase gene, a GH3 β-N-acetylglucosaminidase gene, and
5 GH20 β-N-acetylglucosaminidase genes in addition to 4 GH18 chitinase genes, secretome
analysis showed that it mainly secreted the GH18 chitinases when crystalline α-chitin was
present, which suggests that the GH18 chitinases likely play a main role in the degradation
of crystalline α-chitin in this strain.

Figure 3. Domain architecture of the 11 chitinolytic enzymes of P. flavipulchra DSM 14401T. Protein
sequences were analyzed on the HMMER website, and domains were illustrated by different colors
based on their functional annotations. The Pfam IDs corresponding to the function annotations are
as follows: Big_7, bacterial Ig domain (PF17957); GH18, glycosyl hydrolases family 18 (PF00704);
ChitinaseA_N, ChitinaseA_N-terminal domain (PF08329); CBM_5_12, carbohydrate-binding module
(PF02839), ChiC, Chitinase C (PF06483); GH19, glycoside hydrolase family 19 (PF00182), CHB_HEX,
putative carbohydrate-binding domain (PF03173); GH20, glycosyl hydrolase family 20 (PF00728);
GH3, glycosyl hydrolase family 3 (PF00933).

2.3. Characterization of the GH18 Chitinases with Activity on Crystalline Chitin

The high abundance of the GH18 chitinases in the secretome of strain DSM 14401
implies that they are likely to be the chitinases with activity on crystalline chitin. Thus,
3 GH18 chitinases, Chia4287, Chib0431, and Chib0434, with high abundance in the secre-
tome, were selected to be expressed and characterized. Genes encoding Chia4287, Chib0431,
and Chib0434 were heterologously expressed in E. coli BL21 (DE3), and the recombinant
proteins were purified by NTA-Ni Sepharose affinity chromatography (Figure 4). The
purification folds for Chib0431, Chib0434 and Chia4287 were 6.75, 5.33, and 7.30, respec-
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tively (Table S2). As shown in Figure 4, the 3 purified recombinant proteins have apparent
molecular weights of approximately 88 kDa (Chib0431), 112 kDa (Chib0434), and 51 kDa
(Chia4287), consistent with their theoretical molecular weights (Table 1).

Figure 4. The SDS-PAGE analysis of recombinant proteins Chib0431, Chib0434, and Chia4287.
Lane M, protein molecular mass marker; Lane 1, the cell lysate of E. coli containing recombinant
protein Chib0431; Lane 2, the purified recombinant protein Chib0431; Lane 3, the cell lysate of E. coli
containing recombinant protein Chib0434; Lane 4, the purified recombinant protein Chib0434; Lane 5,
the cell lysate of E. coli containing recombinant protein Chia4287; Lane 6, the purified recombinant
protein Chia4287. The enzyme bands are indicated by arrows.

To investigate the substrate specificity of these 3 chitinases, the enzyme activities of
Chib0431, Chib0434, and Chia4287 toward colloidal chitin, chitin powder, chitosan, micro-
crystalline cellulose, 4-Methylumbelliferyl N-acetyl-β-D-glucosaminide (MUF-GlcNAc) [55],
4-Methylumbelliferyl-β-D-N,N′-diacetylchitobioside hydrate (MUF-(GlcNAc)2) [56], and
4-Methylumbelliferyl-β-D-N,N′,N′ ′-triacetylchitotrioside (MUF-(GlcNAc)3) [57] were de-
termined. As shown in Table 2, all the three chitinases had activity toward colloidal chitin,
crystalline chitin, MUF-(GlcNAc)2, and MUF-(GlcNAc)3, but neither had activity toward
chitosan, microcrystalline cellulose, or MUF-GlcNAc. Among them, Chia4287 had the high-
est activity towards chitin powder, followed by Chib0431 and Chib0434, which is consistent
with their amount in the secretome. Chitinases Chia4287 and Chib0431 exhibited higher
activities toward MUF-(GlcNAc)3 than MUF-(GlcNAc)2, suggesting that both enzymes
likely function as endochitinases. In contrast, Chib0434 showed approximately 10-fold
higher activity toward MUF-(GlcNAc)2 than MUF-(GlcNAc)3, suggesting that Chib0434
tends to act as an exochitinase.

With chitin powder as the substrate, the three chitinases were biochemically character-
ized. Both chitinases Chib0431 and Chia4287 showed optimum temperatures at 50 ◦C, and
Chib0434 at 45 ◦C (Figure 5A). For their thermal stability, Chib0431 retained approximately
100% activity at 40 ◦C and more than 61% at 50 ◦C after 120 min incubation but lost all its ac-
tivity at 60 ◦C in 15 min (Figure 5B). Chib0434 retained 100% activity at 40 ◦C after 120 min
incubation but lost all its activity at 50 ◦C in 90 min and at 60 ◦C in 30 min (Figure 5C).
Chitinase Chia4287 retained high activity (≥89%) when incubated at 40 ◦C for 120 min
(Figure 5D). Chitinases Chib0434 and Chia4287 both showed highest activity at pH 7.5
and Chib0431 at pH 7.0 (Figure 6A). For their pH stability, the 3 chitinases all exhibited
high stability (retaining ≥80% activity) from pH 5.0 to 11.0 in the Britton–Robinson buffer
after 10 h incubation at 4 ◦C (Figure 6B). They all showed highest activity at 0 M NaCl
(Figure 6C) but maintained high activity (≥92%) in 1–5 M NaCl after 10 h incubation at
4 ◦C (Figure 6D). Therefore, the 3 chitinases have temperature optima of 45–50 ◦C and pH
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optima of 7.0–7.5, indicating that they are all neutral and mesophilic enzymes. They are all
stable at 40 ◦C and in the pH range of 5.0–11.0, and all have excellent salt tolerance.

Table 2. The substrate specificity of the three chitinases of strain DSM 14401 a.

Substrate
Specific Activity (U/mg)

Chia4287 Chib0431 Chib0434

Colloidal chitin 0.53 ± 0.05 0.15 ± 0.04 0.09 ± 0.02
Chitin powder 0.17 ± 0.005 0.04 ± 0.002 0.01 ± 0.001

Chitosan ND b ND ND
Microcrystalline cellulose ND ND ND

MUF-GlcNAc ND ND ND
MUF-(GlcNAc)2 130.32 ± 3.29 19.69 ± 1.30 221.68 ± 12.15
MUF-(GlcNAc)3 139.33 ± 26.96 423.12 ± 9.82 23.47 ± 3.57

a The data in the table are from three experiment repeats (mean ± SD). b ND means that the enzyme activity was
not detectable.

Figure 5. Effect of temperature on the activities and stabilities of chitinases Chib0431, Chib0434,
and Chia4287. (A) Effect of temperature on the activities of Chib0431, Chib0434, and Chia4287. The
activities of each enzyme were measured at its optimal pH with chitin powder as the substrate.
The highest activity of each enzyme was defined as 100%. (B) Effect of temperature on the stability
of Chib0431. (C) Effect of temperature on the stability of Chib0434. (D) Effect of temperature on
the stability of Chia4287. In B, C, and D, the residual activities of each enzyme were measured
at its optimal temperature and pH with chitin powder as the substrate, and the activity of each
enzyme without incubation was defined as 100%. The graphs show data from triplicate experiments
(mean ± SD).
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Figure 6. Effects of pH and NaCl on the activities and stabilities of chitinases Chib0431, Chib0434,
and Chia4287. (A) Effect of pH on the activities of Chib0431, Chib0434, and Chia4287. The activities
of each enzyme were measured at its optimal temperature with chitin powder as the substrate.
The highest activity of each enzyme was defined as 100%. (B) Effect of pH on the stabilities of
Chib0431, Chib0434, and Chia4287. The residual activities of each enzyme were measured at its
optimal temperature and pH with chitin powder as the substrate. (C) Effect of NaCl concentration on
the activities of Chib0431, Chib0434, and Chia4287. The activities of each enzyme were measured at its
optimal temperature and pH with chitin powder as the substrate. The activity of each enzyme in 0 M
NaCl was defined as 100%. (D) Effect of NaCl concentration on the stabilities of Chib0431, Chib0434,
and Chia4287. The residual activities of each enzyme were measured at its optimal temperature and
pH with chitin powder as the substrate. The highest activity of each enzyme was defined as 100%.
The graphs show data from triplicate experiments (mean ± SD).

Many chitinases have been heterologously expressed and characterized with colloidal
chitin or synthetic chitooligosaccharide analogs. As shown in Table 3, the temperature
and pH optima of the reported chitinases and their thermostability are quite diverse. So
far, several Pseudoalteromonas GH18 chitinases have been characterized (Table 3). The
chitinase Chi23 from P. aurantia DSM6057 was reported to be thermostable but active
toward crystalline chitin only in acidic conditions (pH of 3.0–6.0) [18]. Chitinases ChiA and
ChiC from Pseudoalteromonas sp. DL-6 [27,37] and ChiB from Pseudoalteromonas sp. O-7 [38]
are all cold-active enzymes with optimal activities at 20–30 ◦C and low thermostability.
The 3 mesophilic chitinases, Chib0431, Chib0434, and Chia4287, characterized in this study
are active toward crystalline chitin at neutral pH conditions (pH 7.0–7.5) and have good
thermostability and pH- and salt-tolerance, which, therefore, may be good candidates for
industrial application.
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2.4. Analysis of the Products of the Chitinases on Crystalline Chitin

In order to investigate the application potential of the three chitinases in preparing
COSs/GlcNAc from natural chitin, we analyzed the degradation products of Chia4287,
Chib0431, and Chib0434 towards crystalline chitin. The reaction mixtures, containing chitin
powder and chitinases, were incubated at their respective optimal temperatures for different
time periods (15 min, 30 min, 1 h, and 3 h). The COSs/GlcNAc released from chitin in the
supernatants of the mixtures were analyzed by gel filtration chromatography on a Superdex
Peptide 10/300 GL column. For Chib0431 and Chib0434, during the 3 h degradation of
crystalline chitin, (GlcNAc)2 was always the predominant product, with only a slight
amount of GlcNAc (Figure 7A,B). However, in the hydrolytic products of Chia4287 on
crystalline chitin, although (GlcNAc)2 was also the main product, the proportion of GlcNAc
was much higher compared to that in the hydrolytic products of Chib0431 and Chib0434
(Figure 7C). Together, these results indicate that Chia4287, Chib0431, and Chib0434 can
degrade crystalline chitin into (GlcNAc)2 and GlcNAc, with (GlcNAc)2 as the main product.
These results imply that they may have potential in the preparation of (GlcNAc)2 from
natural crystalline chitin.

Figure 7. Analysis of the degradation products of the three chitinases on crystalline chitin. (A) The
degradation product of Chib0431. (B) The degradation product of Chib0434. (C) The degradation
product of Chia4287. Chitin powder was degraded by the chitinases at their respective optimal
temperatures for different times (15 min, 30 min, 1 h, and 3 h). The reaction system with enzyme
inactivated at 100 ◦C for 10 min was used as the control. The reaction was terminated by boiling
at 100 ◦C for 10 min, and then the reaction mixtures were centrifuged at 17,949× g for 10 min.
The products in the supernatants were analyzed by gel filtration chromatography on a Superdex
Peptide10/300 GL column (GE Healthcare, Sweden), which were monitored at a wavelength of
210 nm. The injected volume was 10 μL. DP1-DP6 are chitooligosaccharide markers. DP1, GlcNAc;
DP2, (GlcNAc)2; DP3, (GlcNAc)3; DP4, (GlcNAc)4; DP5, (GlcNAc)5; DP6, (GlcNAc)6.

COSs/GlcNAc have been widely prepared with a variety of crude enzymes from wild
strains and purified recombinant chitinases, most of which were prepared with colloidal
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chitin [17,58–61]. So far, however, there have been only a few chitinases used to prepare
COSs/GlcNAc from natural crystalline chitin. The enzyme cocktail of strain Paenibacillus
sp. LS1 can produce GlcNAc and (GlcNAc)2 with minor (GlcNAc)3 from crystalline α-
chitin [30]. The crude enzyme of Aeromonas hydrophila H-2330 mainly produces GlcNAc
from crystalline α-chitin [31]. The chitinase ChiA of strain Pseudoalteromonas sp. DL-6 is
an endochitinase, and its products on crystalline α-chitin are a mixture of chitin COSs
(DP 2–6), with (GlcNAc)2 as the major product [27]. The mixture of purified chitinases
SaChiB and SaHEX of strain Streptomyces alfalfa ACCC40021 can enhance the conversion
of crystalline α-chitin to GlcNAc [62]. The chitinase of strain Chitinibacter sp. GC72 can
degrade practical-grade chitin into GlcNAc [33]. The three chitinases characterized in this
study can degrade crystalline α-chitin into (GlcNAc)2, suggesting their potential in direct
conversion of natural crystalline chitin into (GlcNAc)2.

3. Materials and Methods

3.1. Bacterial Strains and Experimental Materials

The 26 type strains of genus Pseudoalteromonas were purchased from Deutsche Samm-
lung von Mikroorganismen and Zelkulturen (DSMZ) or Japan Collection of Microorganisms
(JCM). Chitin powder (crystalline α-chitin), MUF-GlcNAc, MUF-(GlcNAc)2, and MUF-
(GlcNAc)3 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chitin flakes, pur-
chased from Yuan Cheng Group (Wuhan, China), are crystalline α-chitin. Colloidal chitin
was prepared as previously described [18]. GlcNAc, (GlcNAc)2, (GlcNAc)3, (GlcNAc)4,
(GlcNAc)5, and (GlcNAc)6 were purchased from BZ Oligo Biotech Co., LTD (Qingdao,
China). Chitosan was purchased from Sangon Biotech (Shanghai, China). BCA protein
assay kit was purchased from Thermo Scientific (Boston, MA, USA). Other chemicals were
of analytical grade and commercially available.

3.2. Screening of Strain DSM 14401

The 26 type strains of genus Pseudoalteromonas (Table S1) were cultivated at 25 ◦C and
180 rpm in the TYS medium composed of 0.5% (w/v) peptone, 0.1% (w/v) yeast powder,
and artificial seawater (pH 7.8). When the OD600 of the culture was approximately 1.0,
2 mL cell suspension was collected and the cells were washed with the minimal medium
(30 g/L NaCl, 0.5 g/L NH4Cl, 3 g/L MgCl2·6H2O, 2 g/L K2SO4, 0.2 g/L K2HPO4, 0.01 g/L
CaCl2, 0.006 g/L FeCl3·6H2O, 0.005 g/L Na2MoO4·7H2O, 0.004 g/L CuCl2·2H2O, 6 g/L
Tris, pH 7.6) three times. Then, the washed cells were inoculated into the minimal medium
supplemented with 0.05% (w/v) peptone, 0.01% (w/v) yeast powder, and 3% (w/v) chitin
flakes and cultivated at 25 ◦C and 180 rpm for 5 days. Their growth and the degree of
degradation of the chitin flakes were observed every day. Among them, strain DSM 14401
showed the highest degradation rate on crystalline α-chitin, which was then chosen for
further study. The OD600 of the culture of this strain in the medium was measured at
different time intervals, as indicated in Figure 1, to produce its growth curve. The washed
cells were cultured in the same medium without chitin flakes and in the same conditions as
the control.

3.3. Extracellular Chitinase Activity Assay of Strain DSM 14401

During the cultivation of strain DSM 14401 in the above liquid medium with or without
chitin flakes, 1 mL of culture was taken out at different intervals, as indicated in Figure 1.
The cultures were filtered with a 0.22 μm filter to remove the bacterial cells, and the filtrate
was used for the extracellular chitinase activity assay. A 200 μL mixture consisting of
50 mM Tris-HCl (pH 7.0), 3% chitin powder, and 50 μL of filtrate was incubated at 50 ◦C for
2 h. The mixture was then centrifuged at 17,949× g for 2 min at 4 ◦C and the supernatant
obtained was used for the reducing-sugar assay by the DNS method [63]. The control
mixture contained a pre-boiled filtrate instead of the filtrate. Subsequently, the optical
density at 550 nm was measured to quantify the released reducing sugar. The amount of
reducing sugar generated was calculated using GlcNAc as a standard. One unit of enzyme
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activity was defined as the amount of enzyme that liberated 1 μmol of reducing sugar
per minute.

3.4. Bioinformatics Analysis

The genome DNA of strain DSM 14401 was sequenced by our lab [64]. The putative
chitinases of this strain were determined according to dbCAN [65] analyses. Signal peptides
of the chitinases were predicted by SignalP 5.0 (http://www.cbs.dtu.dk/services/SignalP/
(accessed on 12 January 2022)) [66]. The domain architectures of the chitinases were pre-
dicted on the HMMER website (https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan
(accessed on 12 January 2022)) [67]. The phylogenetic tree was constructed based on the
Neighbor-Joining method and using the Poisson model with MEGA X after multiple align-
ments of the sequences by MUCLE [68]. Sequences alignment results were visualized using
the ESPript 3.0 server [69]. The molecular weights of the chitinases were predicted by the
ExPASy Server (https://web.expasy.org/compute_pi/ (accessed on 12 January 2022)) [70].

3.5. Secretome Analysis

Strain DSM 14401 was cultured at 25 ◦C and 180 rpm in a medium containing the
minimal medium and 3% chitin flakes. When approximately half of the chitin flakes were
degraded, the culture was centrifuged at 8228× g at 4 ◦C for 6 min. The precipitates were
resuspended using 20 mM Tris-HCl (pH 8.0) containing 1 M NaCl, and then centrifuged at
1157× g at 4 ◦C for 3 min. This step was repeated three times. The resultant precipitates
were resuspended using 50 mM Tris-HCl (pH 8.0) containing 6 M Guanadine-HCl, and
then centrifuged at 15,557× g at 4 ◦C for 10 min. The supernatant was moved into an
ultrafiltration tube (15 mL, 3 kDa). The Guanadine-HCl in the supernatant was removed
by adding 50 mM Tris-HCl to the ultrafiltration tube (molecular weight cut-off, 3 kDa)
and centrifugation (4629× g for 10 min at 4 ◦C) for three times. Then, the proteins in the
supernatant were precipitated by 50 mL acetone containing 10% trichloroacetic acid and
0.1% dithiothreitol overnight at −20 ◦C. The precipitates were harvested and washed by
80% acetone and 100% acetone successively, and then lyophilized. The lyophilized sample
was successively denatured, reduced, and alkylated by denaturation buffer (0.5 M Tris-
HCl, 2.75 mM EDTA, 6 M Guanadine-HCl), dithiothreitol (1 M), and iodoacetamide (1 M),
respectively. The sample solution was further replaced with 25 mM NH4HCO3 solution
by centrifugation ultrafiltration (15,294× g for 15 min at 4 ◦C) in an ultrafiltration tube
(1 mL, 3 kDa). The sample was digested using trypsin at 37 ◦C for 12 h, and the resultant
peptides were desalted on a C18 column (ZipTip C18, Millipore, Billerica, MA, USA). The
desalted peptides were analyzed using the mass spectrometer Orbitrap Elite (Thermo
Fisher Scientific, Bremen, Germany) coupled with Easy-nLC 1000 (Thermo Fisher Scientific,
Bremen, Germany). Finally, the raw data was analyzed against the genome of strain
DSM 14401 using Thermo Scientific Proteome DiscovererTM 1.4. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange [71] Consortium via the
PRIDE [72] partner repository with the dataset identifier PXD030600. The reviewer account
details: Username: reviewer_pxd030600@ebi.ac.uk; Password: 1QCP2jqI.

3.6. Expression and Purification of Chitinases Chib0431, Chib0434, Chia4287

The gene sequences of Chib0431, Chib0434, and Chia4287 without the signal peptide
were cloned from the genomic DNA of strain DSM 14401 and inserted into the NdeI and
XhoI sites of the expression vector pET-22b(+). The constructed recombinant plasmids
were then transformed into E. coli BL21(DE3) for protein expression. The constructed
recombinant E. coli BL21(DE3) strains were cultured at 37 ◦C in liquid LB medium con-
taining 100 μg/mL ampicillin. When the OD600 of the cultures reached 0.6–1.0, 0.45 mM
isopropyl thio-β-D-galactoside (IPTG), used as an inducer, was added into the cultures,
and the cultures were incubated at 18 ◦C for 16 h. Then, the recombinant E. coli cells in
the cultures were collected via centrifugation and crushed by sonication in the lysis buffer
(100 mM NaCl, 5 mM imidazole, 50 mM Tris-HCl pH 8.0). The recombinant proteins of
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Chib0431, Chib0434, and Chia4287 in the cell extracts were further purified by affinity
chromatography with Ni-NTA agarose resins (Qiagen, Santa Clarita, CA, USA), followed
by desalination on PD-10 Desalting Columns (GE Healthcare, Piscataway, NJ, USA), using
10 mM Tris-HCl containing 100 mM NaCl (pH 8.0) as the running buffer. The purified
proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) [73]. The protein concentrations were determined using a BCA protein assay
kit with bovine serum albumin (BSA) as the standard.

3.7. Enzyme Assays

The activities of the three purified chitinases towards chitin powder, colloidal chitin,
chitosan, microcrystalline cellulose, MUF-GlcNAc, MUF-(GlcNAc)2 and MUF-(GlcNAc)3
were assayed in 50 mM Tris-HCl at their respective optimal temperatures and pHs (50 ◦C
and pH 7.0 for Chia4287, 50 ◦C and pH 7.5 for Chib0431, 45 ◦C and pH 7.5 for Chib0434).
When the insoluble chitin powder, chitosan, or microcrystalline cellulose was used as the
substrate, the reaction mixture contained 190 μL 50 mM Tris-HCl, 3% (w/v) substrate and
10 μL enzyme, which was incubated for 1 h for Chia4287 or 2 h for Chib0431 and Chib0434.
When colloidal chitin was used as the substrate, the reaction mixture contained 190 μL
0.75% (w/v) colloidal chitin in 50 mM Tris-HCl and 10 μL enzyme, which was incubated
for 40 min. After incubation, the activities of the chitinases towards these substrates were
determined using the DNS method [63]. The enzyme activity (U) was defined as the
amount of enzyme that required to release 1 μmol GlcNAc equivalent reducing sugar
from the substrate per minute. When MUF- GlcNAc, MUF-(GlcNAc)2, or MUF-(GlcNAc)3
was used as the substrate, the enzyme activity was assayed for 15 min with the reaction
mixture contained 790 μL 1 mM substrate in 50 mM Tris-HCl and 10 μL enzyme, which
was incubated for 15 min and then terminated by an addition of 0.4 M NaCO3. The enzyme
activity (U) was defined as the amount of enzyme that required to release 1 μmol MUF
from the substrate per minute.

3.8. Characterization of the Chitinases

The purified Chib0431, Chib0434, and Chia4287 were characterized with chitin powder
as substrate. The effect of temperature on the enzyme activity was measured by assaying the
enzyme activity at different temperatures (0–80 ◦C for Chia4287; 10–70 ◦C for Chib0431 and
20–60 ◦C for Chib0434) and their respective optimal pHs. The effect of pH on the enzyme
activity was measured by assaying the enzyme activity in the Britton-Robinson buffer at
different pHs (pH 4.0–9.0 for Chia4287; pH 5.0–10.0 for Chib0431 and Chib0434) and their
respective optimal temperatures. Effect of salinity on the enzyme activity was assayed
by assaying the enzyme activity in 50 mM Tris-HCl containing different concentrations of
NaCl (0–5 M for Chib0431 and Chia4287; 0–2 M for Chib0434) at their respective optimal
temperatures and pHs.

For the thermal stability assay, the purified chitinases were incubated at 40 ◦C, 50 ◦C, or
60 ◦C for 0–120 min, and the residual activities towards chitin powder were measured at an
interval of 15 min under their respective optimal temperatures and pHs. For the pH stability
assay, the purified chitinases were incubated in the Britton-Robinson buffers ranging from
pH 3.0 to pH 11.0 at 4 ◦C for 10 h, and the residual activities towards chitin powder were
measured at their respective optimal temperatures and pHs. For the halotolerance assay, the
purified chitinases were incubated in 50 mM Tris-HCl containing different concentrations
of NaCl (0–5 M) at 4 ◦C for 10 h, and the residual enzyme activities towards chitin powder
were measured at their respective optimal temperatures and pHs.

3.9. Analysis of the Products Released from Crystalline Chitin by the Chitinases

The purified Chib0431, Chib0434, and Chia4287 (10 μL) were incubated with 3.0%
chitin powder in 190 μL of 50 mM Tris-HCl (pH 7.0) for different times (15 min, 30 min, 1 h,
and 3 h) at their respective optimal temperatures. The reaction was terminated by boiling
at 100 ◦C for 10 min, and the reaction mixtures were centrifuged at 17,949× g for 10 min.
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Then, the products in the supernatants were analyzed by gel filtration chromatography
on a Superdex Peptide 10/300 GL column (GE Healthcare, Uppsala, Sweden), which
were monitored at 210 nm using a UV detector. The injected volume was 10 μL. The
products were eluted with 0.2 M ammonium hydrogen carbonate for 90 min with a flow
rate of 0.3 mL/min. The reaction system containing 10 μL enzyme pre-heated at 100 ◦C for
10 min was used as the control. A mixture of GlcNAc, (GlcNAc)2, (GlcNAc)3, (GlcNAc)4,
(GlcNAc)5, and (GlcNAc)6 was used as the marker.

4. Conclusions

COSs have wide application in agriculture, medicine, cosmetics, and foods. While
most COSs are now prepared with colloidal chitin, there are only a few reports of chitinases
with potential in the preparation of COSs from natural crystalline chitin. In this study, three
chitinases with activity on crystalline chitin were identified from a marine Pseudoalteromonas
strain and characterized. These chitinases are all neutral mesophilic enzymes, which are
most active at 45–50 ◦C and pH 7.0–7.5, and have high stability at 40 ◦C, pH 5.0–11.0,
and in 5 M NaCl. The main products of the three chitinases on crystalline chitin are all
(GlcNAc)2, suggesting that these chitinases have potential in preparing (GlcNAc)2 via
direct degradation of natural crystalline chitin. Further studies such as improving the
expression amount of these chitinases and their degradation efficiency on crystalline chitin
are underway.
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Pseudoalteromonas.; Table S2: Purification of the recombinant enzymes Chib0431, Chib0434, and
Chia4287. References [39,74–96] are cited in the supplementary materials.
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Abstract: The high-valued utilization of Ulva (previously known as Enteromorpha) bioresources has
drawn increasing attention due to the periodic blooms of world-wide green tide. The polysaccharide
is the main functional component of Ulva and exhibits various physiological activities. The Ulva
oligosaccharide as the degradation product of polysaccharide not only possesses some obvious
activities, but also possesses excellent solubility and bioavailability. Both Ulva polysaccharides and
oligosaccharides hold promising potential in the food industry as new functional foods or food
additives. Studies on Ulva polysaccharides and oligosaccharides are increasing and have been the
focus of the marine bioresources field. However, the comprehensive review of this topic is still rare
and do not cover the recent advances of the structure, isolation, preparation, activity and applications
of Ulva polysaccharides and oligosaccharides. This review systematically summarizes and discusses
the recent advances of chemical composition, extraction, purification, structure, and activity of Ulva
polysaccharides as well as oligosaccharides. In addition, the potential applications as new functional
food and food additives have also been considered, and these will definitely expand the applications
of Ulva oligosaccharides in the food and medical fields.

Keywords: Ulva; polysaccharide; oligosaccharide; structure; preparation; activity

1. Introduction

The Ulva (previously known as Enteromorpha Enteromorpha), known as green-tide-
forming macroalgae, has drawn increasing attention in both the marine environment
protection and marine bioresources fields [1,2]. Recently, the green tide blooms more and
more frequently due to the global seawater eutrophication and temperature rise [3–7].
The largest Ulva-forming green tide in history occurred in the Yellow Sea of China this year,
and covered almost 1746 km2, producing over 24 million tons of biomass [8]. The Ulva
genus belongs to the Ulvaceae family and includes nearly 40 kinds of species such as Ulva
prolifera (previously known as Enteromorpha prolifera), Ulva linza (previously known as
Enteromorpha linza), and Ulva intestinalis (previously known as Enteromorpha intestinalis)
(as shown in Figure 1) [9]. For a long time, the Ulva and Enteromorpha were considered
as two different genera, but the molecular evidence indicated that Ulva and Enteromorpha
are not distinct evolutionary entities and should not be recognized as separate genera [9].
Therefore, the taxonomic name “Enteromorpha” is currently regarded as a synonym for Ulva.

The Ulva polysaccharide constitutes the main component of the cell wall of Ulva
species algae, and it accounts for nearly 18% of the dry weight. In addition, it possesses
various physiological properties such as antioxidant, anticoagulant, antitumor, antiaging
and immune regulatory activities [10–12]. Therefore, the Ulva polysaccharides could be
widely used as medicine and chemical agents in the agricultural and medical fields [13,14].
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Figure 1. The morphology pictures of three kinds of Ulva species. (A). Ulva compressa; (B). Ulva linza;
(C). Ulva intestinalis.

It is worth noting that another green algal polysaccharide, Ulvan, has also drawn
increased attention, and its structure has been well characterized. The water-soluble sul-
fated polysaccharide is mainly extracted from Ulva sp. and consists of a linear backbone
with L-rhamnose-3-sulfate (Rha3S), D-glucuronic acid (GlcUA), L-iduronic acid (IdoA) and
D-xylose (Xyl), and the sulfate group is linked to the rhamnose. The two major repeating
disaccharide units of ulvan are →4)-β-D-glucuronic acid (1→4)-α-L-rhamnose-3-sulfate
(1→(A3S) and →4) α-L-iduronic acid (1→4)-α-L-rhamnose-3-sulfate (1→(B3S) [15]. How-
ever, the Ulva polysaccharide possesses a more complex chemical composition and fine
structure. In addition, the Ulva polysaccharides exhibit great potential as functional foods
and food additives due to their obvious metabolism-regulatory activity [16–18]. For in-
stance, Guo et al. discovered that the polysaccharides extracted from Ulva prolifera could
prevent high-fat diet-induced obesity in hamsters [19]. They also found that polysaccha-
rides isolated from Ulva prolifera could protect against carbon tetrachloride-induced acute
liver injury in mice via the activation of Nrf2/HO-1 signaling, and the suppression of
oxidative stress, inflammation and apoptosis [20]. Li et al. found that the Ulva polysaccha-
rides could improve blood glucose regulation, blood lipid metabolism and liver oxidative
stress in T2DM cells [21]. However, the applications of the Ulva polysaccharide have been
greatly limited by its poor solubility and low bioavailability [22]. In order to overcome
this drawback, it is feasible to degrade the polysaccharide into oligosaccharide, which also
possesses the biological activities but also has much better solubility and bioavailability [23].
The methods for polysaccharide degradation mainly include physicochemical or enzymatic
methods [24–26]. In particular, the enzymatic method has drawn increasing attention due
to its advantages, such as its mild reaction conditions and specific product distributions.

Studies of the Ulva polysaccharide and oligosaccharide have been increasing in the
past two decades (Figure 2). Among these, most of them have focused on the structure
and activity of the polysaccharides and oligosaccharides [14]. In addition, the preparation
of oligosaccharides has drawn increasing attention [22]. However, there is not a compre-
hensive review which has summarized the recent advances in every aspect of the Ulva
polysaccharide and oligosaccharide. In this review, we summarized and discussed the
recent advances of chemical composition, extraction, purification, structure, activity and
applications of Ulva polysaccharides as well as oligosaccharides. In addition, the potential
applications as new functional foods and food additives have also been reviewed.
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Figure 2. The numbers of published papers with keywords of Ulva polysaccharide and oligosaccha-
ride between 1900 and 2020.

2. Ulva Polysaccharide

2.1. Chemical Composition and Structure of Ulva Polysaccharide

The chemical composition of the Ulva polysaccharide is more complex than other
common algal polysaccharides such as alginate (Phaeophyceae), carrageenan and agar
(Rhodophyta) (Figure 3) [22,27–29]. The monosaccharide composition of Ulva polysaccha-
ride mainly includes glucose, rhamnose, arabinose, xylose, mannose, galactose, fucose,
glucosamine and glucuronic acid [27,28], which is different from algal polysaccharides
(such as agar, carrageenan, alginate and fucoidan) that originate from brown and red algae.
In addition, the chemical composition of Ulva polysaccharide differs in growth condition,
harvesting season and the types of original Ulva species [14,30]. Qi et al. characterized the
chemical compositions of the polysaccharides isolated from Ulva linza, Ulva prolifera and
Ulva clathrata, respectively [28,31,32]. The results suggested that the chemical compositions
of the three kinds of polysaccharides differed from each other. For instance, the polysaccha-
ride from Ulva linza was composed of much rhamnose and a small amount of galactose,
xylose and glucuronic acid; while the polysaccharides from Ulva clathrata contained larger
amounts of arabinose and galactose and a small amount of rhamnose, fucose and xylose.

In addition, the main component (rhamnose) of the polysaccharides from Ulva prolifera
is similar to the polysaccharide from Ulva linza. However, it contains some mannose,
glucuronic acid and glucosamine, which is very different from the monosaccharide com-
position of the polysaccharide from Ulva linza. Moreover, the harvest time of Ulva algae
also could influence on the chemical composition of the polysaccharide [31]. Shi et al.
investigated the monosaccharide composition of Ulva polysaccharides, which isolated
from the Ulva clathrata with different harvesting times [33]. The results suggested that the
kinds of monosaccharide for polysaccharides isolated from the Ulva clathrata with different
harvesting times seemed to be same. However, the ratios of these monosaccharides were
different from each other. For instance, the monosaccharide (mannose, rhamnose, glucose,
galactose and xylose) ratios of polysaccharides isolated from Ulva clathrata harvested in
January and June are 6.74:65.56:5.54:2.83:19.33 and 2.81:67.55:2.31:2.71:24.61, respectively.
In addition, the growth conditions also could exert an influence on the chemical composi-
tion of Ulva polysaccharide. Ji et al. analyzed the composition of Ulva clathrata samples and
found that the monosaccharide compositions of Ulva clathrata under normal and explosive
states exhibited obviously different levels [34]. The polysaccharides isolated from the
Ulva clathrata under an explosive state contained iduronic acid, which did not exist in the
polysaccharides isolated from Ulva clathrata under normal conditions.

The structure of polysaccharides that originate from Ulva clathrata is much more
complex than other algal polysaccharides such as alginate, agar and carrageenan due to
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its complexity of monosaccharide composition, glycosidic linkage and group modifica-
tion [14]. In addition, many factors such as the growth condition, harvesting season, the
types of original Ulva species, etc., could lead to diverse structures of polysaccharides.
Therefore, it is difficult to elucidate the fine structure of Ulva polysaccharide. Qi et al.
investigated the fine structures of polysaccharides isolated from different sources in de-
tail [28,32] (Table 1). The results indicated the polysaccharide of Ulva linza consisted
of five fractions, namely MCS, MHS, SCS, SH1S and SH2S. In addition, it also included
some fragments such as [→4)-β-D-Xylp-(1→], [→2)-α-L-Rhap-(1→], [→3)-α-L-Rhap-(1→],
[→3, 4)-α-L-Rhap-(1→], [→2, 3)-α-L-Rhap-(1→], and [→2, 4)-α-L-Rhap-(1→]. The MCS
and MHS fractions mainly contained [→4)-α-L-Rhap-(1→], [→2,4)-α-L-Rhap-(1→], [→4)-
β-D-Xylp-(1→], [→4)-β-D-GlcAp-(1→], [→3)-α-L-Rhap-(1→] and [→2)-α-L-Rhap-(1→].
The SCS was consisted of [→3)-α-L-Rhap-(1→], [→2)-α-L-Rhap-(1→], [→4)-β-D-Xylp-
(1→], [→4)-α-L-Rhap-(1→] and [→2,4)-α-L-Rhap-(1→], while the SH1S fraction composed
of [→4)-α-L-Rhap-(1→], [→3)-α-L-Rhap-(1→], [→2,4)-α-L-Rhap-(1→], [→4)-β-D-Xylp-
(1→] and [→4)-β-D-GlcAp-(1→]. The last fraction SH2S included [→4)-α-L-Rhap-(1→],
[→4)-β-D-Xylp-(1→], [→2)-α-L-Rhap-(1→], [→3)-α-L-Rhap-(1→], [→3,4)-α-L-Rhap-(1→],
[→2,3)-α-L-Rhap-(1→] and [→2,4)-α-L-Rhap-(1→]. They obtained four polysaccharide
fractions (QC1S, QCQ2, QCQ3, and QHS) from Ulva prolifera and found that it mainly
consisted of two disaccharide units, namely [→4)-β-D-GlcAp-(1→4)-α-L-Rhap3S-(1→]
and [→4)-β-D-Xylp-(1→4)-α-L-Rhap3S-(1→]. The QC1S fraction contained [→4)-α-L-
Rhap-(1→], [→4)-β-D-Xylp-(1→], [→2)-α-L-Rhap4S-(1→], [→3)-α-L-Rha4S-(1→], [→4)-
α-L-Rhap2S-(1→] and [→3,4)-α-L-Rhap-(1→]. The QHS fraction mainly consisted of
[→4)-α-L-Rhap-(1→], [→4)-β-D-Xylp-(1→], [→4)-β-D-GlcAp-(1→], [→3)-α-L-Rhap-(1→]
and [→2,4)-α-L-Rhap-(1→]. In addition, three fractions (XCS, XH1S, XH2S) were isolated
and characterized, the XCS fraction has been identified to have [→2)-β-D-Galp-(1→], [→3)-
β-D-Galp-(1→], [→4)-β-D-Galp-(1→], [→6)-β-D-Galp-(1→], [→4)-β-L-Arap-(1→], [→2)-
α-L-Rhap-(1→], [→3)-α-L-Rhap-(1→] and [→2)-α-L-Rhap-(1→]. Moreover, the XH1S
fraction consisted of [→4)-β-L-Arap-(1→], [→3)-β-D-Galp-(1→], [→4)-β-D-Galp-(1→]
and [→6)-β-D-Galp-(1→]. However, the XH2S fraction possessed new structures of [→4)-
β-L-Arap3S-(1→], [→4)-β-L-Arap-(1→], [→3)-α-L-Rhap4S-(1→]. Jiao et al. characterized
the fine structure of Ulva intestinalis polysaccharide and found that it mainly included the
(1→)-Rha, (1→4)-Rha, (1→2, 4)-Rha, (1→) –Xyl, (1→2,3)-Xyl, (1→3)-Xyl, (1→4)-Glc and
(1→3)-Gal structural units (Jiao et al., 2010; Jiao et al., 2009). They also determined the
position of sulfate groups for different polysaccharide fractions and found that the position
information is also very complicated and that there is not a uniform formula to describe
the structures of Ulva polysaccharides [10,32,35].

 

Figure 3. The main monosaccharide composition of Ulva polysaccharides.
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2.2. Extraction and Purification of Ulva Polysaccharide

The extraction of the Ulva polysaccharide mainly used the common methods which
were usually employed in the extraction of plant polysaccharides, especially the hot wa-
ter extraction method [12,36]. The methods for extraction of Ulva polysaccharide have
been summarized in Table 2. Xu et al. extracted the polysaccharide by incubation in hot
water (90 ◦C) for 4 h and obtained 21.96% of polysaccharide [25]. Chattopadhyay et al.
incubated the algal powder-water mixture at 80 ◦C for 1.5 h and extracted 18% of the
crude polysaccharide [12]. The hot water extraction is the most commonly used method
for preparation of plant polysaccharides. It could be operated easily and suitably for
industrial scale application. However, the hot water extraction is time-consuming, and
the extracted polysaccharides contained some soluble impurities. In order to improve the
polysaccharide’s purity, alcohol was usually added remove the impurity before the hot
water extraction. Wu et al. incubated the algal powder with 95% of alcohol at 80 ◦C for
2 h to remove the substance with low molecular weight and the purity reached 70% [37].
In addition, pH change also could remove the small molecules and further improve the
polysaccharide’s purity. For instance, Sun et al. extracted the algal powder in 0.5 M of
NaOH solution and incubated the mixture at 90 ◦C for 2 h. Finally, 33.3% of polysaccharide
was obtained [38]. Song et al. incubated the sample in 0.05 M of HCl for 2 h and obtained
86.1% of soluble polysaccharide [39]. The addition of alcohol, acid or alkali could improve
the purity of polysaccharide. Therefore, a combination of these agents could be tried in
order to enhance the purity and improve the extraction efficiency. The ultrasonication
could promote the dissolution of polysaccharide and has been widely used for extraction
of Ulva polysaccharide [40]. Guo et al. extracted the polysaccharide under ultrasonication-
treatment for 28 min and obtained 25.84 mg/g of crude polysaccharide [41]. Tang et al.
obtained 17.42% of polysaccharide by incubation with ultrasonication of 531.17 W for
4.8 min [15]. However, the extraction efficiency of the ultrasonication method was not
stable due to its short extraction time [42]. Furthermore, the microwave also has been
used for extraction of Ulva polysaccharide due to its promotion of molecular motion [43].
Wang et al. used 610 W of microwave to assist the polysaccharide extraction and obtained
7.58% of crude polysaccharide [44]. Yuan et al. isolated the Ulva polysaccharide under
800 W of microwave and 95 ◦C, but only 4.04% of polysaccharide was obtained [45]. There-
fore, microwave assistance could greatly reduce the extraction time, but could not promote
the extraction yield and the purity of the polysaccharide [46,47]. The enzyme-assisted
extraction method has drawn increasing attention due to its mild reaction condition and
excellent extraction efficiency [48–50]. The protease and polysaccharide-degrading en-
zymes such as cellulase and pectin lyase could destroy the cell wall structure and promote
the dissolution of polysaccharide [51]. Lü et al. added the protease into the extraction
solution and obtained 27.75% of the polysaccharide [52]. Xu et al. used the cellulase to assist
the extraction and the extraction ratio reached 20.22% [25]. However, a combination of
different enzymes is needed to promote the extraction efficiency, and it also could increase
the complexity of the reaction system. In conclusion, there are various methods for Ulva
polysaccharide extraction and they all possess advantages and drawbacks. Therefore, it is
reliable to combine these methods together to obtain the Ulva polysaccharide for further
research. Because of the addition of enzymes, acid or alkali solution, the polysaccharide
obtained by extraction needed to be purified for further structural characterization and
activity investigation. At first, the protein could be removed by protease hydrolysis and
Savage methods [40]. Then, the small substances produced by protein hydrolysis could be
removed by dialysis. In order to obtain the purified polysaccharides, the ion exchange chro-
matography (IEC) and gel permeation chromatography (GPC) have usually been employed
(Table 3) [53]. Qi et al. purified the Ulva polysaccharide from Ulva linza by Q Sepharose
Fast Flow with NaCl as mobile phase and obtained five fractions [28,32]. Pan et al. purified
four polysaccharide fractions from Ulva intestinalis by DEAE Sepharose Fast Flow with
0.5~1 M NaCl [54]. Jiao et al. used DEAE Sepharose CL-6B to purify the polysaccharide
from Ulva intestinalis. In addition, the GPC has also been used for purification of Ulva
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polysaccharide [10]. Lü et al. purified two fractions by Sephadex G-100 with water as
eluent [52] and Xu et al. used Sephadex G-75 to isolate the polysaccharide fractions by
1.0 mL·min−1 of H2O [25]. In practice, the ICE and GPC have usually been used together
to purify the polysaccharide with higher purity. Lin et al. first separated the polysaccharide
by DEAE-Cellulose 52 with 0.7 M NaCl and then the eluate was further purified by Bio-Gel
P-2 with 0.85 mL·min−1 of H2O [55]. Tang et al. isolated the polysaccharide by DEAE-
Sepharose CL-6B with 0.2~1.5 M NaCl and Sephadex G-200 with 0.85 mL·min−1 of H2O,
respectively [11]. In addition, with the development of chemical engineering, more new
technologies have been employed to purify the Ulva polysaccharide [56,57]. For instance,
an integrated membrane separation process combining the tubular ceramic microfiltra-
tion (MF) membrane and the flat-sheet ultrafiltration (UF) membrane was developed to
purify polysaccharides from Ulva prolifera, and the results suggested that the content of
oligosaccharides reached 96.3% after purification by this integrated membrane separation
process [56]. However, there is no report of polysaccharide purification on a large scale,
and commercial polysaccharide is very expensive. It is essential to develop appropriate
methods for adequate separation and purification of Ulva polysaccharide for commercial
and industrial applications.

Table 2. The summary of extraction of Ulva polysaccharide.

Extraction Method Procedure Time Yield Recovery Reference

Hot water extraction with Hot water (90 ◦C) 4 h 21.96% - [25]
Hot water extraction with Hot water (80 ◦C) 1.5 h 18% - [12]

Hot solution extraction with 95% of alcohol (80 ◦C) 2 h - 70% [37]
Hot alkaline solution extraction with 0.5 M NaOH (90 ◦C) 2 h 33.3% - [38]

Acidic solution extraction with 0.05 M HCl 2 h 86.1% [39]
Ultrasonication treatment
Ultrasonication treatment 28 min 25.84% - [41]

Ultrasonication treatment
Ultrasonication (531.17 W) 4.8 min 17.42% - [15]

Ultrasonication treatment
Ultrasonication (610 W) - - 7.58% [44]

Ultrasonication treatment
Ultrasonication (610 W) - - 4.04% [45]

Enzymatic extraction with Protease - 27.75% - [52]
Enzymatic extraction with Cellulase - 20.22% - [25]

Table 3. The summary of purification of Ulva polysaccharide.

Purification Method Column Mobile Phase Speed Reference

IEC Q Sepharose Fast Flow 0~2 M NaCl 0.5~2 mL/min [31]
IEC DEAE Sepharose Fast Flow 0~2 M NaCl 0.92 mL/min [33]
IEC DEAE Sepharose CL-6B 0.9%NaCl 0.18 mL/min [35]
IEC DEAE Cellulose 52 0.2~0.8 M NaCl 0.5 mL/min [25]
IEC DEAE Sephadex A-25 0~4 M NaCl 0.5 mL/min [58]
GPC Sephadex G-75 H2O 1.0 mL/min [25]
GPC Sephadex G-100 H2O 0.4 mL/min [52]
GPC SephacryTm S-300 HR 0.9% NaCl 0.5 mL/min [58]
GPC Sephacryl S-300 HR 0.2 M NH4HCO3 0.5 mL/min [30]
GPC Sephacryl S-400/HR 0.2 M NH4HCO3 0.3 mL/min [28]

IEC+GPC DEAE Cellulose 52, Bio-Gel P-2 0.7 M NaCl 0.85 mL/min [40]
IEC+GPC DEAE-Sepharose CL-6B, Sephadex G-200 0.2~1.5 M NaCl 0.8 mL/min [11]

2.3. Activity of Ulva Polysaccharide

The activity of Ulva polysaccharide has been symmetrically investigated and character-
ized, and this green algal polysaccharide exhibited diverse biological activities such as an-
tioxidant, antitumor, immunomodulatory, anticoagulant and hypolipidemic activities [11].
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2.3.1. Antioxidant Activity

Many algal polysaccharides such as alginate, carrageenan and agar possessed obvious
antioxidant activity by cleaning the oxidant radicals and improving antioxidant enzymes’
activity [22]. Xu et al. evaluated the antioxidant activities of Ulva polysaccharide by
determining their ability to scavenge 1, 1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl
(OH•), and superoxide anion (O2

•−) radicals [25]. The results suggested that the Ulva
polysaccharide could clean up DPPH, OH•, and O2

•− [25]. It could also improve the
activities of endogenous antioxidant enzymes such as catalase, glutathione peroxidase, and
superoxide dismutase, which have been viewed as the major defense system against ROS
during oxidative stress [40]. Moreover, Tang et al. found that the polysaccharides could
reduce the content of maleic dialdehyde (MDA) in serum. The low MDA levels resulted in
lower oxidant stress and lipid peroxidation [11].

2.3.2. Antitumor Activity

The antitumor activity of Ulva polysaccharide has aroused increasing interest due to
the tumor’s multiplicity worldwide [59,60]. Jiao et al. found that polysaccharides could
inhibit tumor growth in S180 tumor-bearing mice, and could increase the relative spleen
and thymus weight [10]. They also promoted the expression of tumor necrosis factor-alpha
(TNF-α) in serum and induced lymphocyte proliferation, induced the production of TNF-α
in macrophages, and stimulated macrophages to produce nitric oxide dose-dependently
through the up-regulation of inducible NO synthase activity [35]. The Ulva polysaccharide
could motivate modulation of the immune system to indirectly inhibit tumor cells without
direct cytotoxicity [61].

2.3.3. Immune Regulatory Activity

The immune system includes nonspecific and specific immunity [62]. Nonspecific
immunity can immediately respond to invaders without encountering previous pathogens,
and gives signals to subsequently activate adaptive specific immunity [63]. Specific im-
munity involves B- and T-lymphocytes, and its function is activated immediately after the
initial antigenic stimulus [64]. The Ulva polysaccharide can significantly increase the rela-
tive spleen and thymus weight of tumor-bearing animals, promote the secretion of tumor
necrosis factor alpha (TNF-α), stimulate lymphocyte proliferation, and augment phago-
cytosis and secretion of NO and TNF-α in peritoneal macrophages [65]. In addition, the
Ulva polysaccharide could promote the proliferation of B lymphocytes and T lymphocytes,
activate the NK cell and induce the delayed apoptosis of neutrophils, as shown in Figure 4.
More specifically, the polysaccharides could increase the production of reactive oxygen
species (ROS), IL-6, and TNF-α through regulating the expressions of iNOS, IL-6, and
TNF-α. In addition, the polysaccharides can strengthen the macrophage phagocytic activity,
activate NK cells, increase thymus and spleen indices, and delay neutrophil apoptosis [7,66]
(Figure 4).

2.3.4. Anticoagulant Activity

It has been reported that polysaccharides from green alga have been investigated,
showing stronger anticoagulant activities than those from brown and red alga [28,67,68].
Wang et al. investigated and elucidated the anticoagulant activity of polysaccharide from
green algae Ulva linza in the coagulation assays, and activated partial thromboplastin time
(APTT), thrombin time (TT) and prothrombin time (PT) [69]. The results suggested that
the sulfated polysaccharides could prolong APTT and TT, but not TP. These activities
strongly depended on the degree of sulfation (DS), the molecular weights (MW) and the
branching structure of polysaccharides [69]. Qi et al. evaluated the anticoagulant activity of
polysaccharides from Ulva clathrata and an in vitro anticoagulant assay indicated that FEP
effectively prolonged the activated partial thromboplastin time and thrombin time [28,32].
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Figure 4. The schematic diagram of the immune regulatory and antitumor mechanism of Ulva polysac-
charides on the molecular and cellular level.

2.3.5. Hypolipidemic Activity

Hyperlipidemia, as a common endocrine disease, induces cerebrovascular and cardio-
vascular activity and atherosclerosis [70,71]. While hypolipidemic drugs such as statins
prevent and cure hyperlipidemia, their side effects cannot be ignored [70]. Teng et al.
reported that Ulva prolifera polysaccharides presented high anti-hyperlipidemic activities
which inhibited the body weight gain and also decreased triacylglycerol (TG), the total
cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) levels of plasma and
liver [72]. They also inhibited the expressions of sterol regulatory element-binding protein-
1c (SREBP-1c) and hepatic acetyl-CoA carboxylase (ACC) in high-fat diet rats. SREBP-1c
enhances the transcription of the required genes for fatty acid synthesis [72]. ACC, as the
rate-limiting enzyme in de-novo lipogenesis, controls the β-oxidation of fatty acids in the
mitochondria. Moreover, Ulva prolifera polysaccharides showed pancreatic lipase inhibition
activity [45]. The polysaccharide from Ulva prolifera exhibited a stronger hypolipidemic
effect than simvastatin and enhanced endogenous antioxidant enzymes and decreased
MDA content and lipid peroxidation in serum [72,73].

3. Ulva Oligosaccharides

The Ulva polysaccharide which acted as the main component of Ulva sp. has attracted
increasing attention in the algal bioresources field. As discussed above, the reports of
extraction, isolation, purification, structural characterization and physiological activity
of this polysaccharide have increased year after year. In addition, the techniques for
extracting the polysaccharide have developed rapidly on an industrial scale, and this
advance established a solid foundation for the wide application of Ulva polysaccharides.
However, the applications of polysaccharide for the food and medical industries have been
greatly restricted by its high molecular weight and low solubility, so the degradation of
polysaccharide into oligosaccharides has been the area of emerging focus in utilization of
Ulva polysaccharide bioresources.
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3.1. Preparation of Ulva Oligosaccharides

The Ulva oligosaccharides retained the versatile activities of polysaccharide and were
found to possess excellent solubility and bioavailability, and they have drawn increasing
attention from scientists from the food and medical fields [23]. The preparation of Ulva
oligosaccharides mainly depended on physical degradation, chemical hydrolysis and
enzymatic preparation, as shown in Table 4 [22]. Similar to the preparation of other algal
oligosaccharides such as alginate oligosaccharides and carrageenan oligosaccharides, the
microwave-assisted method has been widely used. Li et al. prepared Ulva oligosaccharides
by a microwave-assisted acid hydrolysis method and the results showed that only glycosidic
linkages were left without breaking significant structural units [74]. Duan et al. degraded
Ulva polysaccharide with HCl and assisted by microwave. The optimal degradation
conditions were 900 W at 50 ◦C for 10 min with 5% H2O2 in 1 mol/L hydrochloric acid
solution by single factor and orthogonal experiments [75]. Zhang et al. used the ascorbic
acid and H2O2 as degradation reagents to degrade the polysaccharides in order to obtain
the lower molecular weight products. The enzymatic preparation of Ulva oligosaccharides
has been the research focus due to its advantages such as mild reaction conditions, specific
products’ distribution, etc [26].

Table 4. The summary of methods for preparation of Ulva oligosaccharides.

Preparation Method Structure Molecular Weight Bioactivities Reference

Microwave-assisted acid hydrolysis - 3.1 kDa Antioxidant activity [76]
Microwave-assisted acid hydrolysis - 53.59 kDa Antioxidant activity [75]

H2O2 degradation - - Antioxidant activity [26]

Enzymatic degradation - 243, 341, 401,
503, 665 Da - [77]

Enzymatic degradation - 103, 45.4, 9.8 kDa Antioxidant activity [25]

Enzymatic degradation

Rha1(SO3H)1,
Rha1(SO3H)1Glc1,
Rha2(SO3H)2Glc1,

Rha3(SO3H)3Glc1Xyl1

244, 402, 628, 760 Da - [78]

Zhang et al. degraded the Ulva polysaccharide by degrading enzymes produced
by Alteromonas sp. A321 and the oligosaccharides yield reached 61.21% [77]. Xu et al.
degraded Ulva polysaccharide by the addition of pectin lyase (9.6 U/mL) and obtained
oligosaccharides with different molecular weights [25]. Surprisingly, there are no reports of
the gene information for specific enzymes which could degrade the Ulva polysaccharide.
As we know, other algal polysaccharides such as alginate, agar, and carrageenan could
be specifically degraded by the respective enzymes, namely alginate lyases, agarases and
carrageenases. Li et al. screened and identified a new Ulva polysaccharide-degrading strain
Alteromonas sp. A321 from the rotten green algae [76,78]. They characterized the enzymes
produced by Alteromonas sp. A321 and sequenced the N-terminal of them [76,78]. However,
it was unable to be determined whether the two enzymes belonged to polysaccharide
lyase or glycosidic hydrolase. Therefore, further and systematic research is required to
investigate and elucidate this question.

3.2. Separation and Purification of Ulva Oligosaccharides

The methods used for separation and purification of Ulva oligosaccharides are similar
with the methods for purification of Ulva polysaccharides. Xu et al. sequentially purified
the Ulva oligosaccharides by DEAE Cellulose-52 chromatography and Sephadex G-100
chromatography. In addition, the molecular weights of these three fractions were measured
to be 103, 45.4, and 9.8 kDa, respectively, using high performance gel permeation chro-
matography (HPGPC) [25]. Lü et al. purified the degraded polysaccharide by Sephadex
G-100 with water as eluent, and obtained a yield of 40.00% [52]. Li et al. employed a TSK
G4000-PWxl column, using 0.05 M NaNO3 aqueous solution as the mobile phase at a flow
rate of 0.5 mL/min with a column temperature of 30 ◦C to purify the degraded Ulva [76].
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According to the examples discussed above, the purification methods of Ulva oligosaccha-
rides seemed similar to the polysaccharides purification procedure, but the purpose of
polysaccharide purification is to remove the impurities from the polysaccharide system,
while the target of oligosaccharide purification is to separate the oligosaccharide fraction
from the mixture. Therefore, it is more difficult to obtain the oligosaccharide monomer
since the methods for polysaccharides’ purification have developed, and it is promising for
researchers to find more suitable methods for purification of Ulva oligosaccharides.

3.3. Activity of Ulva Oligosaccharides

So far, more and more studies are focusing on the activity of Ulva oligosaccha-
rides [22,23]. However, the current reports are still very scattered with the mechanism
of related activity and the structural-activity relationship of oligosaccharides was still
undefined due to the complexity of the Ulva oligosaccharides’ structure. Lü et al. eval-
uated the antibacterial activity of Ulva oligosaccharides and their selenized derivatives
prepared by acid method [52]. They found that the selenized Ulva oligosaccharides showed
stronger inhibitory activity towards Eschetichia coli and plant pathogenic fungi than that
to Staphylococcus aureus [52,79]. Liu et al. studied the anti-aging and anti-oxidation effects
of Ulva oligosaccharides in SAMP8 mice [23]. They found that Ulva oligosaccharides can
protect neurons in the hippocampus by significantly reducing the secretion of inflammatory
factors such as IFN-γ, TNF-α and IL-6, and improving the brain-derived neurotrophic
factor (BDNF) [23]. Liu et al. evaluated the immunoregulatory effect of Ulva oligosac-
charides in a cyclophosphamide-induced immunosuppression mouse model [80]. It can
be found that Ulva oligosaccharides can activate the immune system by promoting the
secretion of NO, up-regulating the expression of cytokines such as IL-1β, IL-6 and TNF-α,
and activating inflammatory bodies such as iNOS, COX2 and NLRP3 [80]. Xu et al. studied
the antioxidant activities of three Ulva oligosaccharides, and found that Ulva oligosaccha-
rides can effectively eliminate the DPPH, OH•, and O2

•− [25]. Li et al. investigated the
antioxidant capacity of Ulva oligosaccharides and found that the activity was closely related
to molecular weight [74]. Specifically, Ulva oligosaccharides with low molecular weight
can scavenge superoxide anion and hydroxyl radicals with an IC50 of 0.39 mg/mL [74].
Zhang et al. found that 2.28 mg/mL of Ulva oligosaccharides prepared by an H2O2 ox-
idation method can scavenge 92.2% of the hydroxyl radical, which is higher than Ulva
polysaccharides with the same concentration [26]. That is probably because there were
more hydroxyl groups in the oligosaccharides’ structure [26]. Cui et al. prepared complexes
of Fe2+ ions and Ulva oligosaccharides, which can be used to treat iron deficiency anemia
as a nutritional supplement for iron [81]. Wang et al. discovered that Ulva oligosaccha-
rides possessed an anticoagulant activity which was closely related to the number and
distribution of sulfuric acid groups in oligosaccharides [69]. Jin et al. prepared ep-3-H, a
glucuronic-xylo-rhamnose-component, from Ulva prolifera, and found that EP-3-H could
inhibit cell proliferation of human lung cancer cells by interacting with the fibroblast growth
factors FGF1 and FGF2 [82]. In addition, the physiological activities may differ in Ulva
oligosaccharides and polysaccharides, but the specific mechanism still remains unclear.
However, we could propose the possible reasons based on some experience. The active
groups appeared after the linkage of the polysaccharide was broken down by physical,
chemical or enzymatic hydrolysis, and therefore the activities of Ulva oligosaccharide
became more obvious than the polysaccharide. To sum up, the current studies on the
activity of Ulva oligosaccharides are relatively superficial since there is still no appropriate
method to obtain oligosaccharides with a fine structure for studying the structure-activity
relationship of oligosaccharides due to their quite complex structure.

4. Conclusions and Future Perspective

In recent years, the biomass of Ulva has increased rapidly worldwide, resulting in
a large number of green tides [4,80,83]. Actually, Ulva prolifera has invaded the Yellow
Sea for 15 consecutively years, which has damaged the marine ecological environment in
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Qingdao and the coastal cities of Shandong Province. It is therefore urgent to effectively
curb the growth of Ulva prolifera and achieve the harmless and high-value utilization of
Enteromorpha prolifera [84–86] (as shown in Figure 5). For instance, the Ulva polysaccha-
ride and oligosaccharide could eliminate the oxidative radicals such as DPPH, OH•, and
O2

•−, and they could also promote the proliferation of probiotics of intestinal microbiome
composition. In addition, the Ulva polysaccharide exhibited obvious hypolipidemic ac-
tivity; therefore, the Ulva polysaccharide and oligosaccharide can be used as a functional
food, a food additive, an antioxidant agent, and animal feed. Due to its excellent rheo-
logical properties, gelling behavior, texture characteristics and antibacterial activity, the
Ulva polysaccharide could be developed as a novel medical dressing to prevent bacterial
infection. More importantly, the Ulva polysaccharide and oligosaccharide both possess
obvious physiological activities such as immune regulatory, antitumor, anticoagulant and
hypolipidemic activities, they are important resources for developing novel marine drugs
for curing various malignant tumors, and they are used in the treatment of hyperlipidemia,
hypertension and other metabolic diseases. This kind of carbohydrate that originated from
green algae has drawn increasing attentions and became a topic of much discussion in the
marine bioresources and functional foods fields.

Figure 5. The potential and promising applications of Ulva polysaccharide and oligosaccharides.

Ulva polysaccharide, as the main active ingredient of the Ulva species, can be used to
develop new foods, medicine and health care products. At present, it is easy to extract Ulva
polysaccharides at a large-scale level. Nevertheless, it still cannot meet the requirements of
high-value utilization due to its low purity. So it is now one of the areas of intensive research
to find out how to prepare Ulva polysaccharides with high purity. On the other hand, the
solubility and bioavailability of Ulva polysaccharides is restrained by their high molecular
weight (>400 kDa), which has further limited the biological activity and application of
Ulva polysaccharides. It is therefore another area of focus to prepare Ulva oligosaccharides
with Ulva polysaccharides degrading enzymes. In addition, it is still a great challenge
to analyze the structure of Ulva polysaccharides and Ulva oligosaccharides due to the
complex and diverse monosaccharide composition and glycosidic bond connection modes
in Ulva polysaccharides. Therefore, it is of great significance to accurately analyze the fine
structure of Ulva polysaccharides and oligosaccharides, which will promote the study of
the structure-activity relationship and the high value utilization of Ulva polysaccharides
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and oligosaccharides. In addition there is a long history of humans utilizing the Ulva
bioresources for food, and some beneficial foods such as biscuits, noodles and vegetarian
meatballs have been developed. However, the applications of Ulva polysaccharide and
oligosaccharide as functional foods have not been realized until now because the studies
of the activity and function of the Ulva polysaccharide and oligosaccharide are ongoing.
We believe that the Ulva polysaccharide and oligosaccharide could be used as a functional
food such as the alginate oligosaccharides in the near future when we have obtained an
adequate understanding of them.
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