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Chapter I

Introduction

More than 70 % of the world’s surface is covered by oceans, and the marine
plants, animals, and microorganisms are used as a vital source of natural products
for foods and drugs.l! Notably, seaweeds are regarded as a food source for
coastal countries such as Japan, South Korea, and China, since they are rich in
nutrients, including fiber (carbohydrates), proteins, essential fatty acids, vitamins,
and minerals.[?31 Seaweeds are largely categorized according to photosynthetic
pigments: red, green, and brown groups.[! Seaweeds display different
compositions from species, while polysaccharides occur in all of them, and
represent viscous substance composing of cell walls; among seaweed
polysaccharides, carrageenan, ulvan, and fucoidan are the main ones.®! Because
of the characteristic physical properties, seaweed polysaccharides, in particular
carrageenan, have been extensively used as natural thickening and stabilizing

ingredients in pharmaceuticals, cosmetics, and food industries.[®! In addition to



the characteristics of seaweed polysaccharides, recent researches have
demonstrated their health benefits in animall’-'l and human!'*'® studies.
Especially, it has been reported that polysaccharides bearing sulfate group,
particularly fucoidan, have diverse physiological potentials, such as anti-tumor,

anti-cancer, anti-coagulant, and immunostimulatory effects.[7-2%

Fucoidan, a mixture of sulfated polysaccharides with different molecular
size of 20-400 kDa,?'??! is typically present in the “brown” seaweeds such as

Fucus vesiculosus, Undaria pinnatifida, and Cladosipon okamuranus.>231 The

fucoidan backbone is characterized by o(1—3) and/or a(1—4)-linked L-fucose,

along with branched moieties of sulfated and/or carboxylated monosaccharides
(e.g., fucose, mannose, galactose, glucose, xylose).[?4271 Therefore, structures of
seaweed fucoidan vary with species of brown seaweeds, by composition and

branched position of monosaccharides.!**27-2%1 Fig. 1-1 displays a structure of F.

vesiculosus fucoidan, having only a(1—3) linked fucose esterified with sulfate

group on the C3 and/or C4 positions of fucose.l**] C. okamuranus-derived

fucoidan possesses slightly complex structure with a repeating of a(1—3) linked

fucose and fucose sulfated at C4 position, together with a branched chain of
glucuronic acid in every six mole of fucose (Fig. 1-1).2% The structural
diversities of seaweed fucoidan may cause the diverse physiological properties
that were mentioned above, while the relationship between structure and

physiological effect remains unclear.[!1.28.3031]
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Fig. 1-1. Estimated structure of fucoidan from Fucus vesiculosus and

Cladosiphon okamuranus.



On the other hand, it was reported that the bioactivities of fucoidan are
closely associated with the activation of macrophage. Park et al.[*a suggested
that fucoidan derived from Hizikia fusiforme activated a murine macrophage-like
cell line, RAW?264 cells to produce proinflammatory and tumoricidal molecules
such as tumor necrosis factor (TNF)-o and nitric oxide (NO). This result was
consistent with that in previous literature reported by Takeda et al.,[*¥ who found
that the activated RAW264 cells by C. okamuranus-derived fucoidan treatment

inhibited the growth of Sarcoma 180 cells with cytocidal action of NO.

Macrophage, classified as innate immune cell, firstly plays an indispensable
role to provide immediate defense against foreign pathogens and cancer cells.[*4
Notably, the macrophage receptors, termed pattern-recognition receptors (PRRS),
including toll-like receptors (TLRs), scavenger receptors, and C-type lectins, 3361
play a pivotal role in perceiving the invasion of pathogens in a host of
macrophage by the recognition of pathogen-associated molecular pattern
molecules (PAMPs), such as lipopolysaccharide (LPS) and lipoteichoic acid,
expressed on the cell membrane or cell wall of pathogens.*¢-%8 Since fucoidan
is a polyanionic hydrophilic macromolecule, intracellular signals induced by the
recognition of fucoidan on cell surface receptors, rather than a cellular
internalization, may trigger various bioactivities. In this context, previous studies
revealed that PRRs including TLR2, TLR4, scavenger receptors, and C-type
lectin-like receptors on macrophage membrane can recognize fucoidan as a

foreign substance, resulting in the activation of macrophage.3%-42



As shown in Fig. 1-2, the recognition of fucoidan on PRRs induces the
activation of mitogen-activated protein kinase (MAPK) family including p38
MAPK, extracellular regulated kinase (ERK1/2), and stress-activated protein
kinase/c-Jun-N-terminal  kinase (SAPK/IJNK), resulting in activating
macrophage.[*241 In addition to the direct eliminating effect on pathogens and
cancer cells, as an important role in augmentation of acquired immune responses,
the activated macrophage is known to stimulate other immune cells including T
cells by secreting cytokines such as interleukin-12 (1L-12).[*4l The activated T
cells produce IL-2 and interferon (IFN)-y, which subsequently induce the
proliferation of natural killer (NK) cells. ! The propagated NK cells attack

cancer cell by the secretion of cytokines such as IL-12, TNF-a, and IFN-y.14!

Besides, the macrophage activated by multiple ligands recognized by
multiple receptors shows much higher physiological activation, in comparison
with that activated by a single ligand on a single receptor.[6-%8l For example, in
human peripheral blood mononuclear cells, the production of TNF-o and IL-10
was promoted by simultaneous treatments with ligands, B-glucan derived from
Alcaligenes faecalis, Pam3Cys, and LPS for dectin-1, TLR2, and TLR4,
respectively.l Therefore, co-stimulation of fucoidan together with other ligands
such as B-glucan (ligand for dectin-1) and LPS (ligand for TLR4) may possibly

show synergistic immune-responses such as immune-stimulation activity.
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Fig. 1-2. Expected mechanism of fucoidan showing immune-stimulation

activity.

Fucoidan, recognized by pattern-recognition receptors (PRRS) expressed on
macrophage membrane, stimulates macrophage through activating mitogen-
activated protein kinase (MAPK) family including p38 MAPK, extracellular
regulated kinase (ERK1/2), and stress-activated protein kinase/c-Jun-N-terminal
kinase (SAPK/JNK). The activated macrophage ultimately induces the

production of cytokines to eliminate cancer cells.
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Although the understanding for the detailed mechanism of fucoidan
recognition still remains unclear, given an influence of sulfate group on the
conformation and the negative net charge of fucoidan,®-51 the sulfate group is
expected to contribute to the fucoidan recognition, resulting in the activation of
macrophage.®® Actually, it has been reported that the presence of sulfate group
in fucoidan may be qualitatively and quantitatively associated with the
physiological events of fucoidan.?® The bioactivity of fucoidan seems to be in a
sulfate group-dependent manner.1> For example, fucoidan fraction derived from
Ascophyllum nodosum containing ca. 27 wt% of sulfate group exhibited much
higher anti-coagulant activity compared to fraction with ca. 12 wt% of sulfate
group.!? These results were in line with that in a previous report by Cho et al.,[*?!
who demonstrated that the treatment of U. pinnatifida-derived fucoidan in which
the hydroxy group was artificially substituted for sulfate group, exerted a
stronger anti-cancer effect on a human lung cancer cell line compared to the
native fucoidan treatment. However, the lack of information on receptors and on
precise sulfate content in polysaccharides still caused poor understanding of

fucoidan potential.

A convenient assay commonly conducted to determine the content of
sulfate group in polysaccharides uses spectrophotometric method. Namely, after
the release of sulfate group with strong acid such as HCI, the released sulfate
anions were precipitated with barium ions, followed by the monitoring of the
precipitate absorbance at 520 nm.[?42950-51 The conventional barium-sulfate

assay may suffer from low reproducibility due to its tedious procedures including
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severe extraction and/or purification, along with the loss of sulfate group and the
degradation of polysaccharide structure.®® Thus, to elucidate the involvement of
sulfate group in physiological functions and to control the quality of fucoidan-
containing product, a rapid and reliable method for appropriate analytical assay

is highly required.[®

To date, advanced analytical methods using inductively coupled plasma
(ICP) spectroscopy, infrared (IR) spectroscopy, and quantitative nuclear
magnetic resonance ((QNMR) spectroscopy have been developed for sulfate assay
of polysaccharides. ICP spectroscopy that shows good selectivity and high
sensitivity in biological samples®”! can evaluate the sulfate content according to
the equation: %sulfate group= 3.22 x sulfur.l®® However, the ICP technique
requires the destructive pretreatments of samples, including acid degradation and
exhaustive chemical extraction, causing poor reproducibility.5%€1 R
spectroscopy has been reported for the determination of sulfate content in
saccharide, based on the characteristic wave band of 1250-1370 cm™ for sulfate
group.l®tl However, the application of IR spectroscopy may not be suitable for
sulfated polysaccharide assay, due to the overlapping of IR band of

polysaccharides (950—-1500 cm™)[%2 with that of sulfate group.

In contrast to ICP and IR spectroscopies, NMR spectroscopy has been used
as powerful, rapid, and straightforward method for structure determination. A
recent study also demonstrates an alternative application of NMR, in which
NMR can be used as absolute quantitative analytical method in terms of proton

number (integrative value) in target, named as qNMR.[53-"2l NMR assay is based
8



on the change in behavior of active nuclei by radiofrequency (RF) irradiation in
a high magnetic field. Briefly, as shown in Fig. 1-3, positively charged nuclei act
like tiny magnet, producing a magnetic dipole with precession. The orientation
of nuclear precession occurs in nature with a random orientation, whereas by
applying a high external magnetic field, active nuclei are arranged in two
orientations, parallel (low energy state) or anti-parallel (high energy state)
against the external magnetic field.[’®! In a given external magnetic field,
irradiation with an equivalent energy to the difference between both energy states
of nuclei results in flipping of nuclei spins from low to high energy state, termed
“resonance”. Since the magnitude of the absorbed frequent light energy is
dependent on nuclide and electrons surrounding nuclei, irradiated RF for
eliciting resonance corresponds to structural factors of a given chemical.[’?l The
NMR apparatus expresses the absorbed energy as a free induction decay (FID),

which is converted into observable NMR spectrum by the Fourier transform.[”]
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active nuclei with a spin quantum number of 1/2.
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Various nuclei such as *H, 3C, *N, °F, 3!P, and “°Sc, showing non-zero
nuclear spin quantum number, have been used as active nuclei for NMR
spectroscopy,[®! among which *H and *C NMR spectroscopies are in common
to be used for structural analysis.[% For food analysis, qGNMR method®4 has
been applied for the evaluation of sugar content in beverages.[”"% Since the
qNMR analysis is based on the quantitative property of *H nuclei, in which the
number of protons in a molecule is proportional to the corresponding *H NMR
signal area,’®”] a well-resolved *H NMR signal of targeting analyte proton is
absolutely required. The normalized signal area of analyte target proton by a
distinct signal area of internal standard (IS) is used to determine the analyte.[6".77]
For example, Berregi et al. successfully determined formic acid in apple juice
using 1,3,5-benzenetricarboxylic acid as 1S."] Cao et al. determined glucose
content in fruit juices using well-resolved anomeric C-1 proton signals of glucose
and glucuronic acid as target proton of analyte and 1S, respectively.[®”l However,
in polysaccharide assay, due to busy *H NMR signals observed in the region of
chemical shift () for sugar residues (3.5-5.5 ppm),[’%78 it is extremely hard to
identify the characteristic proton signals in sulfated saccharides, including
anomeric C-1 protons. Therefore, to evaluate sulfate content in polysaccharides
by NMR, an alternative analytical strategy of *H gNMR method with high

selectivity and reliability is needed.

A 3 of TH NMR signal is given as a relative resonance frequency (ppm) of
target proton to a reference compound such as 3-(trimethylsilyl)-1-

propanesulfonic acid and tetramethylsilane. As the & value is sensitive to
11



structural changes by any binding interactions such as dipolar interaction, the
change in chemical shift (Ad) is monitored to determine a binding site of ligand
on a protein.[’®8 Thus far, an NMR titration, observing AS of ligand by
interaction with a certain anion, has been widely used for designing an artificial
receptor for the certain anion.[¥84 For example, Jin et al.[ reported that
squaramide-based tripodal receptor dissolved in dimethyl sulfoxide (DMSO)
was much more desirable for SO4% than H,PO4 by observing & values of N-H
proton in the receptor. Taking into consideration that sulfate group is a strong
acid, the phenomena in ionic formation of target sulfate group in polysaccharides

with any positive ions may be used for further NMR-guided analytical evaluation.

In general, the observed 6 value of ligand by a complex formation between

ligand and anion can be expressed as follow:
Ligand (L)+Anion (A) = Complex (C)
d=(1-n.)8; +n.d,
= 0p 1, X Adpax (1)

, Where n¢ indicates the molar ratio of ligand molecule involved in the complex
formation with anion to whole ligand molecule. The & value of free ligand
molecule is shown as 6. and that of ligand molecule involved in the complex

formation with anion is shown as dc.

By observing 6 values of ligand involved in the stoichiometric complex

formation with anion, the molar ratio of ligand to anion can be estimated. For

12



example, if no Ad of ligand is observed when the molar ratio of ligand to anion
is below 1.0, while those of ligand are observed when the molar ratio is over 1.0,
it means that the ligand stoichiometrically form 1:1 complex with anion.
Therefore, when the observed 6 values of ligand proton in the presence of anion
(Fig. 1-4A) are schematized against a molar ratio of the ligand to anion (Fig. 1-
4B), the molar ratio at the predicted inflection point of the plot clearly

corresponds to the stoichiometric complex ratio of ligand to anion.

13
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Fig. 1-4. A typical *H NMR titration curve of a ligand with an anion.

A dose-dependent change in chemical shifts (3) of ligand target proton in the
presence of anion (A). Titration profile of 5 value of ligand as a function of molar
ratio of ligand to anion (B). The white-filled area of B indicates when whole
ligand molecule involves in the complex formation with anion and the gray-filled
area of B indicates when free ligand molecule coexists with ligand molecule

involved in the complex formation.
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Additionally, according to the observed & values of ligand, an associate
constant (K) can be estimated. Notably, in archetypal 1:1 binding system, K value

is calculated as follows:

- - — 1k @
(L o-[CH(UAo-IC (1-%)(%%)

thus,

e _ Ao
K[L]O - (l_nC)( [L]O _nC)

or
2 (1. [Alo ;) [Alo _
e (1+[L]0+K[L]0 ><'1°+[L]() 0 3)
LAlp, 1 L[Alp, 1 2 [Alg
(1 o 'K[L]o)‘J (1 "o 'K[L]o) T,
n= 5 (4)

Substituting equation 4 into equation 1 gives

Ao, 1N [ [Alp, 1 2_ [Alp
(1 "o 'K[L]o) J (1 o 'K[L]o> TR

6:SL—f_(ASm(/lx) X [ 2 ] (5)

, Where [L]o and [A]o are the initial concentrations of ligand and anion,
respectively, and [C] is the concentration of complex. Using the 1:1 association
model, Khansari et al.[®?] found that thiourea-based tripodal receptor bearing 3-
nitrophenyl groups dissolved in DMSO selectively bound to sulfate anion (K >
10%0 L/mol) rather than other anions such as NOs and I (K < 10 L/mol). The

NMR-estimated K value of sulfate anion to receptor was in good agreement with

15



that in previous literature reported by Jin et al.,[®*l who suggested that the tris-
squaramide receptor dissolved in DMSO-ds showed higher binding properties

with sulfate group (K of 10*° L/mol) compared to CI- (K of 1025 L/mol).

Taken together, when a ligand molecule forming 1:1 stoichiometric
complex with sulfate group in saccharides is found by observing Ad of ligand
target proton in the presence of sulfated saccharides, a sulfate content can be
estimated from the molar concentration of the ligand at the predicted inflection
point of the plot, based on the Ad of ligand against the molar concentration of
ligand (Fig. 1-5). Therefore, to apply the NMR-guided assay for estimating
sulfate content in saccharides including natural polysaccharides, the selection of
an appropriate ligand, which can form the 1:1 stoichiometric complex with
sulfate group in saccharides, is absolutely prioritized. Compounds containing
azacyclic, ammonium, and/or guanidinium groups, reported in pervious
literatures to show high binding affinity with sulfate anion, are expected to be

promising ligand candidates.32-5%1
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Fig. 1-5. An overview of ligand-assisted *H NMR assay to estimate sulfate

content in sulfated polysaccharides.

In 1:1 binding system of ligand with sulfate group in sulfated polysaccharides,
since the observed chemical shift (6) value of ligand target proton is constant
until the molar ratio of ligand to sulfate group is over 1.0, the molar concentration
of ligand at the predicted inflection point from the regression equation clearly

corresponds to sulfate content in sulfated polysaccharides.
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According to the aforementioned research background, while the sulfate
group may play important roles in the expression of physiological activities of
fucoidan, the understanding of the structural and physical mechanisms of action
is still unclear. To understand the relationship between the sulfate group and
bioactivities, a reliable analytical assay system which can evaluate sulfate
content in polysaccharides without destructive processes (e.g., acid-based
treatment) is required. To date, the sulfate group in fucoidan is regarded as a
crucial structural factor in interaction with any receptors such as PRRs expressed
on macrophage membrane. In addition, it is expected that fucoidan cooperates
with other ligands such as B-glucan (ligand for dectin-1) to stimulate multiple
receptors, and enhances immunostimulatory function through the activation of
macrophage. Therefore, the present study performed with two different aspects

as follows:

In Chapter II, the immunostimulatory effect of C. okamuranus-derived
fucoidan on the activation of macrophage and the manner of action was
investigated using RAW?264 cells. Additionally, to explore the synergistic effect
of fucoidan with B-glucan on macrophage activation, RAW264 cells were co-
treated with fucoidan and zymosan, a well-known B-glucan-rich cell wall

prepared from Saccharomyces cerevisiae.

In Chapter 111, to establish a ligand-assisted *H NMR assay for estimating
sulfate content in polysaccharides, firstly, a suitable ligand molecule forming the

stoichiometric complex with sulfate group in sulfated saccharides was selected

18



by screening various candidates. Secondly, sulfate content in commercially
available fucoidan derived from F. vesiculosus was evaluated by the novel assay.
Lastly, for extensive application of the proposed *H NMR-based assay, twenty
crude polysaccharides were extracted from edible seaweeds dealt in market, and
their sulfate contents were estimated. To confirm the accuracy of the proposed
ligand-assisted 'H NMR assay, estimated sulfate content values were compared

by those from a conventional barium-rhodizonate assay.

19



Chapter 11

Synergistic immune-stimulation on macrophage activation
by Okinawa-Mozuku (Cladosiphon okamuranus) fucoidan
and B-glucan derived from Saccharomyces cerevisiae in

RAW?264 cells

1. Introduction

Fucoidan is a crude sulfated polysaccharide which occurs in an extracellular
matrix of brown seaweeds such as Okinawa-Mozuku (C. okamuranus) and
Mekabu (U. pinnatifida).®] Naturally occurring fucoidan displays diverse
sulfated polysaccharide forms composed of different monosaccharides (fucose,
mannose, galactose, glucose, or xylose, etc.) depending on the species of brown
seaweeds.[*88 For instance, C. okamuranus fucoidan is composed of fucose,
glucuronic acid, and sulfate with a molar ratio of 6 : 1 : 3 in monomeric unit,
having a linear backbone structure of a(1—3) linked fucopyranose, in which

20



glucuronic acid is positioned at C-2 and sulfate is positioned at C-4.3%
Irrespective to the structural diversity of fucoidan, these polysaccharides
exhibited several physiological functions, such as anti-tumor, anti-cancer, and
anti-inflammatory effects, that are characteristic for sulfated saccharides, but not

for non-sulfated ones.[#9-31:90:91]

The fucoidan-induced effects regarding immune responses were closely
associated with the action of macrophage, categorized as an innate immune cell,
playing a requisite role in protecting its host from exotic pathogens.3 Thus far,
it has been reported that fucoidan has the ability to activate macrophage through
the agonistic binding to PRRs expressed on cell membrane, including TLRs and
scavenger receptors.[*-421 Then, the fucoidan-stimulated macrophage can induce
type 1 helper T cell immune responses and cause activation and expansion of NK
cells to eliminate pathogens and cancer cells.’>?3] However, the mode of action
of fucoidan to activate immune cells, especially macrophage, has not been well

clarified yet.

Notably, the macrophage activated by simultaneous stimulation of
multiple receptors expressed on the cell membrane exhibited much powerful
immune responses compared to those from single receptor stimulation. For
example, in RAW264 cells and human peripheral blood mononuclear cells, the
production of proinflammatory molecules including NO and TNF-a was
elevated when dectin-1, a well-known -glucan receptor classified into C-type
lectin, was further activated together with both TLR2 and TLR4.14%

Simultaneous stimulation by fucoidan (ligand for TLRs or unidentified receptors)
21



and B-glucan (ligand for dectin-1) is expected to synergistically enhance the

activation of macrophage.

Therefore, in this study, the immunostimulatory mechanism of C.
okamuranus-derived fucoidan, and immune-synergistic effect of the co-
stimulation by fucoidan together with zymosan, derived from B-glucan-rich S.

cerevisiae cell wall, on the activation of macrophage were investigated.

22



2. Materials and Methods
2.1. Materials

Spray-dried C. okamuranus-derived fucoidan (>70% purity and
MW>10,000) was provided from the non-profit organization Research Institute
of Fucoidan (Fukuoka, Japan). Zymosan (ligand for dectin-1 and TLR2)[®4 and
depleted zymosan (a hot alkali-treated zymosan; ligand for dectin-1)® derived
from S. cerevisiae, and ligands for TLRs (a Mouse TLR1-9 Ligand Kit) were
purchased from InvivoGen (SanDiego, CA). Griess reagent kit (NKOS5) for
estimating the production of NO and biotin hydrazide were obtained from
Dojindo Lab. (Kumamoto, Japan). CF568-conjugated streptavidin was
purchased from Biotium Inc. (Fremont, CA). Cytochalasin D and methyl (-
cyclodextrin were gained from Sigma-Aldrich (St Louis, MO). Phagocytosis
Assay Kit (IgG FITC) was obtained from Cayman Chemical (Ann Arbor, MI).
For knockdown experiments, HiPerFect Transfection Reagent and small
interfering RNAs (siRNAs) (dectin-1: sc-63277 and control: sc-37007) were
purchased from Qiagen (Hilden, Germany) and SantaCruz Biotechnology
(Dallas, TX), respectively. ELISA kit for TNF-a (88-7324), and WST-8 (07553-
44) were obtained from Thermo Fisher Scientific Inc. (Waltham, MA) and

Nacalai Tesque Inc. (Kyoto, Japan), respectively.
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2.2. Preparation of biotin-conjugated fucoidan

A biotin-conjugated fucoidan was prepared with biotin hydrazide. Firstly, 1
mL of fucoidan solution (4 mg/mL in 0.5 mol/L sodium acetate buffer, pH 5.5)
was treated overnight with 1 mL of 20 mmol/L sodium meta-periodate at 4°C to
generate aldehyde groups in polysaccharide terminal residues. The mixture then
underwent desalting process with PD-10 column (14.5 x 50 mm; GE Healthcare;
Freiburg, Germany) according to the manufacturer’s recommended protocol, and
0.1 mg biotin hydrazide was added. After 2 h incubation at room temperature in
the dark, the reactant was desalted with PD-10 column. The filtrate was
lyophilized and weighed. Prior to assay, the dried biotin-conjugated fucoidan was

dissolved in phosphate buffered saline (PBS) to 20 mg/mL.

2.3. Cell culture

Murine macrophage-like cell line, RAW264, was purchased from Riken
Cell Bank (Tsukuba, Japan). RAW264 cells (2x10* cells/200 pL/well) were
seeded in 96-well culture plates with Roswell Park Memorial Institute (RPMI)
1640 medium containing 5% fetal bovine serum (FBS). The cells were incubated
in a normal humidified atmospheric incubator (containing 95% air and 5% CO>)
at 37°C for 24 h prior to stimulation. After incubation, to evaluate synergistic
immunoactivity of the C. okamuranus-derived fucoidan with either zymosan or
ligands for TLRs, the cells were stimulated with 200 pL of sample mixtures
dissolved in the culture medium containing fucoidan (10 pg/mL) and zymosan
(0-500 ng/mL) or ligands for TLRs. The ligands for TLRs were prepared at the
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following concentrations; 2.5 ng/mL Pam3CSK4 (ligand for TLR1/2), 12.5x10°
cells/mL heat-killed Listeria monocytogenes (HKLM, ligand for TLR2), 250
ng/mL Poly (I:C) (ligand for TLR3), 500 pg/mL LPS (ligand for TLR4), 250
ng/mL FLA-ST (ligand for TLRS5), and 500 pg/mL FSL-1 (ligand for TLR6/2).
For evaluating that fucoidan binds to the plasma membrane to activate
macrophage, RAW264 cells were pretreated with 3 mmol/L methyl B-
cyclodextrin (used for disrupting lipid rafts via pulling out cholesterol from cell
membrance)® or 5 pg/mL cytochalasin D (used for inhibiting phagocytosis)®¢]
for 0.5 or 1 h, respectively, prior to co-stimulation by fucoidan and zymosan.
Cell viability and production of NO and TNF-a in the culture supernatants were

measured at 24 h after the treatment using WST-8, Griess reagent kit, and ELISA

kit, respectively.

2.4. Confocal laser scanning microscopy (CLSM)

To investigate the location of fucoidan in RAW264 cells, the cells (2x10%
cells/200 uL/well) were seeded in multi-well glass bottom dishes (Matsunami
Glass Ind., Osaka, Japan) and incubated under normal culture conditions
(humidified atmosphere containing 95% air and 5% CO>) at 37°C for 24 h. After
incubation, the cells were pretreated with 100 pL of 5 pg/mL cytochalasin D for
1 h at 37°C to inhibit phagocytosis of RAW264 cells. Then, the cells were
stimulated with 100 pL of 2 mg/mL biotin-conjugated fucoidan for 10 min on
ice and washed with ice-cold PBS. Subsequently, cells were treated with CF568-

conjugated streptavidin, either immediately or after 3 h incubation at 37°C, for
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localizing biotin-conjugated fucoidan. Simultaneously, the ability of
phagocytosis of the RAW264 cells were evaluated with Phagocytosis Assay Kit
(IgG FITC) according to the manufacturer's recommendations. To observe the
location of fluorescent-labeled fucoidan on cells, a confocal laser scanning

microscope (TCS SP8, Leica, Germany) and LAS X software (Leica) were used.

2.5. siRNA transfection of dectin-1 gene in RAW264 cells

RAW264 cells (5x10* cells/well) were seeded in a 24-well culture plate in
100 pL of RPMI1640 medium and transfected with dectin-1 or non-targeting
siRNA (50 nmol/L). Briefly, siRNA was diluted with Opti-MEM (Life
Technologies, Gaithersburg, MD, USA) and HiPerFect transfection reagent
(QIAGEN), and incubated under normal culture conditions for 6 h at 37°C. After
incubation, 400 pL of RPMI1640 medium containing 10% FBS was added to
each well, followed by the re-incubation under the same culture conditions for
72 h. To evaluate gene knockdown efficiency in RAW264 cells, a quantitative-

real time PCR was performed with primers for clec7a (gene for dectin-1) and

Mx3000P real-time QPCR system (Agilent Technologies, Santa Clara, CA).
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2.6. Statistical analysis

All data are shown as the mean + standard deviation (SD). For comparing
each of experimental value to non-treated control, unpaired Student’s 7-test was
used. One-way analysis of variance followed by Tukey-Kramer test for post hoc
analysis was used for multiple comparisons. A p value of <0.05 was considered

to be statistically significant.
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3. Results and Discussion
3.1 Interaction of fucoidan with RAW?264 cell membranes

Macrophage is an immune cell with phagocytic ability to eliminate
pathogens. At first, to verify if an internalization of fucoidan into macrophage
through the phagocytosis is involved in the activation of macrophage, RAW264
cells pretreated with cytochalasin D, an inhibitor of phagocytosis, were treated
with fucoidan. As shown in Fig. 2-1, a decline of green fluorescence intensity
(FI) (upper right) was observed without significant cytotoxicity (upper left),
indicating that cytochalasin D treatment effectively blocked the internalization
of FITC-conjugated latex beads by phagocytosis. Furthermore, irrespective to
the phagocytic ability, fucoidan stimulated RAW264 cells to produce much more
NO and TNF-a compared to non-fucoidan-treated control (Fig. 2-1 lower left
and right). Therefore, it was suggested that fucoidan can exert immune-

stimulation activity without phagocytic internalization by macrophage.

Next, to investigate the location of the interaction of fucoidan with
RAW?264 cells, the cells were treated with biotin-conjugated fucoidan, followed
by staining with CF568-conjugated streptavidin. CLSM was used for the
visualization of fucoidan (red) and FITC-conjugated latex beads (green).[*’! As
shown in Fig. 2-2, fucoidan was localized in a dot-like pattern along the cell

membrane, under the different experimental conditions.

From these results, it was suggested that some receptors expressed on the
cell membrane recognized fucoidan to activate RAW264 cells.3*#143] While
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receptors for C. okamuranus-derived fucoidan in RAW264 cells have not been
identified so far, a few PRRs expressed on macrophage membranes such as
TLR2, TLR4, and scavenger receptor-A are expected to be possible fucoidan

receptors.[+>7]
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Fig. 2-1. Effect of phagocytic ability on immune-stimulation activity of

fucoidan.

Five pg/mL cytochalasin D-pretreated RAW264 cells were activated with 0
(open column) or 10 pg/mL (closed column) fucoidan. Data were shown as the
mean = SD. Each of experimental value of phagocytic ability in cytochalasin D-
pretreated RAW264 cells with or without fucoidan treatment was compared to
those in cytochalasin D-non-pretreated cells with or without fucoidan treatment,
respectively. Each of the experimental values of cytotoxicity and production of
NO and TNF-a with fucoidan treatment (closed column) were compared to those
of fucoidan-non-treated control (open column). Statistical difference was
evaluated by unpaired Student’s ¢-test. Asterisk (*) mark on column indicates the
significant difference compared to non-treated control (p<0.05, n=4). N.S.

indicates no significance.
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Biotin-conjugated fucoidan

Oh

Cytochalasin D

()

Fig. 2-2. Location of fucoidan on RAW264 cells.

Biotin-conjugated fucoidan was synthesized as stated in the section of Materials
and Methods. RAW264 cells were treated with cytochalasin D to block
phagocytosis. FITC-conjugated latex beads (Green) for evaluating phagocytic
level and biotin-conjugated fucoidan were treated to cytochalasin D-treated
RAW264 cells. To stain fucoidan, Cells were treated with CF®568-conjugated
streptavidin (Red) either immediately or 3 h after incubation, followed by CLSM

analysis.
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3.2. Combinatorial effect of fucoidan with zymosan on macrophage

activation in RAW264 cells

To evaluate the synergistic effect between fucoidan and zymosan on
immune response, RAW264 cells were co-treated with fucoidan and zymosan.
As shown in Fig. 2-3, the treatment with zymosan alone markedly elevated the
production of NO and TNF-a in a dose-dependent manner between 125 and 500
ng/mL (open column), indicating that B-glucan exerted the activation of
macrophage by oneself.”® Notably, the production of NO and TNF-a by the co-
treatment with fucoidan and zymosan together was much higher as compared to
the treatment of fucoidan alone (closed column), suggesting that intracellular
signals stimulated by fucoidan and 3-glucan were intertwined with each other to
enhance immune activation.['**1 On the other hand, treatment with HKLM, LPS,
and FSL-1 (ligand for TLR2, TLR4, and TLR6/2, respectively) also showed
significant macrophage activation activity in RAW264 cells without any
cytotoxic effects (Fig. 2-4, open column), but unlike zymosan, no synergistic

effect with fucoidan was observed (Fig. 2-4, closed column).

32



0.5

0.3
0.2
0.1
0.0

Cell growth (OD,z)

12.0
10.0
8.0
6.0
4.0

i
5 .
;| “Fl[

Nitrite conc. (umol/L)

0.0
4.0
*

20 | ob—=— ﬂ
0.0 = [ ]
Zymosan

(ng/mL)

Fucoidan - +

-a conc. (ng/mL)

TNF

0 125 250 500 0 125 250 500

Fig. 2-3. Synergistic effect of fucoidan and zymosan treatment on the

macrophage-stimulation activity.

RAW264 cells were cultured in the absence (open column) or presence of 10
ng/mL (closed column) fucoidan with zymosan (0-500 ng/mL). Data were
shown as the mean + SD. Each of the experimental values within each group
(fucoidan treated or non-treated groups) was compared to that of the control
(non-zymosan-treated). Unpaired Student’s #-test was used for the evaluation of
statistical difference. Asterisk (*) mark on column indicates the significant

difference compared to each control (p<0.05, n=3-4).
33



T 04
a
S 03
02
2
W g
J
0.0
_—
=
12.0
2
&
s 8.0
=
=]
=)
& 4.0
g =
Z 0.0
—_—
2 80
B
2 6.0 x|
s — 1
=
s 4.0
=]
£ o0 [
- Pam3CSK4 (TLR1/2) - + - - - - - -+ - - - o
HKLM (TLR2) = o= = o o o= s = o o= oas om e
. Poly(1:C) (TLR3) SR T o m ow el e u e
TLR ligands
LPS-EK (TLR4) s o2 o o= o= o= o = opm o= o om o
FLA-ST (TLRS) e o R R
= FSL-1 (TLR6/2) T, R, £
Fucoidan _ +

Fig. 2-4. Immune-stimulation activity of fucoidan in
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RAW264 cells were treated with each TLR ligands in the absence (open column)

or presence (closed column) of 10 pg/mL fucoidan. Pam3CSK4, ligand for

TLR1/2; HKLM, ligand for TLR2; Poly(1:C), ligand for TLR3; LPS-EK, ligand

for TLR4; FLA-ST, ligand for TLRS; and FSL-1, ligand for TLR6/2 were
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prepared as stated in the section of Materials and Methods. Data were shown as
the mean + SD. Each of the experimental values within each group (fucoidan
treated or non-treated groups) was compared to that of the control (non-TLR
ligands-treated). Unpaired Student’s #-test was used for the evaluation of
statistical difference. Asterisk (*) mark on column indicates the significant

difference when compared to each control (p<0.05, n=3-4).
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3.3. Involvement of lipid rafts of RAW264 cells in the synergistic immune-

stimulation activity of fucoidan with zymosan

Lipid rafts are specialized regions in the plasma membrane, in which PRRs
such as TLRs and dectin-1 are recruited in the process of the activation of

991001 Thereby, to explore that

macrophage through the recognition of PAMPs.!
the receptors involved in the synergistic immune-stimulation activity between
fucoidan and zymosan are associated with lipid rafts, lipid rafts in RAW264 cell
membrane were eliminated by cholesterol depletion induced by the pretreatment
with methyl B-cyclodextrin prior to sample treatment.[®>] As shown in Fig. 2-5,
the RAW264 cells NO production caused by zymosan treatment was offset by
methyl B-cyclodextrin treatment, resulting in attenuating the synergistic effect
between fucoidan and zymosan. These results suggested that receptors for
zymosan were located at lipid rafts during signal transduction.”*!°!l However,
the NO production in fucoidan-treated RAW264 cells was not obstructed by
removing lipid rafts in cell membrane, suggesting that receptors for fucoidan

might not be associated with lipid rafts, or fucoidan could target multiple

receptors, thus participating in stimulatory or inhibitory cell signaling.!1%%
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Fig. 2-5. Effects of lipid rafts disruption on the synergistic immune-

stimulation activity of fucoidan with zymosan.

RAW264 cells were pretreated with 5 mmol/L methyl B-cyclodextrin to disrupt
lipid rafts prior to sample treatment (500 ng/mL zymosan (Z), 10 ug/mL fucoidan
(F) or co-treatment (C)). Data were shown as the mean + SD. Statistical
differences between experimental values within each group (methyl pB-
cyclodextrin treated or non-treated groups) were evaluated by Tukey-Kramer test.
Different small letters on column indicate significant differences (p<0.05, n=3—

4).
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3.4. Elucidation of zymosan components in the synergistic immune-
stimulation by combinatorial treatment of fucoidan and zymosan in

RAW?264 cells

It has been reported that zymosan can be a ligand for dectin-1 as well as
TLR2.[**I However, given that no synergistic effect between fucoidan and TLR2
ligand (HKLM) was observed (Fig. 2-4), dectin-1 was assumed to contribute to
the synergistic macrophage-activation activity by co-treatment with fucoidan
and zymosan. To clarify the participation of dectin-1 on the synergistic effect,
depleted-zymosan, which activates dectin-1 without stimulating TLR2,* was
used. As a result, similar to zymosan, depleted-zymosan cooperated with
fucoidan to enhance the production of NO and TNF-o in RAW264 cells (Fig. 2-
6). In contrast, the synergistic effect was attenuated in the dectin-1 knockdown
RAW?264 cells transfected with siRNA (Fig. 2-7). These results clearly indicate
that dectin-1 rather than TLR2 may be involved in the synergistic macrophage-

stimulation effect between fucoidan and zymosan.
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Fig. 2-6. Comparison of immune-stimulation activity between zymosan and

depleted-zymosan in co-operative action with fucoidan.

RAW264 cells were treated with 500 ng/mL zymosan or 100 ng/mL depleted-
zymosan in the absence or presence of 10 pg/mL fucoidan. Data were shown as
the mean = SD. Tukey-Kramer test was used for the evaluation of statistical

differences. Different small letters on column indicate significant differences at

p<0.05 (n=3-4).
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Fig. 2-7. Dectin-1-related macrophage-stimulation activity of fucoidan with

Zymaosan.

RAW264 cells transfected with non-targeting (knockdown control) or dectin-1
siRNA were treated with 500 ng/mL zymosan (Z), 10 pg/mL fucoidan (F) or the
co-treatment (C). Data were shown as the mean + SD. Tukey-Kramer test was
used for evaluating statistical differences between expression levels of clec7a.
Experimental values of nitric oxide and tumor necrosis factor (TNF)-a
productions within each group (knockdown control or dectin-1 knockdown
groups) were compared by Tukey-Kramer test. Different small letters on column

indicates significant differences (p<0.05, n=3—4).
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4. Summary

In conclusion, Chapter II demonstrates that C. okamuranus fucoidan
exhibited the immune-stimulation activity by interacting with some cell surface
receptors probably including PRRs expressed on plasma membrane of RAW264
cells. In addition, the fucoidan cooperated with zymosan to enhance immune
function through activating macrophage. The synergistic effect is likely related
to the cell signaling occurring from the activation of PRRs (such as dectin-1)

arranged to lipid rafts.
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Chapter 111

Ligand-assisted nuclear magnetic resonance (NMR)
spectrometry assay for sulfate content in sulfated

polysaccharides

1. Introduction

Sulfated polysaccharides are a main constituent of cell wall of seaweeds.
Sulfate groups in sulfated polysaccharides are considered as a key structural
factor in exhibiting physiological activities, such as anti-cancer, anti-thrombin,
and anti-tumor effects.[?4-2631102103] For example, Sun et al.bY reported that
RAW264 cells treated by sulfated polysaccharide fraction derived from
Caulerpa lentillifera containing ca. 22 wt% of sulfate group exhibited much
higher immune-stimulation activity when compared to a fraction with ca. 12 wt%

of sulfate group. Therefore, an appropriate sulfate assay is strongly required to
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assess biological functions of sulfated polysaccharides.

A convenient assay for the determination of sulfate content in sulfated
polysaccharides is based on the precipitation reaction between barium ions and
inorganic sulfates liberated by acid hydrolysis.[2950-525455]1 Considering the
structural feature of sulfate group of sulfated polysaccharides for bioactivity,
structural change in polysaccharides during extraction and purification processes
should be avoided.[*®1 However, since the conventional barium assay requires
substantially intensive extraction and purification processes, sulfate group in
polysaccharides may be released, resulting in a poor reproducibility.[%
Therefore, a further extensive assay for sulfate content in polysaccharides
without tedious preparation steps is required.[4-56]

Since NMR spectroscopy is a non-destructive analytical method, qNMR
assay has been applied to determine analytes in mixtures such as foods[®”72! and
pharmaceutical products.[3%4 To conduct gNMR assay, a well-resolved H
NMR signal of interests is indispensable. In saccharide assay, anomeric C-1
proton signal is generally targeted.l%®7°78 For example, anomeric C-1 proton
signal in glucose was used for the estimation of glucose content in commercial
fruit beveragest® and glucan content in commercially available dietary
supplements.[’®1 However, due to the narrow variance of *H NMR signals for
saccharides, it is extremely hard to obtain a distinct target proton signal including
anomeric C-1 proton in mixture.[58%78 |n sulfated saccharide assay, especially,
because of a substituent effect of sulfate group, proton signal at the sulfate group

position is shifted to down-field (0.3-0.6 ppm). This shift makes harder to gain
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well-resolved targeted anomeric C-1 proton signal.[78104]

In the present study, an NMR titration method was applied for evaluating
the sulfate content in sulfated polysaccharides by observing 6 values of a ligand
showing a 1:1 binding stoichiometry with the sulfate group in sulfated
polysaccharides. In the 1:1 binding system, a constant & value of cationic ligand
target proton is observed when a molar concentration of ligand is lower than that
of counter anion, whereas the 6 value of target proton is shifted when the molar
concentration of ligand is higher than that of anion. The NMR titration technique
tracks a behavior of ligand & in the presence of anion to determine a desirable
artificial receptor for a certain anion. For example, Jin et al.®¥ found that a
squaramide-based tripodal receptor selectively bound to SO4% with a high
binding affinity (K of 10*° L/mol) by conducting NMR titration. Other
literatures suggested triodal urea, thiourea, indole, or guanidinium groups based
receptors showed the high binding affinity with sulfate anion (K>10* L/mol).[8*-
83,105 Therefore, in this study, we firstly screened various candidates to select an
appropriate ligand molecule, showing the 1:1 binding stoichiometry with sulfate
group in saccharides. Secondly, the application of the proposed ligand-assisted
'H NMR assay for the estimation of sulfate content in sulfated saccharides was
evaluated. The sulfate saccharides used in this study were commercially
available mono- to tetrasaccharides with defined sulfated content (Fig. 3-1).
Lastly, we applied the novel assay to estimate sulfate content in polysaccharides,
including the commercially available F. vesiculosus-derived fucoidan (Fig. 3-1)

and crude polysaccharides extracted from various seaweeds (Table 3-1).
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Fig. 3-1. Chemical structure of saccharides used in this study.

Abbreviation of saccharides was used as follow; Gal-s, galactose-6-O-sulfate;

NB-s, neocarrabiose-4-O-sulfate;

sulfate.
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Table 3-1. Commercially available seaweeds used in this study.

Seaweed

Common hame

Scientific name

Harvest region

Aosa-Nori Monostroma nitidum Aichi
Nori Porphyra yezoensis Shizuoka
Akamoku Sargassum horneri Aichi
Miyagi
Mie
Nagasaki
Gagome-Kombu Kjellmaniella crassifolia Sapporo
Ishi-Mozuku Sphaerotrichia firma Aomori
Niigata
Kombu Saccharina japonica Iwate
Mekabu Sporophyll of Miyagi
Undaria pinnatifida Shimane
Okinawa-Mozuku Cladosiphon okamuranus Ishigaki Island
Kume Island
Miyako Island

Tsuken Island

Wakame

Undaria pinnatifida

Iwate
Miyagi
Nagasaki
Tokushima
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2. Materials and Methods

2.1. Materials

L-ascorbic acid, D-(+)-Galactose (Gal), L-arginine, barium chloride dihydrate, 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), glycine, imidazole, NaBH4, and

NaxSO4 were purchased from Nacalai Tesque Inc. (Kyoto, Japan). 3[3-galactobiose ([3-

Gal-[1—3]-Gal) (di-Gal), 3a-4B-3a-galactotetraose (a-Gal-[1—3]-B-Gal-[1—4]-a-

Gal-[1—3]-Gal) (tetra-Gal), galactose-6-O-sulfate (Gal-s), neocarrabiose-4-O-sulfate
(NB-s), and neocarratetraose-41,3-di-O-sulfate (NT-di-s) were products from Dextra
Laboratories Ltd. (Shinfield, UK); all sulfated chemicals were in the form of sodium
salts. F. vesiculosus-derived fucoidan was purchased from Sigma-Aldrich Co. (> 95%
pure, Cat. No. F8190, St. Louis, MO, USA). D-(+)-Galacturonic acid monohydrate,
piperazine hexahydrate, and 3-(trimethylsilyl) propionic-2,2,3,3-ds acid (TSP-ds) were
purchased from Wako Pure Chemical Co. (Osaka, Japan). Deuterium oxide (D20, 99.8
atom% D), 1-(2-pyrimidinyl) piperazine, and sodium rhodizonate were gained from
Kanto Chemical Co. Inc. (Tokyo, Japan). All pickled seaweeds (one green, one red, and
seven brown seaweeds) listed below were harvested at different regions were obtained
from local Japanese markets (Table 3-1). The green and red seaweeds were Aosa-Nori
(Monostroma nitidum) and Nori (Porphyra yezoensis), respectively. The brown
seaweeds were as follows: Akamoku (Sargassum horneri), Gagome-Kombu
(Kjellmaniella crassifolia), Ishi-Mozuku (Sphaerotrichia firma), Kombu (Saccharina

Jjaponica), Mekabu (Sporophyll of U. pinnatifida), Okinawa-Mozuku (C. okamuranus),
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and Wakame (U. pinnatifida).

2.2. 'H and 3C NMR measurements

One-dimensional 'H and '*C NMR spectroscopies were performed at 25°C using
an ECS-400 spectrometer (JEOL, Tokyo, Japan). For acquiring '"H NMR spectra, a
single pulse sequence was performed with the following parameters: 2.18 s for
acquisition time; data acquisition points of 16,384; 5 s for relaxation delay; and spinning
at 15 Hz. In addition, a suitable scan number (8-512) was employed to obtain '"H NMR
signals of ligands with higher signal to noise ratio (> 3:1).[1%] For obtaining '*C NMR
spectra, a single pulse sequence was conducted with the following parameters: 2.18 s
for acquisition time; data acquisition points of 32,768; scan number of 20,000-30,000;
2 s for relaxation delay; and spinning at 15 Hz. TSP-d4 used as an external reference
(0.00 ppm) was not mixed with the sample dissolved in DO for avoiding any
interference of TSP-ds carboxy group on the interaction between ligand molecule and
sulfate group in sulfated saccharides. Instead, prior to measurement, a 3.5 mm-stem
coaxial insert NMR tube (Nihon Seimitsu Scientific Co., Tokyo, Japan) containing TSP-
ds dissolved in D2O was inserted into a 5 mm-NMR tube (Nihon Seimitsu Scientific

Co.) filled with 400 pL of sample dissolved in D>O.

2.3. Preparation of ligand-sulfated saccharide solution
To avoid the interference of cation such as Na* on the interaction between ligand

molecule and sulfate group in saccharides, desalting was performed with TOYO-PAK
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IC-SP M cartridge (TOSOH Co., Tokyo, Japan) prior to the preparation of sample
solution. The filtrate was lyophilized, weighed, and dissolved in D>O. All ligand
candidates were also dissolved in D20 and mixed with the saccharide solution to be the
molar ratios of 0.2:1 to 3:1. The final concentration of saccharide solution was fixed to
be 8.3 mmol/L for all tested sample. Saccharides containing no sulfate group (e.g., Gal,
di-Gal, and tetra-Gal) were used as negative controls.

To investigate the unanticipated affinity of carboxy group to ligand molecule,
which may possibly induce Ad of ligand, galacturonic acid, a monosaccharide bearing
carboxy group instead of sulfate group was used (Fig. 3-1). A methyl-a-D-galacturonate
(or methyl galacturonate) was prepared by following the protocol reported by Jansen
and Jang!'%”l with minor modifications. In brief, 1 g of galacturonic acid dissolved in 31
mL of 25 mmol/L HCl/methanol was incubated for three days at 4°C. The solution was
then neutralized with KOH/MeOH and evaporated under N> atmosphere. The residue
was diluted with de-ionized water and employed to TOYO-PAK DEAE and TOYO-
PAK IC-SP M cartridges (TOSOH Co.) for removing the residual galacturonic acid and
cations, respectively. The filtrated methyl galacturonate solution was freeze-dried and

re-dissolved in D,O for subsequent 'H NMR measurement.

2.4. Extraction of sulfated polysaccharides from seaweeds

Pickled seaweeds were washed with tap water to desalt and dried by lyophilization.
The dried sample (20-25 g) was soaked in 300 mL of boiling-water for 1 h to obtain
crude polysaccharide fraction. The supernatant was then pooled after centrifugation

49



(10,810 g; 20 min; 10°C). The extraction procedure was repeated three times. The
pooled extract was concentrated by rotary evaporation. To eliminate interference with
carboxy group, carboxy group rich polysaccharide including alginate was removed by
precipitation reaction with the continuous addition of 50 wt% CaCl; until no more
precipitate occurred. Alginate-free supernatant was collected after centrifugation
(13,980 g; 30 min; 10°C), and the solution was dialyzed (membrane MW cut off: 12,000;
Nacalai Tesque) against de-ionized water for 72 h or more while changing the dialysis
water once every 12 h. The dialysate was concentrated, dried, and used as crude

polysaccharide.

2.5. Reduction of carboxy group in polysaccharides

To remove residual carboxy group in crude polysaccharides, a chemical reduction
procedure was performed with EDC and NaBH4 % prior to 'H NMR measurement. In
brief, 100 mg of EDC was gradually added to 5 mL of crude polysaccharide solution
(20 mg/mL) dissolved in de-ionized water. The pH of solution was adjusted to 4.75-5.0
using 0.1 mol/L HCI with continuous stirring for 2 h. NaBH4 (500 mg) was then added
while stirring, and the pH was set to be 7.0 with 6 mol/L HCl for 1 h. To prevent foaming,
a few drops of ethanol (EtOH) were added. The reactant was dialyzed (membrane MW
cut off: 12,000; Nacalai Tesque) against de-ionized water for 48 h, followed by desalting
with TOYO-PAK IC-SP M cartridge (TOSOH Co). The filtrate was dried, weighed, and
dissolved in D>O for subsequent NMR measurement. To confirm the chemical reduction

of carboxy group to hydroxymethyl group in crude polysaccharide, the appearance of
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13C NMR signal at 59.0 ppm (hydroxymethyl group) and the disappearance of *C NMR
signal at 178.1 ppm were obtained.*®’8] On the other hand, as commercially available
F. vesiculosus-derived fucoidan rarely contains carboxy group (Fig. 3-1),[!% the

chemical reduction process was not performed prior to 'H NMR measurement.

2.6. Ligand-assisted "H NMR assay for sulfate content in Fucus vesiculosus-
derived fucoidan and crude sulfated polysaccharides

To evaluate the sulfate content of commercially available fucoidan derived from F.
vesiculosus and various seaweeds-derived crude polysaccharides by the ligand-assisted
"H NMR assay, imidazole dissolved in D,O was mixed with fucoidan or reduced crude
polysaccharides dissolved in D>O to be the concentration of 0.1-6.25 mmol-imidazole/g
of sample; the concentration of polysaccharides was fixed to be 0.08 mg/mL. & values
of imidazole target protons were observed and plotted against imidazole concentration.
To investigate the sensitivity of the present 'H NMR assay, Limit of Detection (LOD)
for imidazole target protons at the scanning number of 512 was computed. To confirm
the accuracy of the sulfate content estimated by the ligand-assisted 'H NMR assay, the
estimated sulfate content values were compared to those obtained by a conventional
barium-rhodizonate assay.l'””! To estimate sulfate content by the barium-rhodizonate
assay, fucoidan and native crude polysaccharides were subjected to acid hydrolysis
(105°C for 2 h). The aliquot (0.5 mL) was then mixed with 2.0 mL of EtOH, 1.0 mL of
barium buffer (containing 0.2 mmol/L BaClz; 1.6 mmol/L NaHCOs3; 0.2 mol/L acetic

acid; and 80% EtOH), and 1.5 mL of rhodizonate reagent (containing 50 pg/mL sodium
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rhodizonate; 1 mg/mL L-ascorbic acid; and 80% EtOH), followed by an incubation for
10 min at room temperature in the dark. The absorbance of reactant was measured at
520 nm and the standard curve (Na>SOys as standard) reflected the range of 0-24 pg/mL

of sulfate.

2.7. Statistical analysis

Because 8 value is invariable under fixed NMR conditions, no replicate 'H NMR
measurement was performed in this study. The conventional barium-rhodizonate assay
was performed in triplicate for each sample. The estimated sulfate content values from
the barium-rhodizonate assay are shown as the mean # standard deviation (SD).

Statistical difference was evaluated by unpaired Student’s ¢-test.
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3. Results and Discussion
3.1. Screening of ligands for 'H NMR-guided sulfated saccharides assay

In this study, an appropriate ligand, which shows cationic properties allowing to
form a 1:1 stoichiometric complex with the sulfate group in sulfated polysaccharides,
was required. Since it has been reported that compounds bearing
ammonium/guanidinium!®*-#4 and azacyclic group 3-8 can bind to sulfate anion with
higher binding affinity, L-arginine, glycine, imidazole, piperazine, and 1-(2-pyrimidinyl)
piperazine were used as typical ligand candidates in the present ligand-assisted 'H NMR

assay (Fig. 3-2).
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Ligand candidates
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HN._NH, 4 N
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OH
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OH / \
H,N™ 7 HN NH
O ____/

1-(2-Pyrimidinyl iperazine

3

s
Fig. 3-2 Chemical structure of ligand candidates used in this study.
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As shown in Fig. 3-3, A3 of 'H NMR signal for candidates in the presence or
absence of an equivalent amount of monosulfated disaccharide (NB-s) was observed.
Among the candidates, 6 values of glycine, piperazine, and imidazole were remarkably
moved to down-field (AS > 0.15ppm), whereas no or relatively smaller shifts were
observed for L-arginine and 1-(2-pyrimidinyl) piperazine. Despite the outstanding Ad
values for glycine (0.15 ppm) and piperazine (0.28 ppm) by the complexing with NB-
s, their proton signals were found at around 3.5 ppm, which may overlap with those of

s.[69.70.78] For L-arginine, after the addition of NB-s, the typical protons

the saccharide
were not clearly distinguished. In contrast, upon the addition of NB-s to imidazole,
imidazole protons showed outstanding AS (H2: 0.79 ppm; H4,5: 0.29 ppm), and were
observed at the 0 region (7.15-8.59 ppm), clearly separated from the saccharide region
(3.5-5.5 ppm).l"%78 This result was in line with that of literature, stating that the & value
of H2 of imidazolium ring in xylene-based imidazolium receptor was drastically shifted
to a lower magnetic field in the presence of HSO4.*¥) However, due to much lower
intensity of H2 signal compared to H4,5 signal, the H4,5 signal was selected for further

experiments to explore the ligand activity of imidazole against sulfated saccharides as

a target proton.
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Fig. 3-3 Comparison of the chemical shift (3) values for protons of ligand
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A neocarrabiose-4-O-sulfate (NB-s) was used as a representative sulfated saccharide.
The concentration of tested candidates and NB-s was 8.3 mmol/L. The detailed
conditions of '"H NMR measurement were stated in the section of Materials and

Methods. Arrow indicates target protons of candidates.
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3.2. Stoichiometric complex formation of imidazole with sulfated saccharides

To understand a stoichiometric complex formation between imidazole and sulfate
group in sulfated saccharides, 6 values of imidazole target protons (H4,5) at different
molar ratios of imidazole to NB-s (0.2:1 to 3:1) were measured. To exclude the effect
of an incremental saccharide viscosity on imidazole 'H NMR signals,®+!1% the

concentration of NB-s in all tested samples was fixed to be 8.3 mmol/L.

As shown in Fig. 3-4, the presence of NB-s induced Ad of imidazole H4,5 toward
lower magnetic field, and the o value was constant at lower molar ratios than 1:1,
indicating all imidazole molecules were likely to be saturated.(®?] However, at higher
molar ratios than 1:1, due to an increase of free imidazole molecules, the 6 value of
imidazole H4,5 gradually shifted to higher magnetic field. These results demonstrated
that imidazole molecule ionically form the 1:1 stoichiometric complex with sulfate
group in NB-s. This is in agreement with the previous result found in the literature that
described the constant 6 value of imidazolium H2 was observed when a molar ratio of
xylene-based symmetric receptor to HSO4 was below 1:1.1381 In addition, a plot based
on the observed & values of imidazole H4,5 against the different molar ratios of
imidazole to NB-s (Fig. 3-5) can allow to estimate sulfate content in sulfated
saccharides. When observed o values of imidazole were schematized against molar
concentrations of imidazole, by the 1:1 binding stoichiometry between imidazole and
sulfate group in saccharides, molar concentration of imidazole at the inflection point of

the plot may correspond to that of sulfate content in sulfated saccharides.
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Fig. 3-4. Change in chemical shift (Ad) of imidazole target proton (H4,5) at

different molar ratios of imidazole to the sulfated saccharide, NB-s.

Neocarrabiose-4-O-sulfate (NB-s) was used as sulfated saccharide, and the
concentration of NB-s was fixed to 8.3 mmol/L. Different concentration of imidazole
was mixed with NB-s solution to be the concentration of 8.3—-25 mmol/L (molar ratios
of 0.2:1-3:1). The detail conditions of '"H NMR measurement were stated in the section

of Materials and Methods.
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Fig. 3-5. A plot of chemical shift (3) of imidazole target proton (H4,5) vs. molar

ratio of imidazole to sulfated saccharide, NB-s.

0 values of imidazole were obtained from the result of Fig. 3-4. Neocarrabiose-4-O-
sulfate (NB-s) was used as sulfated saccharide, and the concentration of NB-s was fixed

at 8.3 mmol/L.
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However, to apply imidazole as a ligand for estimating sulfate content in various
polysaccharides, the effect of the number of sulfate group in monomeric unit and/or
structure and molecular size of sulfated saccharides on the stoichiometric complex
formation between imidazole molecule and sulfate group in saccharides should be
explored. Therefore, in this study, monosulfated mono- and di-saccharides (Gal-s and
NB-s, respectively) and disulfated tetrasaccharide (NT-di-s) were used. As negative
controls, their corresponding saccharides bearing no sulfate group; mono-, di-, and
tetrasaccharides (Gal, di-Gal, and tetra-Gal, respectively) were used. To ensure that the
molar ratio of imidazole to sulfate group in sulfated saccharides was set to 1:1, all tested
samples contained the same concentration (8.3 mmol/L) of saccharide and imidazole;
the tested sample for disulfated saccharide, NT-di-s, exceptionally contained 8.3

mmol/L NT-di-s and 16.7mmol/L imidazole.

As shown in Fig. 3-6, '"H NMR signal of the imidazole H4,5 (7.15 ppm) was not
shifted by the addition of non-sulfated saccharides, whereas a remarkable down-field
shift was observed by the addition of sulfated saccharides. The same magnitude of 6
value of imidazole H4,5 was observed in the presence of each sulfated saccharide
together with its corresponding saccharide bearing no sulfate group. These results
indicated that an imidazole molecule can selectively bind to a sulfate group in mono- to
tetra-saccharides, irrespective to the presence of contaminating neutral saccharides. Ad
values of imidazole H4,5 in the presence of Gal-s (Ad of 0.23 ppm) and NT-di-s (Ad of
0.22 ppm) were smaller than that of NB-s (Ad of 0.29 ppm), indicating that the different

substituent positions of sulfate group in saccharides can possibly influence the binding
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affinity of imidazole with sulfate group in saccharides. To understand the factors
involved in the magnitude of Ad in the presence of sulfated saccharides, K values for
imidazole to sulfate group in each saccharide were required. The reported K value of
imidazole to sulfate anion in DMSO-ds was 350 L/mol,!3®! and this value is in the range
of sufficient affinity of ligand to anions (80 L/mol for Br- to > 10* L/mol for SO4%),!%]
suggesting that imidazole, in this study, may behave as a reliable ligand for binding to

sulfate group in saccharides in D>O solution.
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Fig. 3-6. Chemical shift (8) values of imidazole target protons (H4,5) in the absence

or presence of an equivalent amount of non-sulfated and/or sulfated saccharides.

The concentration of all tested sample was 8.3 mmol/L; exceptionally, to set molar ratio

63



of imidazole and sulfate group in neocarratetraose-41,3-di-O-sulfate (NT-di-s) at 1:1,
the concentrations of NT-di-s and imidazole were 8.3 and 16.7 mmol/L, respectively.
Galactose-6-O-sulfate (Gal-s), neocarrabiose-4-O-sulfate (NB-s), and NT-di-s were
used as sulfated saccharides, and D-(+)-galactose (Gal), 33-galactobiose (di-Gal), and
3a-4B-3a-galactotetraose (tetra-Gal) bearing no sulfate group were used as their
corresponding saccharides. The detailed conditions of 'H NMR measurement were

stated in the section of Materials and Methods.
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In addition to non-sulfated and sulfated saccharides, carboxylated saccharides
including galacturonic and alginic acids!>!'%! also occur naturally in seaweeds. It has
been reported that carbonate anion formed a complex with imidazolium.®® Therefore,
saccharides bearing carboxy group can possibly disturb the complex formation of
imidazole with sulfate group in saccharides, resulting in interfering the estimation of
sulfate content in saccharides by the proposed ligand-assisted '"H NMR assay in this
study. To apply the ligand-assisted 'H NMR assay for the estimation of sulfate content
in natural polysaccharides, thus, the removal of carboxy group in saccharides should be
prioritized. As shown in Fig. 3-7, galacturonic acid used as carboxylated saccharide
induced a significant Ad of imidazole H4,5 toward down-field (7.15 to 7.47 ppm), which
was similar to the magnitude of Ad value observed for sulfated saccharides (Fig. 3-6).
Considering pKa value of galacturonic acid (3.24),1!'!! ionized galacturonic acid allowed
to the formation of complex between carboxy group in galacturonic acid and imidazole
dissolved in D;0. In contrast, no Ad of imidazole H4,5 in the presence of the carboxy
group-removed galacturonic acid (methyl galacturonate) was observed. The & value of
imidazole H4,5 in the presence of NB-s was matched with that in the presence of both
NB-s and methyl galacturonate. These results suggested that the removal of carboxy
group in saccharide is a reliable and essential pretreatment procedure to guarantee the
binding selectivity of imidazole to sulfate group in saccharides for the evaluation of

sulfate content in saccharides.
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Fig. 3-7. Chemical shift (3) values of imidazole target protons (H4,5) in the
presence or absence of equivalent amount of carboxylated and/or sulfated

saccharide.

Galacturonic acid was used as carboxylated saccharide and esterified to methyl
galacturonate (methyl-a-D-galacturonate) which was wused as decarboxylated
saccharide. Esterification experiments were described in the section of Materials and
Methods. Neocarrabiose-4-O-sulfate (NB-s) was used as sulfated saccharide. Final

concentration of each saccharide and imidazole was 8.3 mmol/L.
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3.3. Sulfate content in Fucus vesiculosus-derived fucoidan by 'H NMR

measurement

To apply the proposed ligand-assisted '"H NMR assay for sulfate content estimation
in purified sulfated polysaccharides, commercially available F. vesiculosus-derived
fucoidan (Sigma, > 95% pure, Cat. No. F8190) was used. Estimated sulfate content by
"H NMR was compared to that by the conventional barium-rhodizonate method.['*1 As
shown in Fig. 3-1, because of no carboxy group in F. vesiculosus-derived fucoidan,!%!
the intact fucoidan without chemical reduction procedure was used as an analyte for 'H
NMR measurement. To avoid the effect of fucoidan viscosity on the imidazole H4,5
signal broadening,[®+!1% fucoidan concentration was set at 0.08 mg/mL. As shown in
Fig. 3-8, constant ¢ value of imidazole H4,5 (7.480 ppm) was observed up to 2.0 mmol-

imidazole/g-fucoidan, whereas at > 2.0 mmol-imidazole/g-fucoidan, the up-field shift

of imidazole H4,5 was observed.
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Fig. 3-8. Change in chemical shift (Ad) of imidazole target proton (H4,5) at
different concentrations of imidazole in Fucus vesiculosus-derived fucoidan

solution.

The concentration of fucoidan was fixed at 0.08 mg/mL. Different concentrations of
imidazole were added at 1.25-6.25 mmol-imidazole/g-fucoidan. Conditions of "H NMR

measurement were seen in the section of Materials and Methods.
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Notably, as shown in Fig. 3-9, the & value of imidazole H4,5 against the
concentration of imidazole in the range of 2.0—6.25 mmol-imidazole/g-fucoidan
showed a good linearity (R?>=0.993). The concentration of imidazole at the inflection
point of the plot (observed 6 values of imidazole H4,5 vs. imidazole concentrations)
was estimated to be 2.1 mmol-imidazole/g-fucoidan by the regression equation (Fig. 3-
9). This result indicates that the sulfate content in fucoidan was 2.1 mmol-imidazole/g-
fucoidan or 20.2 wt%, and the value was matched with that by the barium-rhodizonate
assay (20.1£3.2 wt%, n=3). In addition, the estimated sulfate content in commercially
available F. vesiculosus fucoidan by the proposed ligand-assisted 'H NMR assay

showed a similar value of 18.2 wt%!''?I and 19.0 wt%[*®] by a sulfur-elemental analysis.
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Fig. 3-9. A plot of chemical shift (8) of imidazole target proton (H4,5) vs.

concentrations of imidazole in E vesiculosus-derived fucoidan.

O values of imidazole were obtained from the result of Fig. 3-8. The concentration of
fucoidan was fixed at 0.08 mg/mL. Different concentrations of imidazole were added

at 1.25-6.25 mmol-imidazole/g-fucoidan.
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3.4. Application of ligand-assisted 'H NMR measurement for diverse

polysaccharides with sulfate and carboxyl groups

To extensively apply the proposed ligand-assisted 'H NMR assay for seaweed
polysaccharides, in this study, a total of twenty crude polysaccharide extracts were
prepared with boiling-water from seaweeds spanning nine species and various
geographic locations (Table 3-1). To eliminate carboxy group in crude polysaccharides,
alginate (highly carboxylated polysaccharide) was removed by precipitation with CaCl..
Subsequently, the residual carboxy group in crude polysaccharides was chemically
reduced by using EDC and NaBHa, prior to '"H NMR measurement. Consequently, 1*C
NMR signal at 178.1 ppm for carboxy group in crude polysaccharides disappeared.
Instead, the '*C NMR signal of the reduced form (hydroxymethyl group) newly

appeared at 59.0 ppm (Fig. 3-10).30-781

To investigate the effect of the chemical reduction treatment on sulfate content,
the conventional barium-rhodizonate assay was used for the comparison of the sulfate
contents in native (non-reduced) and reduced crude polysaccharides. As a result, there
was no significant difference (unpaired Student’s z-test, p=0.19) between sulfate content
values of native (7.94 + 0.64 wt%, n=3) and reduced (7.07 = 0.71 wt%, n=3) crude
polysaccharides from Aichi M. nitidum. This indicates that the reduced crude
polysaccharides may be applicable analyte for estimating sulfate content in crude
polysaccharides by the present ligand-assisted 'H NMR assay using imidazole as a

ligand.
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Fig. 3-10. 3C NMR spectra of native (non-reduced) and reduced crude

polysaccharides derived from Aichi Monostroma nitidum.

The removal of carboxy group in crude polysaccharides by chemical reduction
procedure with EDC and NaBH4 was confirmed by observing the disappearance of
carboxy group signal at 178.1 ppm and a new appearance of hydroxymethyl group

(reduced form) signal at 59.0 ppm in 3C NMR spectra.
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3.5. Quantitative evaluation of sulfate content in diverse seaweed polysaccharides

by ligand-assisted 'H NMR measurement

For the estimation of sulfate content in diverse crude polysaccharides by an
imidazole-assisted '"H NMR assay, reduced crude polysaccharides were prepared as
described in section 2.5. To avoid 'H NMR signal broadening due to the synergistic
viscosity of polysaccharides,!!'¥] the concentration of reduced crude polysaccharides
was fixed at 0.08 mg/mL. Given that LOD for imidazole H4,5 at the scanning number
of 512 was 0.011 mmol-imidazole/g-reduced crude polysaccharide, the proposed 'H
NMR assay showed sufficient sensitivity to estimate the sulfate content in crude
polysaccharides, a mixture of various seaweed polysaccharides including sulfated

polysaccharides and non-sulfated neutral polysaccharides.

As shown in Fig. 3-11, a saturated d value of imidazole H4,5 (7.485 ppm) in the
presence of reduced polysaccharide derived from M. nitidum was observed up to 0.75
mmol-imidazole/g-reduced crude polysaccharide, whereas at > 0.75 mmol-imidazole/g-
reduced crude polysaccharide a dose-dependent up-field shift of imidazole H4,5 was
observed. Notably, as shown in Fig. 3-12, the observed o value of imidazole showed a
good linearity (R?>=0.985) against the concentration of imidazole in the range of 0.88—
3.25 mmol-imidazole/g-reduced crude polysaccharide. The sulfate content in Aichi M.
nitidum crude polysaccharide was estimated to be 0.79 mmol-imidazole/g-reduced
crude polysaccharide (i.e., 7.61 wt%) from the molar concentration of imidazole at the
predicted inflection point of the plot by the regression equation (Fig. 3-12). The

estimated sulfate content by the proposed 'H NMR assay was in agreement with that by
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the conventional barium-rhodizonate assay (7.94 + 0.64 wt%) (Table 3-2). Besides,
irrespective of geographic locations and species, for all seaweed samples, the estimated
sulfate contents by the imidazole-assisted '"H NMR assay were in the range of those

predicted by the triplicate bartum-rhodizonate assay (Fig. 3-12).
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Fig. 3-11. Change in chemical shift (Ad) of imidazole target protons (H4,5) at the
different concentrations of imidazole in the chemical reduced polysaccharide

extract from Aichi Monostroma nitidum.

A chemical reduction was performed according to the section of Materials and Methods.
The concentration of reduced crude polysaccharide was fixed at 0.08 mg/mL. Different
concentrations of imidazole were added at 0.25-3.5 mmol-imidazole/g-reduced crude

polysaccharide.
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Fig. 3-12. A plot of chemical shift (8) of imidazole target proton (H4,5) vs.
concentrations of imidazole in the chemical reduced polysaccharide extract from

Aichi Monostroma nitidum.

d values of imidazole were obtained from the result of Fig. 3-11. The concentration of
reduced crude polysaccharide was fixed at 0.08 mg/mL. Different concentrations of

imidazole were added at 0.25-3.5 mmol-imidazole/g-reduced crude polysaccharide.
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Table 3-2. Sulfate content in various seaweed polysaccharides obtained by imidazole-assisted 'H NMR and barium-

rhodizonate assays.

Seaweed

Common hame

Scientific name

Harvest region

Sulfate content (Wt%)

'H NMR assay

Barium-rhodizonate assay”

Aosa-Nori Monostroma nitidum Aichi 7.61 7.94 +0.64 (7.33-8.59)
Nori Porphyra yezoensis Shizuoka 741 7.50 = 0.66 (7.09-8.26)
Akamoku Sargassum horneri Aichi 7.17 7.37 £0.75 (6.79-8.21)
Miyagi 7.31 6.82 +£0.77 (6.21-7.67)

Mie 3.77 437 +0.59 (3.73-4.86)

Nagasaki 4.61 5.01 £0.40 (4.57-5.36)

Gagome-Kombu Kjellmaniella crassifolia Sapporo 10.4 11.1£1.18 (10.1-12.4)
Ishi-Mozuku Sphaerotrichia firma Aomori 9.68 9.67 +0.30 (9.49-10.0)
Niigata 16.3 16.0 + 1.80 (14.7-18.1)

Kombu Saccharina japonica Iwate 4.35 443 +0.78 (3.71-5.24)
Mekabu Sporophyll of Miyagi 3.73 4.23 +£0.90 (3.36-5.15)
Undaria pinnatifida Shimane 7.56 7.35 £ 0.87 (6.42-8.15)

Okinawa-Mozuku Cladosiphon okamuranus Ishigaki Island 4.81 5.35+0.58 (4.68-5.68)
Kume Island 4.04 4.32 £0.40 (3.94-4.72)

Miyako Island 4.65 4.05+0.71 (3.28-4.68)

Tsuken Island 4.97 4.51 £0.82 (3.86-5.42)

Wakame Undaria pinnatifida Iwate 2.45 3.10 £ 0.83 (2.29-3.93)
Miyagi 2.79 3.36 £ 0.95 (2.38-4.26)

Nagasaki 5.53 5.77 £ 0.69 (5.02-6.35)

Tokushima 3.85 3.70 £ 0.85 (2.74-4.33)

* Values indicate the mean = SD (n=3); total value range from triplicated measurements is provided in parentheses.
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4. Summary

Chapter III demonstrates for the first time that "H NMR can be used for the assay
of sulfate content in saccharides by monitoring the Ad of appropriate ligand. All the
present findings strongly evidence that imidazole is the most applicable ligand to
selectively form a stoichiometric complex with sulfate group in sulfated saccharides,
irrespective to the presence of interfering non-sulfated saccharides. Because carboxy
group in saccharides ionically interacted with imidazole, carboxy group in
polysaccharides was eliminated by the chemical reduction prior to 'H NMR
measurement. The sulfate content of sulfated saccharides including natural
polysaccharides is estimated by the molar concentration of imidazole at the predicted
inflection point from the plot based on the observed 6 values against the molar
concentrations of imidazole. Therefore, the proposed '"H NMR assay can be extensively
utilized for estimating sulfate content in natural polysaccharides without destructive

pretreatments, such as acid hydrolysis and intensive extraction.
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Chapter IV

Conclusion

Sulfate groups in sulfated polysaccharides, particularly fucoidan, are considered
as a key structural factor in exhibiting physiological activities, such as anti-tumor and
immune-stimulation effects.[**5  Previous studies have revealed that immune
activation induced by fucoidan is triggered with the action of macrophage.l3>%]
Agonistic binding of fucoidan to PRRs, expressed on cell membrane, stimulated
macrophage to produce proinflammatory molecules such as TNF-o and NO.%1 In
addition, fucoidan expected to cooperate with other ligands such as B-glucan to activate
multiple cell surface receptors expressed on macrophage, and enhance their immune-
stimulation activity.[!44894 However, due to an absence of clear information about
fucoidan receptors and assay for sulfate content in natural sulfated polysaccharides
without tedious extraction and pretreatment procedures, the involvement of sulfate
group in physiological functions of fucoidan is still uncertain. Therefore, the goals of
this study were to explore the synergistic immune response between fucoidan and (-
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glucan via any receptor interaction (in Chapter Il), and to establish a new assay for

sulfate content estimation in seaweed polysaccharides (in Chapter III).

Chapter II Synergistic immune-stimulation on macrophage activation by
Okinawa-Mozuku (Cladosiphon okamuranus) fucoidan and -

glucan derived from Saccharomyces cerevisiae in RAW?264 cells

In order to investigate the immune-stimulation effect of fucoidan, C. okamuranus
fucoidan was used. RAW264 cells were used to assess macrophage function. In addition,

zymosan (a well-known B-glucan-rich cell wall prepared from S. cerevisiae) was used

for evaluating the synergistic effect between fucoidan and (-glucan.

As a result, fucoidan was visualized on the cell surface of RAW264 cells by CLSM,
and was found to stimulate the production of NO and TNF-a without cellular
internalization. The production of NO and TNF-a was enhanced by co-operative action
of fucoidan and zymosan. Lipid rafts, which scaffold for rearrangement of PRRs, such
as dectin-1 and TLRs during the activation of macrophage, were revealed to be involved
in the synergistic immune-stimulation activity. Notably, dectin-1, one sort of B-glucan
receptor, was essential for the synergistic effect between fucoidan and zymosan.
Therefore, all findings indicate that fucoidan interacted with some receptors expressed
on RAW?264 cell membranes, and the fucoidan-activated receptors reinforced immune

function by the cooperation with dectin-1 activated by zymosan.
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Chapter III Ligand-assisted nuclear magnetic resonance (NMR) spectrometry

assay for sulfate content in sulfated polysaccharides

In this chapter, an establishment of new assay for sulfate content in sulfated
polysaccharides was performed applying '"H NMR titration method.

First of all, among five candidates, imidazole, showing a well-resolved '"H NMR
signal largely shifted toward down-field in the presence of sulfated disaccharide (NB-
s), was selected to explore a stoichiometric complex formation between ligand molecule
and sulfate group in saccharides. The  value of imidazole in the presence of NB-s was
constant until molar ratios of imidazole to sulfate group were 1:1, whereas at > 1:1, a
dose-dependent up-field shift of imidazole H4,5 signal was observed, indicating that
imidazole formed the 1:1 stoichiometric complex with sulfate group in saccharides. In
addition, a plot based on the observed o values of imidazole against the molar ratios of
imidazole to sulfate group in saccharides can allow to estimate sulfate content in
sulfated saccharides. Namely, when observed & values of imidazole in the presence of
sulfated saccharides were schematized against molar concentrations of imidazole, molar
concentration of imidazole at the inflection point of the plot may correspond to sulfate
content in saccharides.

Next, the application of an imidazole-assisted 'H NMR assay to estimate sulfate
content in seaweed polysaccharides was performed. The interference of non-sulfated
saccharides composing seaweed polysaccharides was investigated on a 1:1 binding
stoichiometry between imidazole and sulfate group in saccharides. For that purpose,

non-sulfated neutral saccharides (mono- to tetra-saccharides) and carboxylated
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saccharide (galacturonic acid) were used. As a result, the presence of non-sulfated
neutral saccharides did not affect the stoichiometric complex formation. Galacturonic
acid ionically interacted with imidazole, whereas the interaction was abolished by
removing carboxyl group in saccharide. Therefore, to apply a ligand-assisted 'H NMR
assay for the estimation of sulfate content in seaweed polysaccharides, carboxy group
in crude polysaccharides was eliminated prior to 'H NMR measurement by removal of
alginate (highly carboxylated seaweed polysaccharide) and subsequent chemical
reduction to form hydroxymethyl group. The chemically reduced polysaccharides
extracted from twenty seaweeds spanning nine species and various geographic locations
were used as analytes for the proposed 'H NMR assay to estimate sulfate contents in
natural crude polysaccharides. Exceptionally, the estimation of sulfate content in
commercially available fucoidan derived from F. vesiculosus was achieved without the
chemical reduction procedure due to no carboxy groups. The estimated sulfate contents
of all tested samples by the proposed imidazole-assisted '"H NMR assay were matched
with those by a conventional barium-rhodizonate assay. These results indicated that
imidazole was an appropriate ligand to form 1:1 stoichiometric complex with sulfate
group in sulfated polysaccharides, and the proposed imidazole-assisted '"H NMR assay
can be extensively applied to estimate sulfate content in various natural polysaccharides

with appropriate pretreatment to eliminate carboxy groups.

In conclusion, the present study demonstrates for the first time that fucoidan

cooperates with -glucan to activate multiple receptors on lipid rafts and enhances
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immune activity of macrophage. In addition, the findings prove that the ligand-assisted
"H NMR method using imidazole as a ligand can be extensively applied for estimating
sulfate content in various sulfated saccharides including natural polysaccharides

prepared without destructive preparation steps.
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