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Agrip
Brinpérungar (pang og pari) mynda megni& af fjérugrééri vié strendur islands. i peim
finnast fjdlsykrur sem haegt er ad nyta 1 heilsuvérur vegna fjdlbreyttrar lifvirkni peirra,
t.d. énaemismétandi eiginleika. Einnig er haegt ad umbreyta pessum verdmaetu
fjdlsykrum med adferdum liftaekninnar, med pad ad markmidi ad framleida nyjar vérur

sem haegt er ad nyta i lyfja-, faedubédtar- og 68rum i8nadi. Pannig er unnt ad nyta
lifmassa stérpérunganna 4 sjélfbaeran hatt og skapa ny verémaeti.

Pessi ritgerd fjallar um rannséknir & sjévarfjdlsykrum og énaemismétandi dhrifum peirra.
| ritgerdinni er 16g6 &hersla 4 fidgur vidfangsefni: i) itarlega greiningu & nyjum sdlfatasa
sem hzegt er ad nota vid ummyndun & sjavarfjdlsykrum, ii) rannséknir & flékinni
byggingu laminarin sameinda og afleidum bpeirra og énaemismétandi ahrifum, iii)
rannséknir & éneemismdtandi &hrifum fikéidan sameinda, og iv) rannséknir & alginati
og alginat smasykrum sem GtbGnar voru med& hjélp ensima. Eitt adal markmid pessa
verkefnis var ad kanna hvernig unnt er ad nota ensim til ad breyta byggingu fjdlsykra ar
branpdrungum og rannsaka hvernig slikar breytingar hafa &hrif & sérhaeft énaemissvar.
Lifefnafraedilegar adferdir, frumuraektir og nédkveemar maeliadferdir voru notadar til ad
greina myndbyggingu fjélsykra og afleiddra fasykra Gr premur parategundum og meta
6naemismétandi ahrif peirra.

Nyr salfatasi, SulAl, ar sjavarbakteriunni Arthrobacter ISCAR3885, var framleiddur med
erfdataeknilegum adferdum og rannsakadur itarlega. Markmidi® var ad rannsaka SulAT
med tilliti til hagnytingar i idnadi. SulA1 silfatasinn gat fjarleegt silfathép af N-Acetyl-D-
galactosamine-4-sulfate (GalNAc4S) sem er dnnur byggingareining kondroitin silfats
sem fyrirfinnst i brjéski sjavarlifvera og spendyra. Eiginleikar sGlfatasans endurspegla
hlutverk hans og sjavarbakteriunnar Arthrobacter i nidurbrotsferlum kondroitin silfats.
Petta er mikilveegt pvi med pvi ad fjarleegja stlfathépa fjdlsykra er unnt a& hafa hrif 4
leysni peirra, seigju og lifvirkni, t.d. méguleg ahrif & dnaemiskerfis.

Laminarin sameindir eru fordasykrur sem finnast adallega i brinpdrunum. beer
samanstanda af stuttum f—1,3-gltkan kedjum med f—1,6-greinum. | pessu verkefni voru
laminarin sameindir Gr premur gerdum brinpérunga eingangradar og hreinsadar og
bygging bpeirra greind. beer voru einnig klipptar nidur i sméasykrur med
laminaripentaocsa-myndandi endo—1,3—p-gltkanasa (LPHase). Markmi&i& var ad greina
samband byggingar og énaemisvirkni sem metin var i angafrumulikani. Nidurstédurnar
syndu aé afleidur af laminarini, sérstaklega stuttar smésykrur, héféu ahrif & raesingu
angafrumna med pvi ad draga Gr seytingu peirra & TNF-a og bélguhvetjandi
bodefnunum IL-12p40 og IFN-. betta benti til paer heféu bdlguhamlandi ahrif, ad hluta
til me& pvi ad draga ar Th1 dneemissvari. Aftur 4 méti leiddi samraekt angafrumna sem



voru me&héndladar med laminarini fré L. hyperborea, sem inniheldur faar og stuttar
hlidargreinar (eina glikésaeiningu), og CD4* T frumna til aukinnar seytingar 4 IL-17 og
IL-10 og pannig til virkjunar & Th17 énaemissvari. bPessar nidurstédur benda til pess ad
hugsanlega sé unnt ad nota laminarin sameindir og afleidur peirra i medferdarskyni &
sjikdémum tengdum bdlgu og ad medferdarméguleikinn fzeri eftir mélstaerd peirra og
hvernig greinamunstur peirra er.

Fakéidan, sem er fjdlsykra meé& silfathdpa, fyrirfinnst i frumuvegg stérpérunga og
utanfrumu efni (extracellular matrix). bar gegnir sykran mikilveegu hlutverki i byggingu
frumuveggsins, hian hefur ahrif & osmétiskan prysting, adstodar vid samskipti milli
frumna og pjénar sem varnarkerfi fyrir lifveruna. Fikéidan einkennist af flékinni
byggingu par sem adalkedjan samanstendur af af a—1,3- og a—1,44tengdum fikésa
einingum. | pessari rannsékn var fakéidan fjdlsykra aGr S. latissima einangrud og brotin
nidur med ensiminu endo-a-(1,3)-fukéidanasa (Psf1) i mismunandi stérar sméasykrur. bvi
nzest var dnaemisvirkni smésykranna metin. Stuttar smésykrur héféu bélguhamlandi dhrif
med pvi ad minnka IL-12p40 seytingu angafrumna og koma pannig i veg fyrir ThT
bnaemissvar. Stuftar fakéidan smésykrur geetu pvi hugsanlega nyst vid medferd 4
bdlgusjikdémum og pé einkum peim sem eru tengdir Th1 dnaemissvari.

Alginat er byggingarfjélsykra sem finnst i frumuveggjum brinpérunga. Alginat er
linuleg kedja sem samanstendur Gr blokkum a—L—guluronic (GulA) syru eininga og p—
D—mannuronic (ManA) syru eininga. bessi fjdlsykra gegnir hlutverki i styrk og lisleika
frumuveggs pérunga. | pessari rannsékn kom i ljés ad tvaer alginat fasykur, sem Gtbanar
voru med alginat lyasa ensiminu AlyRm3, annars vegar med hlutmeltingu og hins vegar
fullu nidurbroti, juku setyingu IL-6 og IL-10 angafrumna. Fullmelta fasykran jék lika
seytingu & IL-12p40. Auk pess leiddi AlyRm3 fullmelta fasykran til Th1 dnaemissvars i
samraekt angafrumna og ésamgena CD4* T frumna med pvi ad auka seytingu & IFN-y
og IL-10.

NidurstdSur rannsdknarinnar sem greint er frd i ritgerd pessari syna fram 4 aé
nidurbrot parafjdlsykra i smasykrur me& par fil gerdum ensimum getur breyit
6naemismoétandi dhrifum sykranna og gert notkun peirra i me&ferdum vid sjikdémum
tengdum dneemiskerfinu mégulega. Vinnsla & fjélsykrum Gr brinpdrungum med
ensimum er umhverfisvaen og getur auki® verdmeeti peirra og notkunargildi i lyfja- og
feedubdtaridnasdi.

Lykilord: Sjavarfjdlsykur, ensimme&hdndlun, smésykrur, énaemismétandi  hrif,
brinpdrungar, silfatasi.



Abstract

Marine-derived polysaccharides, particularly those sourced from abundant and
renewable seaweeds like brown algae, offer remarkable potential as valuable
compounds for various health applications due to their diverse and bioactive
properties, including immunomodulating activities. Through innovative biorefining
processes and enzymatic modification, it is possible to efficiently modify and utilize
these valuable polysaccharides, with potential of creating novel products with targeted
functionalities for use in pharmaceuticals, nutraceuticals, and other industrial
applications. This sustainable approach not only optimizes seaweed biomass utilization
but also represents a critical step forward in developing environmentally friendly, high-
value products from marine resources.

In this study, refinement of marine polysaccharides and their immunomodulatory effects
were investigated, focusing on four major aspects i) detailed characterization of a novel
sulfatase for potential enzymatic refining processes, ii) the structural complexity of
laminarin and its derivatives and their immunomodulating effects, iii) the
immunomodulating effects of fucoidan, iv) and the enzymatic refinement of alginate.
The primary aim of this research was to examine how enzymatic refining processes,
which cause structural modifications of marine polysaccharides derived mainly from
brown seaweed, affected adaptive immune responses. Biochemical assays, cell culture
experiments, and advanced analytical fechniques were used to characterize the biomass
and evaluate the immunomodulatory effects of various polysaccharides and oligo-
derivatives.

A novel sulfatase, SulA1, was cloned and extensively characterized from a marine
Arthrobacter strain. SulA1 was found to modify the sulfate group of the chondroitin
sulfate monosaccharide N-Acetyl-D-galactosamine-4-sulfate (GalNAc4S), underscoring
its role in the chondroitin sulfate degradation pathway of the identified Arthrobacter
strain. The purpose was to gather defailed understanding of SulA1, which potentially
could reveal industrial applications, such as selective desulfation of polysaccharides,
which might alter their solubility, viscosity, or bioactivity. Understanding the specific
actions and optimal conditions for SulA1l might enable targeted modification and
refinement of marine polysaccharides like chondroitin sulfate, and possibly alter their
immunomodulatory potential.

Laminarin, a storage polysaccharide predominantly found in brown seaweed, is a f—
1,3-glucan with B—1,6-branches. In this study laminarin from three species of brown
seaweed were extracted, purified, structurally analyzed, and enzymatically modified
using the laminaripentaose-producing endo—1,3—p-glucanase, LPHase. The aim was fo



unravel structure-function relationships with immune-modulating activity using a human
monocyte-derived dendritic cell (DC) model. Results showed that derivatives of
laminarin, particularly those with short degree of polymerization (DP) range, altered the
activation of DCs by down-regulating their TNF-a secretion and secretion of the pro-
inflammatory 12p40 and IFN-y cytokines, thus promoting an anti-inflammatory immune
environment partly by modulating Th1 responses. In contrast, co-cultures of DCs treated
with simple branched laminarin from L. hyperborea and CD4* T-cells led to increased
IL-17 and IL-10 secretion, thus inducing Th17 responses. These data suggest that
laminarin and their derivatives may have different therapeutic applications depending
on the molecular size and branching pattern of laminarin and laminari-
oligosaccharides.

Fucoidan, a sulfated polysaccharide primarily found in the cell walls, plays a crucial
structural role in maintaining the integrity and flexibility of the seaweed. It is
characterized by its complex structure, which includes a backbone of a—1,3- and a—
1,4-linked fucose residues. In this study, fucoidan from S. latissima was enzymatically
refined by the endo- a-(1,3)-fucoidanase Psf1 into different molecular-sized fractions to
assess their potential therapeutic applications. The low molecular weight fractions
exhibited significant anti-inflammatory effects by decreasing IL-12p40 secretion by DCs
and inhibiting Th1 responses and possible key signaling pathways, highlighting their
promise in treating inflammatory diseases.

Alginate, a structural polysaccharide found in the cell walls of brown seaweed, is
composed of linear chains of a—L—guluronic acid (GulA) and f—b—mannuronic acid
(ManA) residues. This polysaccharide plays a key role in providing strength and
flexibility to the seaweed’s cell walls. In this study, the two alginate oligosaccharide
fractions, AlyRm3 partially digestion and AlgRm3 full digestion, respectively, were both
found to significantly enhance the secretion of IL-6 and IL-10 by DCs. The fully digested
fraction also notably increased IL-12p40 secretion. Furthermore, the fully digested
AlyRm3 fraction was effective in promoting a Th1 response during co-culture of DCs
with allogeneic CD4* T-cells, as shown by increased levels of IFN-y and IL-10 in the co-
culture supernatant.

These findings collectively reveal that specific enzymatic modifications, and various
enzyme treatments, can alter the immunomodulatory effects of marine-derived
polysaccharides, making them a pofential target for therapeutic applications. This
approach not only optimizes the use of seaweed biomass but also advances the
development of environmentally sustainable, high-value products with potential
applications as pharmaceuticals and nutraceuticals.

Keywords: Marine polysaccharides, Enzymatic refinement, Inmunomodulation, Brown
seaweed, Sulfatase.
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1 Introduction

Sustainable bioactive compounds, particularly those derived from marine sources, have
gained significant interest due to their potential usage in various industries, including
pharmaceuticals and nutraceuticals. This chapter introduces the fundamental concepts
of marine-derived polysaccharides and the innovative approaches to refine and
enhance their bioactivity. The unique bioactivity of these compounds, combined with
the increasing need for sustainable resources, underscores the importance of
developing effective methods for their extraction and refinement.

Utilizing refining processes holds significant potential due to the diverse and complex
structures of many marine-derived compounds. Seaweeds, especially brown seaweed,
are abundant and rapidly renewable resources that do not compete with terrestrial food
crops for farmland. The unique polysaccharides found in seaweed, such as laminarin,
fucoidan, and alginate, exhibit a variety of bioactive properties, including antioxidant,
anti-inflammatory, and anticancer effects, making them valuable for numerous industrial
applications. Biorefining these polysaccharides through enzymatic processes allows for
the extraction and modification of these valuable compounds in an environmentally
friendly manner. This approach not only maximizes the utilization of seaweed biomass
but also opens up possibilities for developing novel bioactive products with specific
functionalities tailored for use in pharmaceuticals, nutraceuticals, and other industrial
applications.

1.1 Marine-derived polysaccharides

The marine environment is one of the most diverse ecosystems on the planet and
harbors a wealth of biological diversity, much of which remains unused and
unexplored. Within this vast marine ecosystem lies a multitude of organisms that
produce a diverse range of natural compounds, including polysaccharides. These
polysaccharides can be found in marine organisms such as seaweed [1], microalgae
[2], and marine bacteria [3]. In contrast to their terrestrial relatives, marine-derived
polysaccharides stand out for their structural complexity, functional diversity, and
biological activities, making them potential candidates to be used for various industries,
including food and non-food products.

1.2 Biorefining marine polysaccharides

Biorefining is the process that utilizes biomass e.g., sourced from plants, animals, or
microorganisms, to extract and refine valuable components, resulting in high-value
products. The primary goal is fo optimize the utilization of renewable resources while
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minimizing environmental impact. The story on biorefining often involves three
generations of biomass feedstock. First-generation biomass feedstocks involve
traditional crops, leading to concerns about competition with food production, land
scarcity, and potential negative impacts on food security. In contrast, second-generation
and third-generation biomass feedstock offer more sustainable alternatives, as they do
not directly compete with food production. Third-generation biomass feedstocks are
derived from algae and microorganisms. Seaweed, in particular, holds immense
potential for biorefineries due to its widespread availability, rapid growth rate, and
independence from fertile land, fertilizer, pesticides, and irrigation, as in contrast to
traditional crops [4]. Brown seaweed has emerged as a focal point for biorefineries due
to the potential for large-scale production across many species and its high
carbohydrate content, which can reach up to 70% of dry weight (dw) [5,6]. However,
the full potential of these carbohydrates remains to be fully explored. The extractions
and purification of seaweed-derived polysaccharides offer numerous opportunities,
whether for their physical or bioactive properties, or as a carbon source for microbial
conversions to biofuels and common industrial chemicals. Likewise, other marine
organisms contribute valuable complex polysaccharides, such as the sulfated
glycosaminoglycan (GAG) from crustaceans, chondroitin sulfate, found primarily in
cartilage tissue [7], and exopolysaccharides (EPS) produced by microorganisms, which
has also captured significant interest [8,9] especially as resources for the
pharmaceutical industry [10,11]. Nevertheless, the structural complexity and
heterogeneous composition of these polysaccharides pose challenges in biorefinery
processes, requiring solutions to and several processing problems in order to make
them a real option.

In biorefinery we often talk about primary and secondary products extracted from the
processed biomass. Primary products refer to the unaltered/native components
obtained through biocatalytic tools like enzymes and microbes. Not only do they offer
heightened resource efficiency, but they also present environmentally benign
alternatives to harsh physicochemical processes, thus paving the way for new product
development. Secondary products are derivatives of the primary products obtained by
enzymatic and microbial conversions. This encompasses derivatives such as modified
polysaccharides as investigated in this study.

1.3 Brown seaweed

Brown seaweeds belong to the class Phaeophyceae and are a diverse group of marine
macroalgae predominantly found in cold and temperate ocean waters, including
regions such as Iceland. Their characteristic brown color is attributed to the presence of
fucoxanthin pigment in addition to chlorophyll a and c. Notably, members of the
Phaeophyceae include several well-known species, such as kelp (Laminaria and
Saccharina), rockweed (Fucus), and bladderwrack (Ascophyllum).
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Within marine ecosystems, brown seaweeds play pivotal roles, serving as both habitat
and food for a variety of marine organisms. Beyond their ecological significance, they
hold considerable economic value due to their rich nutritional composition. Brown
seaweeds boast a diverse profile of vitamins, proteins, minerals, carbohydrates,
polyphenols, and fatty acids, making them prized substrates in various industries.

1.4 Polysaccharides from brown seaweed

Polysaccharides are carbohydrates composed of long chains of monosaccharide units
linked by glycosidic bonds. These macromolecules exhibit notable diversity in size,
structure, and functions. These properties are influenced by various factors, including
source orientation, arrangement of sugar units, types of bonds present, and decoration
with functional groups such as sulfate. Brown seaweeds are particularly rich sources of
polysaccharides, which can comprise up to 50% of their dw depending on factors such
as species, harvesting season, and harvesting site [12,13]. Within brown seaweeds,
polysaccharides can be categorized into two types: structural and storage
carbohydrates. Structural carbohydrates, including fucoidan, alginate, and cellulose,
are integral components of the seaweed’s cell wall, providing stability and resilience to
the unpredictable marine environment. Meanwhile, storage carbohydrates, comprising
laminarin and mannitol, serves as energy reserves. Laminarin is stored in granules
within the cytoplasm of the cells, while mannitol accumulates in the vacuoles. This study
focuses primarily on laminarin and, to some extent, fucoidan and alginate.

1.4.1 Laminarin

Laminarin is a low-molecular-weight polysaccharide ranging from 27 kDa,
corresponding to a DP of 25-40 [1,14,15]and constitutes approximately 1-25% of the
seaweed'’s dw. lts concentration peaks during the summer months, serving as an energy
reserve for tissue growth, but declines over the winter [5]. This water-soluble S-glucan is
composed of a f—1,3—D-glucose backbone, interspersed with p-1,6-linked glucose
moieties (Figure 1). The content and position of f—1,6-linkages within laminarin vary by
species, season, environmental factors, and exiraction techniques, contributing to its
structural diversity. These linkages may occur internally in the linear p—1,3-backbone
(intrachain) or form B—1,6-linked branch-points within the linear backbone [1,16].
Additionally, laminarin glucan chains are capped at their reducing end with either
mannitol or glucose moiety, known as the Mchains and G-chains, respectively. These
variants also vary among species [16,17].
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Figure 1: General Structure of Laminarin.

Laminarin consists of a B—(1,3)-linked glucose backbone with intermittent f—(1,6)-linked glucose
unit branches. The top figure represents the G-chain laminarin, which has a glucose unit at the
reducing end, while the bottom figure represents the M-chain laminarin, featuring a terminal
mannitol unit. In the diagram, m denotes the number of f—(1,3)-linked glucose units, and n
represents the number of f—(1,3;1,6)-linked glucose branching points. Figure adapted from [61].

Laminarin polysaccharides exhibit a diverse range of bioactive properties, including
antioxidant, anti-inflammatory, anti-apoptotic, immunomodulatory, and anti-cancer
effects [15,18—22]. Their non-toxic nature makes them attractive candidates as bioactive
molecules. These effects have been demonstrated to be closely linked to the laminarin’s
structural characteristics, such as the DP, degree of branching (DB), ratio of —1,3 to
B—1,6-glycosidic linkages, molecular weight, and purity [15,21,23,24].

1.4.2 Fucoidan

Fucoidan is defined by its high molecular weight (HMW) and negatively charged
sulfated structure, predominantly comprising fucose residues. These fucose units can
make up 90% of the total carbohydrate composition [25]. The length, branching, and
sulfation pattern of the polysaccharide can vary, influenced by factors such as
geographical origin, harvesting season, and extraction process. In addition to fucose
residues, fucoidan molecules may feature branching points where other
monosaccharides are attached, such as galactose, xylose, mannose, glucuronic acid,
and acetyl groups, which form a structurally diverse composition [5,13]. Two structural
types of fucoidan have been identified: Type | fucoidan, characterized by repeating
units of a—1,3-linked Lfucose, and Type Il fucoidan, containing alternately repeating
units of a—1,3 and a—1,4-linked L-fucose (Figure 2) [26,27]. Fucoidan has gathered
increasing attention for its biomedical potential, including antioxidant, anti-
inflammatory, anticoagulant, and anticancer properties, as reviewed several times
[27,28].
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Figure 2: Structural variations of type | and type Il fucoidan.

Type | fucoidan consists of repeating units of a—1,3-linked L-fucose, and Type Il fucoidan contains
alternately repeating units of @—1,3 and a—1,4-linked L-fucose. R groups can be fucose, sulfate
groups, or glucuronic acid, while the location of galactose, mannose, and xylose remains
unknown. n denotes the number of @—1,3 and a—1,4-linked L-fucose. Figur is from [26].

1.4.3 Alginate

Like fucoidan, alginates serve as structural carbohydrates, constituting 25-40% of the
seaweed dw [29]. Alginate is a linear polysaccharide composed of B—D-mannuronic
acid (ManA) units linked by p~1,4-linkages and a—L-guluronic acid (GulA) units linked
by a—1,4-linkages. These residues can organize info homogeneous regions composed
solely of one type of unit or into regions containing both units, known as M- and G-
blocks and MG-blocks (Figure 3) [30,31]. Variance in the percentages of these block
segments contribute to the distinct properties observed in alginate across different
species of brown seaweed. The average molecular weight of commercial alginate from
brown seaweeds has been reported to range between 32 and 400 kDa [32].
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Figure 3: Structural illustartion of M-, MG-, and G-block alginate.

B-D-mannuronic acid (ManA) is bound by f—1,4-linkages and a—L-guluronic acid units (GulA), is
bound by a—1,4-linkages, making up the M- and G-blocks, as well as the heterogenic MG-block.
Figure from [61].
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Alginate finds extensive applications across diverse industries. In the food industry, it
serves as prominent product, functioning as a thickener, stabilizer, and emulsifier in
various food and beverage formulations. Similarly, in the pharmaceutical sector,
alginate is employed in drug delivery systems, wound healing applications, and dental
impressions. Its usefulness extends to the textile industry, where it acts as a thickener in
printing and dyeing processes. Moreover, alginate features prominently in the cosmetic
industry, offering skin moisturizing and restoring properties [33,34].

1.5 Polysaccharides from other marine resources

1.5.1 Chondroitin sulfate

Chondroitin sulfate (CS) is a type of GAG found in cartilage tissue of land and marine
animals [7], ranging from 50-100 kDa [35]. It is composed of repeating disaccharide
units of glucuronic acid (GlcA) and N-acetyl-galactosamine (GalNAc), linked by g—1,4-
glycisidic bonds (Figure 4). Depending on the heterogeneous length and degree of
sulfation, which are influenced by the species of origin, the CS are classified into
different classes [36].

Chondroitin sulfate n
Figure 4: Structural illustration of chondroitin sulfate.
The chain consists of glucuronic acid (GlcA) linked by B—1,4-likage to N-acetyl-galactosamine
(GaINAc). R =H or SOz, and n denotes the number of B-1,4-likages. The figure is modified from
[213].

The two major classes of CS are CS-A and CS-C, distinguished by the position of the
sulfate group on the GalNAc unit. In CS-A, the sulfate group is located at C4 position
on the GalNAc molecule, while in CS-C, it is positioned at C6 position. Additionally,
more distinct and complex CS structures exist, such as CS-AC, which features
alternating C4 and C6 sulfation on the GalNAc unit, and fucosylated CS from sea
cucumber [37].

Compared to the seaweed-derived polysaccharides, CS is well recognized for its
functional properties and diverse bioactivities, including anti-inflammatory [38,39], anti-
cancer [40], and anti-coagulating [41] effects. It is also used as a treatment for
osteoarthritis [10]. These bioactivities are primarily attributed to the sulfate content of
the CS molecules, the positions of the sulfate groups, and the size of the polymer.
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These characteristics make CS molecules interesting for pharmaceutical and
nutraceutical applications.

1.6 Enzymatic refining of marine polysaccharides

Enzymes and enzymatic processes serve as valuable tools in biorefining of marine-
derived polysaccharides. They facilitate the efficient release and extraction of individual
compounds (the primary product) and enable highly specific tasks, such as modifying
the structures of poly- and oligosaccharides by introducing or removing side groups
and branches (the secondary product). This capability opens possibilities for producing
products with specialized bioactivities. Compared to traditional chemical processing of
polysaccharides, enzymatic degradation provides great advantageous properties, such
as substrate specificity, the capability to achieve either complete or selective
degradation of the polysaccharides depending on the type of enzyme used, and a
process usually simpler and more eco-friendly.

These enzymes, which are involved in the synthesis, degradation, and modification of
carbohydrates, are classified in the Carbohydrate-Active enZymes (CAZy;
hitp://www.cazy.org/) database [42]. These enzymes, commonly referred to as
carbohydrate-active enzymes or CAZymes, are categorized based on their catalytic
activities, carbohydrate-based products, and their amino acid similarities. The main
classes of CAZymes include glycoside hydrolases (GHs), glycoside transferases (GTs),
polysaccharide lyases (PLs), carbohydrate esterases (CEs), and auxiliary activities (AA).
By offering insights into enzyme functions and their evolutionary relationships, the
CAZy database serves as an essential tool for researchers in fields such as
biochemistry, biotechnology, bioenergy, and biorefining

1.7 Enzymatic refining of the brown seaweed polymers

laminarin, fucoidan, and alginate

1.7.1 p-1,3-1,6-glucanases

Laminarin is an attractive feedstock for enzymatic processes owing to its solubility and
its availability as a by-product in a cascading biorefinery. Enzymes which are capable of
hydrolyzing $—1,3-1,6-glucans, such as laminarin, belong to several GH families within
the CAZy database. The GH16 and GH17 families harbor most of the p—1,3-endo-
enzymes (EC 3.2.1.6 and EC 3.2.1.39 [43]), which are involved in complete hydrolysis
of laminarin info glucose (Figure 5). Exhibiting endo-acting activity means they cleave
randomly within f—1,3-linked backbone, leading to the breakdown of the polymer into
smaller oligosaccharides, mainly laminaribiose and in a few cases glucose [44,45]. In
addition to GH16 and GH17, newer GH families, including GH55, GHé4,, GH128,
GH157, and GH158, also confain members with f—1,3 endo-activity
(http://www.cazy.org/). In contrast, the B—1,3-exo-enzymes (EC 3.2.1.58 [43]),
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releasing glucose, and in some cases, laminaribiose from the non-reducing ends of
laminarin oligosaccharides [46]. The main families comprising these enzymes are GH3
and GH5 (http://www.cazy.org/). Since laminarins contain B—1,6-linked branches,
complete depolymerization of laminarin requires the cleavage of this linkage. Enzymes
responsible for this task have been characterized and are found in the GH30 family
(http://www.cazy.org/).

In this study, a laminaripentaose-producing endo-1,3—p-glucanase (LPHase) belonging
to the GH64 family was reported to release a laminaripentaose [47], was used to
generate different laminari-oligosaccharides with different DP-range and branching
patterns, aiming to investigate the structure-function relationship in the context of
immunomodulation.

Q <« B-1,6-linkage

I

B-1,3-linkage

GH30
. D B-1,6-laminarinase
B-endoglucanase

B-exoglucanase

GH16/GH17/GH3/GH5
Endo- and exo-acting B—1,3-laminarinase

B-endoglucanase
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Figure 5: Laminarin degradation pathways by CAZymes

The figure illustrates the enzymatic breakdown of laminarin into glucose by carbohydrate-active
enzymes (CAZymes). The oligosaccharide shown at the top represents a section of a larger
laminarin chain, composed of f—1,3 and $—1,6 linkages, indicated by arrows. Depolymerization
of laminarin occurs through the action of endo-f-glucanases (e.g., from the GH16 and GH17
families), which cleave randomly within the p—1,3-linked backbone, and exo-B-glucanases (e.g.,
from the GH3 and GH5 families), which release laminaribiose or glucose units from the non-
reducing ends of laminarin oligosaccharides. In the final step, specific p-glucosidases further
process laminaribiose into glucose after its transport into the cell. This complete breakdown
allows the resulting glucose monomers to enter metabolic pathways for energy production or
storage. Blue symbols represent glucose in its pyranose form (Glcp), following the Symbol
Nomenclature for Glycans (SNFG; https://www.ncbi.nlm.nih.gov/glycans/snfg.html). The figure
was generated using the DrawGlycan SNFG online software (http://www.virtualglycome.org/
IBrawGchan/) and modified in PowerPoint.
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1.7.2 Fucoidanases and fucosidases

Fucoidanases and fucosidases have atftracted considerable attention for their capacity to
degrade fucoidan info bioactive fragments, making them a valuable tool in the
pharmaceutical, nutraceutical, and biotechnological industries. These enzymes belong
to the GH families in CAZy, as seen for the —1,3-1,6-glucanases. Both fucoidanases
and fucosidases catalyze similar reactions. However, there are key differences between
these two enzyme classes.

Characterized fucoidanases specifically target the glycosidic bond within the fucoidan
backbone, particularly in the marine environments where brown seaweeds are
abundant. These enzymes exhibit both endo-acting and exo-acting activities and are all
classified under the GH107 family. Endo-fucoidanases can be further subdivided based
on their catalytic activity [27] into Type 1 (catalyzing 1,4—a-L-Fucoidan endohydrolysis
[47]) and Type 2 (catalyzing 1,3—a-L-Fucoidan endohydrolysis [49]). The exo-
fucoidanases (Type 3) cleave the terminal glycosidic bond, removing one fucose from
the end of the fucoidan chain [50].

The fucosidases are classified under several GH families (GH29, GH95, GH139,
GH141, and GH151; CAZy May 2024). Their primary function is to catalyze the
hydrolysis of fucose residues from various substrates, including fucoidan fucosylated
glycoproteins, glycolipids, and oligosaccharides. Fucosidases typically exhibit exo-
acting activity, leading to the release of fucose as a monosaccharide and leaving a de-
fucosylated product [27].

In this study, a novel a-(1,3)-fucoidanase named Psfl, classified within the GH107
family, was isolated from Pseudoalteromonas sp. S.1378 from the Arctic Ocean was
employed to generate fucoidan fractions of varying molecular sizes from S. latissima.
Subsequently, these fractions were examined for their immunomodulatory effects.

1.7.3 Sulfatases

Sulfatases play a significant role in modifying fucoidan and other sulfated marine-
derived products, such as fucoidan, carrageenans, and GAGs. Many of the reported
bioactivities of these compounds are attributed to their sulfate content and the positions
of the sulfate groups [38,51,52]. Given the potential importance of sulfation for the
bioactivity of such compounds, it is of great inferest o enzymatically modify their sulfate
content to control and investigate the bioactive properties. For this purpose, enzymes
with sulfatase activity are particularly valuable in refining marine polysaccharides.

Sulfatases are categorized into four families designated S1-S4 according to SulfAtlas
nomenclature (https://sulfatlas.sb-roscoff.fr/sulfatlas/, May 2024; [53]). Most sulfatases
belong to the S1 family, also known as Type | or formylglycine (FGly)-dependent
sulfatases [54,55]. The name is derived from the essential generation of a C.
formylglycine residue in the pentameric core motif C/S-X-P-X-R within the active site,
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located in the larger N-4erminal domain. This FGly residue is generated via enzymatic
posttranslational modification of the conserved C/S residue and is crucial for the
catalytic activity of these enzymes [54,56,57]. Although more sulfatase families exist,
only Type | sulfatases have been reported to be active on carbohydrates [54].

As seen for the GH enzymes described above, sulfatases are suggested to display
either endo- or exo-activity. Endo-acting sulfatases cleave sulfate groups located along
the poly- or oligosaccharide chain, while exo-sulfatases cleave sulfate groups from
either the nonreducing or reducing end of substrate molecules. Moreover, a substantial
collection of genomic data exists in the SulfAtlas database. However, despite the
discovery of new enzymes and the extensive genomic data available, sulfatases remain
largely underexplored in terms of substrate specificity and kinetic properties [57,58],
and to our knowledge, they have not yet been implanted in enzymatic refining
processes.

In this study, a novel sulfatase, SulA1, derived from the marine Arthrobacter strain
MAT3885, was originally investigated to modify sulfation patterns of sulfated marine-
derived polysaccharides. The aim was to explore how different sulfation patterns affect
immunomodulation.

1.7.4 Alginate lyases

In contrast to the GH families that hydrolyze the glycosidic bonds, lyases cleave
glycosidic bonds through a non-hydrolytic mechanism. This involves the elimination of a
group (e.g., a carboxyl or hydroxyl group), typically resulting in the formation of a
double bond or a new ring structure. Lyases are classified into different families based
on the type of bond they cleave. Carbohydrate-active lyases are grouped into the
polysaccharide lyases (PL) families (PL5, 6, 7, 14, 15, 17, and 18) in the CAZy database
[59,60]. Alginate lyases depolymerize alginate via B-elimination mechanism. They
cleave the glycosidic linkages between sugar monomers and leaving a 4-deoxy-L-
erythro-hex-4-enopyranosyluronic acid at the non-reducing end [61]. These lyases are
generally categorized into G- or M-lyases based on their preferences for cleaving either
G- or M-rich alginate (Figure 3). However, most lyases exhibit some level of activity
toward more than one type of the four glycosidic linkages present in alginates, MM,
MG/GM, and GG, as reviewed in e.g., [62,63], making them interesting as they can
break both a-and pB-linkages. Like the previously described enzymes in this thesis,
alginate lyases exhibit endo-or exo-acting activity. Endo-acting lyases cleave the alginate
polymer internally, producing oligosaccharides, whereas exo-acting lyases cleave from
the ends, resulting in unsaturated monomers, which are then converted into 4-deoxy-L-
erythro-5-hexoseulose uronic acid (Figure 6; [62,63]), and enter the alternative
glycolytic pathway, the Entner-Doudoroff pathway, for the catabolism of glucose to
pyruvate.
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Figure 6: The degradation of alginate by endolytic (top) and exolytic (bottom) alginate lyases.
The endolytic alginate lyase cleaves the internal linkages within the alginate polymer, forming a 4-
deoxy-L-erythro-hex-4-enopyranosyluronic acid on the none-reducing end of the resulting
unsaturated oligosaccharide (bottom). The exolytic alginate lyase cleaves terminal linkages,
releasing unsaturated monosaccharides, which are then funneled into the Entner Doudoroff
glycolytic pathway. In the top, the thin arrows indicate the cleavage sites for the correspond
alginate lyases. M and G indicates the mannuronic and guluronic residues in the alginate
polymer. The figure is modified from [61].

1.8 Immunomodulation

Immunomodulation refers to the adjustment or regulation of the immune response
through various mechanisms or agents. This can involve enhancing the immune
response to combat infections and cancers or suppressing it fo prevent excessive
inflammation and autoimmune diseases. Immunomodulatory therapies are pivotal in
managing a wide range of medical conditions, from infectious diseases to chronic
inflammatory disorders and cancers. Many marine-derived molecules have been shown
to have immunomodulating effects, including the stimulation of both pro-inflammatory
and anti-inflammatory responses, as well as having regulatory effects on the immune
system.

1.8.1 Inflammation

One of the critical aspects of immunomodulation is its role in managing inflammation.
Inflammation is a complex biological response triggered when the body encounters
harmful insults such as pathogens and tissue damage. Its primary aim is to remove the
injurious stimuli and initiate the healing process. The classic signs of acute inflammation
are redness, swelling, heat, pain, and loss of function [64]. Acute inflammation typically
involves four central elements: inflammatory inducers, sensors, mediators, and target
tissue [64], leading to the activation of the innate immune system. The inducers include
infectious agents, sterile tissue injury, hypoxia, and metabolic stressors. When an
inducer affects the body, tissue-resident antigen-presenting cells (APCs), such as

1



Monica Daugbjerg Christensen

macrophages and DCs, as well as endothelial cells, act as sensors. These sensors
interact with the pathogen and damage associated molecule patterns (PAMPs and
DAMPs) from the inducer via pathogen recognition receptors (PRRs) expressed on the
innate immune cells. This interaction leads to the release of inflammatory mediators,
such as cytokines, chemokines, eicosanoids, bioactive amines, and molecules from the
proteolytic cascade. These mediators then act on target tissues, subsequently attracting
more immune cells into the infection site [64].

Under normal circumstances, this process is resolved by a tightly organized cellular and
molecular response to regain homeostasis [65]. However, failure to resolve the acute
inflammation can result in its progression to chronic inflammation, which is involved in
the pathogenesis of many prevalent diseases, such as cardiovascular diseases,
atherosclerosis, rheumatoid arthritis, inflammatory bowel disease, and cancer [66].
Typically, if the innate immune system is unable to eliminate an intruder, the adaptive
immune system is activated. Compared to the innate system, the adaptive system is
highly specialized and takes longer to activate, but results in immunological memory.
APCs, especially DCs, play a key role in initiating the adaptive immune response and
are regarded as a link between the innate and adaptive immune systems.

1.8.2 Dendritic cells and their activation and differentiation of naive T-
cells

DCs are white blood cells belonging to the innate immunity. They are important for the
immune system by being the primary APCs responsible for bridging the innate and
adaptive immune system. They are easily recognized by their long dendrites, well-suited
to their function as sentinels, scanning for danger signals through different tissues in
the body [67,68]. The main role of DCs involves capturing, processing, and presenting
their antigens to naive T-cells.

DCs originate from hematopoietic stem cells in the bone marrow, where they undergo
differentiation into various subsets, each with specialized functions and locations within
the body. The main subsets include conventional DCs (cDCs), which are further divided
into cDC1 and ¢DC2. These cells can be distinguished by their expression of specific
surface molecules: CD141 expression by c¢DC1s and CDlc expression by cDC2s.
Additionally, these two subsets activate different T-cells: ¢cDC1s are involved in cross-
presenting antigens to CD8* T-cells, while cDC2s are more involved in activating CD4*
T-cells [69,70]. Besides cDCs, the body also contains monocyte-derived DCs (moDCs),
plasmacytoid DCs, and Langerhans cells [69].

Immature DCs (imDCs) reside in tissues where they are on constant look-out for foreign
or harmful molecules, upon encountering such molecules, in the form PAMPs or
DAMPs, through PRRs such as the toll-like receptors (TLRs), Ciype lectin receptors
(CLRs), NOD-like receptors (NLRs), and others, the imDCs are activated and undergo
phenotypic and functional changes, transitioning into their activated stage and become
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mature DCs (mDCs; Figure 7). This maturation involves the upregulation of surface
molecules vital for antigen presentation, such as major histocompatibility complex
(MHC) molecules, as well as the co-stimulatory molecules CD80 and CD86 [68].
Subsequently, mDCs migrate to draining lymph nodes where they prime CD4* or CD8*
naive T-cells, steering them toward becoming effector cells, including T-helper cells
(Th1, Th2 and Th17 subsets), T regulatory cells (Tregs), or cytotoxic T-cells [71,72]. The
reperfoire of cytokines secreted by the mDCs during this process is responsible for the
different type of immune response and depends on the specific PAMPs or DAMPs

encountered [67,68].
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Figure 7: Dendritic cell differentiation and activation of naive CD4* T-cells into Th subtypes by
various cytokines.

The figure illustrates the differentiation and activation of naive CD4* T-cells into Th subtypes
mediated by cytokines (IL-12, IL-6, IL-23, and IL-10). It also specifies examples of pathogen
recognition receptors (TLRs, dectin-1, and NLR) on the dendritic cell, blue dots indicating
cytokine secretions. Note that IL-4 is not derived from dendritic cells. Inspiration gathered from
[72,214]. Created with BioRender.com

1.8.3 T-cell subtypes

As described above, upon activation by DCs, naive T-cells proliferate and differentiate
into various effector T-cell subsets, each tailored to address specific types of pathogens
or infected cells, depending on the molecules they express and cytokines they secrete.

Human Th1 cells are central to the type 1 immune response and are derived from
interleukin (IL)-12 producing DCs [72], often in combination with interferon (IFN)y
secreted by non-DCs. These cells are induced in response to viral, protozoan, and
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intracellular bacterial infections. Th1 cells are easily identified by their secretion of the
cytokine IFN-y (Figure 7) [71,72]. The release of this pro-inflammatory cytokine activates
macrophages, making them more potent in phagocytosing and killing pathogens.
Furthermore, Th1 cells ensure the activation of cytotoxic CD8* T-cells by producing IFN-
y and IL-2, which enhance antigen presentation and directly activate and stimulate CD8*
Tcells, ensuring their proliferation, survival, and differentiation [74,75], leading to
effective pathogen-killing capabilities. Moreover, IFN-y can inhibit the differentiation
and function of Th2 cells. Cross-regulation helps prevent the immune system from
launching a mixed or inappropriate response, which could be inefficient or harmful
[74].

Human Th2 cells are the main players of Type 2 immune responses and play a central
protective role against extracellular parasites by secreting IL-4, IL-5, and IL-13 (Figure 7).
Effective Th2 differentiation require the presence of IL-4, which is secreted by non-DCs
and can directly or indirectly influence other cells, such as basophils and mast cells, to
produce more IL-4. Furthermore, IL-4 and IL-5 secreted by Th2, and T follicular (Tfh)2
cells are crucial for antibody isotype class-switching to IgE in B cells [76]. IL-13 is
important for the epithelia cell repair and mucus secretion, which accelerate the
removal of parasite and increases mucosal smooth muscle activity [77]. Additionally,
Th2+type responses are involved in many allergic disorders, atopic disorders and
involved in transplantation tolerance [78].

The human Th17 subset, which is at the center of type 3 immune response, can be
induced by the pro-inflammatory cytokines IL-6, IL-23, and IL-18 by DCs (Figure 7). Th17
cells, like Th1 cells, are easily distinguished from the other subtypes by their specific
secretion of the key inflammatory cytokine IL-17 and are highly potent against
extracellular fungi and bacteria. Through the secretion of IL-17 and IL-22, Th17 cells
indirectly recruit neutrophils and other phagocytes to infection sites, while also
inducing antimicrobial peptide production, which directly kills bacteria [79,80].
Additionally, Th17 cells have been implicated in numerous autoimmune diseases
[81,82].

Tregs are induced by the presence of the anti-inflammatory cytokines IL-10 and/or
transforming growth factor (TGF)-B. Unlike the previously mentioned Th cells, Tregs are
responsible for maintaining immune balance, preventing autoimmunity, and modulating
the immune response during various physiological and pathological conditions. They
achieve this by secreting the same cytokines as induced their formation, i.e., IL-10
and/or TGF-B (as depicted in Figure 7). Elevated levels of IL-10 can lead to reduced
expression of MHC- and co-stimulatory molecules on APCs, while also inhibiting the
production of pro-inflammatory cytokines, such as IL-1, IL-6, tumor necrosis factor alpha
(TNF-a0), and IL-12 [83]. In contrast, TGF-B inhibits the proliferation of T-cells and B-cells,
thereby controlling their activation and expansion [84]. Thus, the unique ability of Tregs
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to suppress immune activity makes them a critical focus of research in immunology and
a promising target for therapeutic interventions.

1.8.4 Evaluation of immunomodulating activities of marine-derived
polysaccharides

Natural compounds, such as laminarin, fucoidan, alginate, and chondroitin sulfate,
have all been explored for their ability to interact with the immune system (Table 1
below highlights some examples).

Pro-inflammatory responses induced by a natural compound refer to the process of
activating an immune response through the interaction of PAMPs or DAMPs with
different PRRs on immune cells. This interaction can lead to the production of pro-
inflammatory mediators to combat the intruders. These pro-inflammatory mediators can
be effectively measured through different techniques, and subsequently, the
inflammatory response monitored. Inducing a pro-inflammatory response using natural
compounds can have several beneficial applications in both research and therapeutic
contexts. For instance, promoting a pro-inflammatory response can be beneficial in
developing an antiviral or anti-bacterial drug. These compounds can enhance the
body's ability to fight infections by recruiting immune cells, such as macrophages, to
the site of infection and activating their pathogen-fighting capabilities [85—90].
Moreover, using natural compounds as vaccine adjuvants to boost and enhance the
immune response towards a specific antigen, or in the development of anti-cancer
drugs to recruit immune cells to the tumor site and enhance the antitumor immune
response, are also important research areas [91—93]. Additionally, inducing a pro-
inflammatory response can promote the initial stages of wound healing by helping to
clear debris and pathogens from the wound, which is a critical part of the healing
process [94,95].

In contrast to pro-inflammatory effects, anti-inflammatory responses counteract
inflammation with the primary goal of reducing its intensity and duration. This is crucial
in preventing excessive or chronic inflammation that can result in severe tissue damage.
The anti-inflammatory response typically involves the inhibition of pro-inflammatory
mediators, such as cytokines (e.g., TNF-a, IL-6, and IL-12) and chemokines, while
upregulating anti-inflammatory mediators, such as IL-10. This shift leads to suppressed
immune cell activities, thereby controlling and limiting the inflammatory response
during the active phase and restoring homeostasis [83,96,97].

Despite the significant knowledge gained through both in vivo and in vifro models
(Table 1), there are contradictory data regarding whether the different marine
polysaccharides harbor pro- or anti-inflammatory properties, especially in relation to
seaweed-derived polysaccharides, such as laminarin. Moreover, many research papers
are only investigating innate immune responses and often rely on cultured RAW 264.7
mouse macrophages [85—90] or rodent in vivo models [98—102], which may not
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reflect what would occur in human immune cell models or during adaptive immune
responses. Lastly, there is limited knowledge regarding which specific structures of the
marine-derived polysaccharides are responsible for the immunomodulating activities
reported.

Using DCs to investigate the possible immunomodulatory effect of marine-derived
polysaccharides is a promising research area with significant potential to advance
immunotherapy in cancer research, vaccine development, and the treatment of various
inflammatory-mediated diseases [103—105]. Moreover, it allows researchers to explore
the interaction between health-benefitting molecules and gain new insights into their
underlying mechanism of action on the human immune system, as well as
understanding the DCs biology, critical for designing strategies to modulate immune

responses.

Table 1. Marine-derived polysaccharides and some of their documented activities.

Resource Bioactivity Type/research methods Species References
Anti-tumor Apoptotic cell death of cancer Laminaria [106,107]
cells japonica
Anti-cancer In vivo C57BL/6 mice model | Not specified [98]
immunity i.v injected with laminarin
Anti-inflammation | In vivo Male Wistar rat LPS- Laminaria [99,108]
induced model and digitata,
Wistar rats ear edema model Sargassum
crassifolium
Immunomodulation| In vitro stimulation of RAW Not specified [85]
Laminarin 264.7 mouse
macrophages with laminarin -
enhanced cytokine secretion
and enhance the phagocytic
activity
Wound healing In vivo Wistar female rat Cystoseira [109]
wounds induction mode, barbata
topical application of
laminarin-based creams
Antitumor in vitro models with human Undaria [110-114]
/Anti-cancer microvascular endothelial cells pinnatifida,
immunity — tube formation and Laminaria
S angustata, Fucus
migration assays, human
Fucoidan vesiculosus, Fucus
prostate cancer cells —
N o evanescens,
viability, proliferation,
o . Sargassum
migration, and tube formation .
fusiforme
assays.
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Introduction

Anti-inflammation

Mouse breast cancer cells —

xenograft model with DU-145

BALB/c mice xenograft models

apoptosis and VEGF

expression analysis.

In vivo Athymic nude mice

prostate cancer cells.

with 4T1 breast cancer cells
and A549 lung cancer cells.

Acute peritonitis rat model and|  Sa

Wistar rats ear edema model

Laminaria
digitata,

Cladosiphon

okamuranus,

evanescens,
vesiculosus,

Fucus serratus,
Fucus distichus,

ccharina [100,101]

latissima,

Fucus

Fucus

Fucus spiralis,
Ascophyllum
nodosum,
Sargassum
vulgare
Immunomodulation RAW264.7 murine Ascophyllum [86,87]
macrophages, enhanced nodosum,
cytokine secretion and Laminaria
enhance the phagocytic japonica
activity
Anti-allergy BALB/c mice models and mast Sargassum [115,116]
cell line graminifolium
(RBL-2H3 cells) Squatina japonica
Wound healing Promoting angiogenesis, Not specified [117,118]
granulation
formation and collagen
deposition
Not specified [119,120]

Alginate

Anti-tumor

C57BL/6 mice melanoma
model - Enhances Memory

Properties of Antitumor CD8+
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S

T cells

B16-OVA Cancer Model -
erve as a carrier and adjuvant
for immunotherapy

Wound healing

In vivo full thickness infected
skin defect mouse model

chondroitin
sulfate

Immunomodaulation RAW264.7 murine Not specified [88—90]
macrophages, enhanced
cytokine secretion and
enhance the phagocytic
activity Induced pro-
inflammatory cytokine release
from monocyte derived DCs
Wound healing Diabetic wound model in Laminaria [102]
Sprague-Dawley rats hyperborea
Anti-inflammation | In vitro mouse-bone-marrow- Chondroitin [121,122]
derived macrophages model: |sulfate from shark
NO inhibitory activity and cartilage and
decrease pro-inflammatory from bovine
cytokines and increase IL-10 trachea
level
In vitro chondrocytes model:
Inhibition of NF-xB pathway
Murine splenocyte model:
Increase Th1 responses Not specified
Chondroitin || . 1 omodulation Experimental autoimmune Chondroitin [123,124]
sulfate encephalomyelitis mouse sulfate from
model: Induced IFN-y bovine tracheal
production and Th1 CD4 T cell cartilage
differentiation and up-
regulated STAT3 and IL-23 Chondroitin
expression and thus increased | sulfate A (source
IL-17 producing T cells not specified)
Hydrogel with [125]
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2 Aims

The main objective of this project was to identify and characterize the structural

complexity and functional diversity of marine-derived polysaccharides and their role in

immunomodulation by employing an enzymatic refinement approach to modify and

potentially alter immunomodulating activities. The immunomodulating activities were

assessed using a human monocyte-derived dendritic cell model.

Specific aims:

1.

To characterize in detail a newly identified marine-derived sulfatase’s enzymatic
activity and substrate specificity.

To refine laminarin from three species of brown seaweed.

To assess the immunomodulating potential of laminarin and enzymatically
modified laminarin structures purified from the three species of brown
seaweed.

To study the immunomodulating potential of various molecular-sized fucoidan
fractions.

To investigate the immunomodulating potential of enzymatically produced
alginate derivatives.
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3 Materials and Methods

3.1 Production of recombinant enzymes

This thesis describes the cloning and expression of two enzymes in Escherichia coli (E.
coli), a novel sulfatase designated the name SulA1 derived from a marine Arthrobacter
strain (Paper ), and a previously described laminaripentaose-producing endo-1,3—§-
glucanase (LPHase) from Streptomyces matensis DIC-108 [47] (Paper II).

3.1.1 Cloning of the sulfatase gene sulA7 (Paper )

The sulAT gene from the marine Arthrobacter strain (MAT3885) was amplified via PCR
using forward primer, SulA1-Ndef (5-CGAATTCCATATGGTCAGCTCGTCCCCTGCG-
3'), targeting the 5’ end of the orf including the deduced ATG start codon and the
reverse primer, SulA1- BamHI-r-his (5-CGCGGATCCGATTCCATCCCAGTTCGGCG-3'),
targeting the 3’ end of the orf excluding the stop codon. The PCR product was digested
with Ndel and BamHI and ligated into Ndel- and BamHI-digested pJOE3075 vector. The
resulting plasmid with sulAT was designated pVK13. As the reverse primer did not
include a stop codon, the sulA1 gene was cloned upstream of and in frame with 6 x 3’
histidine codons. E. coli BL21(C43) was transformed with the expression vector
containing the inserted gene by electroporation [126]. The transformed cells were
screened for the sulA1 gene by performing PCR using the above-described primers.
Correct sequence and fusion in the plasmid were verified with sequence analysis.

3.1.2 Production, purification, and storage of the SulA1 (Paper 1)

The E. coli BL21(C43) strain transformed with pVK13 was inoculated in LB broth
containing ampicillin (100 pg/mL) overnight at 37°C. The overnight culture was diluted
in fresh LB-amp broth (1:100) and cultivated at 37°C and 200 rpm until an ODeoo
between 0.7 and 0.9 was reached. Gene expression was induced with 10% (w/v) L-
rhamnose (final concentration of 0.1%). The culture was then grown overnight at room
temperature. Cells were harvested via centrifugation (3400 x g for 10 min at 4°C) and
resuspended in a lysis buffer (1.2 mL; 50 mM sodium citrate, pH 6, 150 mM NaCl,
15% glycerol) and further disrupted via sonication. The cells were kept on ice and
centrifugated at 16,000x g for 30 min at 4°C to separate the supernatant from the
insoluble debris. Thereafter, SulAT was purified using PureCube His Affinity MagBeads
(Cube Biotech; hitps://cube-biotech.com/solubilization-database (accessed on 2
February 2024), Monheim, Germany) using the protocol provided by the manufacturer.
In brief, protein purifications were made with PureCube 100 INDOGO Ni-MagBeads,
using the recommended lysis, wash, and elution buffers. Lysis, binding, and elution
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buffers consisted of 50 mM NaH,PO, and 300 mM NaCl (pH 8.0) with varying
concentrations of imidazole (10, 20, and 500 mM, respectively). After purification, the
elution buffer was exchanged with 100 mM acetate buffer pH 5.5 using Amicon Ultra-
0.5 centrifugal filter unit with a 30 K cut-off (Merck Millipore). The expression level and
purification of SulA1 were verified with SDS-PAGE, as described in section 3.5.1

3.1.3 Cloning and expression of recombinant LPHase (Paper Il)

The LPHase (376 amino acids) was obtained from Streptomyces matensis DIC-108 and
extended with maltose-binding protein domain (MalE) to confer solubility as follows.
The encoding gene was amplified using the forward  primer
f(CCATCGTGAACAGATTGGTGGCGCCGCCGTTCCAGCGACCATTC) and the reverse
primer r(TTAATGATGATGATGATGATGG GATCCATCGAACGGGTCCAGAGTCAG).
The expression vector pHWG1106 [127] was linearized with Kasl and BamHI and
subsequently, the gene was inserted into the vector using the NEBuilder® HiFi DNA
Assembly Cloning Kit (New England Biolabs Inc.). The resulting plasmid, pHG247, was
infroduced into E. coli NEB10 beta competent cells by transformation. Expression was
achieved by cultivating pHG247/NEB10 in 30 mL LB broth supplemented with
ampicillin (100 pg/ml) at 37°C until reaching ODgoo 0.7. The culture was then moved to
room temperature and allowed to grow until reaching ODeoo of approximately 0.9.
Gene expression, cell harvesting, cell disruption, and supernatant collection were
achieved in a similar manner as described above. The expression level of LPHase was
verified with SDS-PAGE, as described in section 3.5.1.

3.1.4 Total protein content and protein distribution

To determine the protein concentration of purified SulA1, the Bradford method [128]
was used. Dilutions of 1/3, 1/6, and 1/10 were made of the purified SulAl solution
using 100 mM acetate buffer, pH 5.5. As standard, BSA was used, ranging from O-
2.00 mg/mL. Five pl of samples/standards were pipetted into Flat-bottom 96-well plates
(Thermo Scientific) together with 250 pl Bradford Reagent (Sigma). The plate was
incubated for 15 min in the dark at room temperature. Absorbance was measured at
595 nm using a BioTek Epoch microplate reader coupled to the Gen5 software
(BioTek). Protein concentrations were determined by subtracting blank measurements
from the absorbances. Then the data from the BSA standard measurements were
plotted, and an equation for the standard curve was determined with linear regression.
The equation derived from the standard curve was then used to calculate the protein
concentration of the different dilutions of purified SulA1, based on the absorbance
values.
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3.2 Bioinformatic analysis for SulA1 (Paper 1)

Several bioinformatic methods were used to predict and gain valuable information
regarding SulA1 (Table 2), including determining whether it acts intracellularly or
extracellularly, identifying structurally conserved regions and functional motifs within the
protein sequence, gaps, and variations with other identified FGly-dependent sulfatases,
as specified in Paper .

Table 2. List of bioinformatic programs.

Program Application
SignalP v5.0

(https://services.healthtech.dtu.dk/services/SignalP-5.0/

(accessed 2024-01-25))

BLASTp against PDP database (NCBI)

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins

(accessed 2024-02-18))
Interpro Domain annotations and functional

(https://www.ebi.ac.uk/interpro/ (accessed on 2024-01-25)) prediction

Multiple sequence alignment, with
3D-structural identified FGly-SULFs

aa

Identification of signal peptides in

the aa* sequence

Structure similarities with structure

determine sulfatases

Clustal Omega Multiple Sequence Alignment tool
(https://www.ebi.ac.uk/ (accessed on 2024-01-25)) Multiple sequence alignment, with
identified CS/Dermantan sulfate
sulfatases and SulA2 found with tin

the chondroitin lyase cluster

SulfAtlas database Consulted to confirm the novelty of
(https://sulfatlas.sb-roscoff.fr/ (accessed on 2024-02-18)) SulA1

*aa = amino acid

3.3 Structure modeling using YASARA and AlphaFold2 (Paper I)

Two approaches were followed: a homology-based structural modeling using YASARA
and structural prediction using AlphaFold2, to obtain structural-function information of
SulAl. Table 3 and Table 4 summarize the programs used to obtain the 3D-structures
and information concerning substrate specificity and enzyme-ligand interaction. The
specifics can be found in Paper I.
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Table 3. List of programs used for structure modeling of SulAT.

Program

Application

Protein Data Bank (PDB)

Matching SulA1 aa* sequence with five best

matching 3D-structural identified sulfatases

YASARA Software [129]

Structural 3D-modeling of SulA1

Docking of the enzyme with the different sulfated
sugars, Gal4S, GalNAc4S, and GalNAc6S

AlphaFold2 [130]
colab.research.google.com/github/sokrypto
n/ColabFold/blob/main/AlphaFold2.ipynb

(accessed on 2024-02-02)

Structural prediction of SulA1

PyMOL v2.5.4 program [130,131]

llustration of the 3D model and docking

LigPlot+ [132]

The enzyme—ligand interaction

*aa = amino acid

Table 4: Crystallographic structures used as templates for 3D-modeling of SulA1 in YASARA.

Transferred
Amino Acid Region to the
Template Sequence
(PDB Code) Source Coverage (%) Sequence Model
9 Identity (%) (Residue
Numbering)
Bacteroides
5G2v thetaiotaomicron VPI- 76 32.09 1-459
5482
6BOK Pseudoalteromonas sp. 89 27.27 168-180, 435—483
Bacteroides fragilis 1-9, 283282,
2QzU YCH46 90 24.79 433—-441
P i
6BIA seudoalferomonas 90 27.20 452-484
fuliginea
6UST Hungatella hathewayi 94 30.60 86-89
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3.4 Activity test for SulA1 characterization

To investigate the sulfatase activity, a standard assay based on the synthetic substrate p-
nitrocatechol sulfate (pNCS) dipotassium salt was used. This type of assay was used to
investigate the temperature and pH optimum, thermal deactivation, storage capacity,
and cations and Ethylenediaminetetraacetic acid (EDTA)s effect on the sulfatase activity
as elaborated in paper I.

3.4.1 p-nitrocatechol sulfate (pNCS) assay

In short, 5 pL SulAT1 enzyme extract (~1.10 mg/ml) was mixed with 20 pL 6.5 mM
pNCS, 10 pL 100 mM acetate buffer, pH 5.5, and 15 pL water, and the reaction was
carried out at 40°C for 30 min. The reaction was stopped by adding 100 pyL 1 M
NaOH. The activity was determined spectrophotometrically at 515 nm.

3.4.2 Differential scanning fluorimetry (DSF)

The DSF assay was used to investigate the thermal stability of SulA1 under various pH,
CaCl,, and EDTA conditions, conducted with the Prometheus NT 48 nanoDSF
instrument  (NanoTemper Technologies, GmbH) by determining the melting
temperature (T,), as described in Paper .

In short, the assay utilizes the ability to measure changes in the protein’s intrinsic
fluorescence intensity as a function of temperature under various conditions. When the
protein of interest unfolds with increasing temperature, the exposure of tryptophan
residues, which are often buried in the hydrophobic core of the protein, to different
surroundings leads to changes in fluorescence, allowing the detection of the protein’s
thermal stability. For each experiment, 10 pL of protein sample (SulA1) was prepared
under various conditions (different pH, different CaCl,, or different EDTA
concentrations) and loaded in the instrument capillaries. Under each experiment, the
sample was subjected to a temperature ramp from 20°C to 90°C, with a gradual
increase of 1°C per min. To monitor the unfolding of the protein intrinsic fluorescence
at emission, wavelengths of 330 and 350 nm were used. This allows the identification
of the T,,, which represents the temperature at which 50% of the protein population is

unfolded.

3.4.3 SulA1 activity assay against natural substrates

Different sulfated mono-, di-, and oligosaccharides were tested as substrates for SulA1
(Table 5). In short, the natural compound of interest was mixed with 15 pL 1/3 diluted
pure SulA1 (1.1 mg/mL; 0.0165 mg in reaction), 10 uL 100 mM acetate buffer, pH 5.5,
and 5 pL Milli-Q water. Enzyme activity was assayed after 30 min, at 40°C. As controls,
for each reaction, 20 pL of the substrate was mixed with 10 pL of 100 mM acetate
buffer pH 5.5 and 20 pL of ultrapure water (Milli-Q grade, hereafter referred to as Milli-
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Q water) without the addition of SulA1. To verify the activity of SulA1 on the different
substrates, thin-layer chromatography (TLC) was generated (Section 3.5.2).

Moreover, the kinetic parameters of SulA1 were estimated by quantifying the amount of
N-Acetyl-D-galactosamine (GalNAc) formed after 30 min of incubation at 40°C with
different molarities (0—20 mM) of GalNAc4S, using purified SulA1 (16.5 pg). Similarly,
specific activity was determined by quantifying the amount of GalNAc formed after 30
min incubation at 40°C using 20 mM GalNAc4S, with purified SulA1 (16.5 pg). The
reactions were analyzed using high-performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), using a PA-20 column for the
quantification of the substrate and product. Both the column and compartments were
mainfained at a constant temperature of 30°C. The eluents, 200 mM sodium hydroxide
(5%) and MilliQ water (95.0%); were used to equilibrate the system. The samples were
eluted after injection under the same conditions for 14 min.

Table 5. Natural substrate used to investigate SulAT activity.

Substrate Manufacturer
Chondroitin sulfate AC dp4 (contain both
Iduron
4S and 6S)

Chondroitin without sulfation (AdiOS) Dextra laboratories Ltd
Chondroitin sulfate (Adi4S) Dextra laboratories Ltd
Chondroitin sulfate (Adi6S) Dexira laboratories Ltd

N-Acetyl-D-galact ine-4-sulfat
cefy-D-galactosamine-4-sultate Dextra laboratories Ltd
(GalNAc4S)
N-Acetyl-D-galact ine-6-sulfat
celyrrgaiaciosamine-o-suliale Dextra laboratories Ltd
(GalNAc6S)
Heparin disaccharide I-H Sigma-Aldrich
N-Acetyl-D-glucosamine-6-sulfate (GlcNac-
e ( Sigma-Aldrich
69)
D-galactose-4-sulfate (Gal-4S) Sigma-Aldrich
Neocarrabiose-4-O-sulfate Dexira laboratories Ltd
Neocarratetraose-41,43-di-O-sulfate Dextra laboratories Ltd
L-fucose from Chorda filum cut-off <10
ProSea
kDa Fuc310)
Fucoidan ProSea
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3.4.4 Peptide mass fingerprinting (PMF) of SulA1

The primary purpose of this approach was to validate the amino acid sequence of the
purified SulAT and the conformation of its identity. Moreover, combining the PMF with
tamed mass spectrometry (MS/MS) analysis, it is possible to reveal posttranslational
modifications present in the protein of interest, such as phosphorylation, glycosylation,
or acetylation. In this case, we attempted to confirm the posttranslationally modification
of the formyl glycine residue, necessary for the activity of SulAl. Shortly, PMS was
performed using ESI-Orbitrap MS/MS and MASCOT [133] to validate the amino acid
sequence of the purified SulAl. Then gel fragment with the correct molecular weight
(51.9 kDa) was cut from a sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and digested with trypsin in-gel [134]. After in-gel digestion, peptide
fragments were determined using MS/MS analysis and compared with the deduced
amino acid sequence.

3.4.5 Statistical analysis of sulfatase activity (Paper I)

Sulfatase activity tests and DFS data are presented as mean values + standard deviation
(SD) from ftriplicate experiments. The specific activity experiment was completed in
duplicate and is displayed as mean + SD.

3.5 Common analysis used in Paper | and Paper Il

3.5.1 Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was used to check the protein expression of both SulA1 and LPHase, using
Mini-PROTEAN® TGX Stain-Free™ Precast Gels (4-20%, 15-well; Bio-Rad), in Tris-
glycine-SDS (TGS) running buffer. Briefly, samples of interest were mixed with 4 x SDS-
loading buffer (Merck) and heated for 5 min at 95°C to denature the proteins. An equal
amount of sample was loaded onto the gel together with Precision Plus Protein
Unstained Standard (10-250 kD; Bio-Rad). The settings were 200 V for 45 min, and the
stainfree gel images were generated using Stain-Free Image Lab software (Bio-Rad) for
protein gels application.

3.5.2 Thin-Layer Chromatography (TLC)

TLC was applied in the studies, including the SulA1 (paper I) and laminarin (paper )
research. For the SulAT study, TLC was used to verify the activity of SulA1 on natural
substances, where 2 pL of each reaction were taken and spotted near the bottom of the
TLC Silica gel 60 Fa2s4 (10 x 20; Merck). Similarly, TLC was applied in the laminarin
study for a comprehensive assessment of laminari-oligosaccharides distribution and
approximate sizes. After LPHase digestion, 0.8 pL or 2 pL samples, containing the
laminari-oligosaccharide fractions from one of three seaweed species, were spotted
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near the bottom of the TLC Silica gel 60 F2ss plate. The mobile phase was the same in
both studies and consisted of a mixture of 1-butanol, acetic acid, and Milli-Q water
(2:1:7). The running time was 1.5 h. Afterwards, the TLC plate was dried. The
developing solutions, however, were different in the two studies. For SulAl study, the
developing solution consisted of diphenylamine—aniline—phosphoric acid in acetone in
accordance with the published procedure [135]. While for the laminarin study, the
detection solution was the orcinol reagent (100 mg orcinol in 95 mL methanol and 5
mL sulfuric acid). As the last step, the plates were dried and heated at 120°C, using the
TLC Plate Heater Ill (CAMAG®) until bands became visible.

3.6 Seaweed refining

3.6.1 Biomass for laminarin experiments

Dried biomass from S. latissima was kindly provided by Annette Bruhn from the
Department of Bioscience at Aarhus University, AlgeCenter Danmark. Similarly, dried
biomass of L. digitata and L. hyperborea was provided by islensk Blaskel og
Sjvargrédur, Stykkishélmur, Iceland. All biomasses were harvested during summer,
when laminarin yield is anticipated to be highest. Purified laminarin from L. digitata
(harvested in Iceland) was obtained from Merck (Lot #SLCG6449).

3.6.2 Biomass for fucoidan experiments

S. latissima seaweed was kindly provided by Ocean Rainforest (Faroe Islands).

3.6.3 Biomass for alginate experiments

Alginic acid sodium salt derived from the brown seaweed Macrocystis pyrifera was
obtained from Sigma (Lot 76H0592).

3.7 Laminarin refinement process

3.7.1 Laminarin extractions, filtration, and purification

A sustainable and gentle two-step water extraction protocol was used to extract
laminarin from L. digitata, L. hyperborea, and S. latissima. First, the dried biomasses
were milled into fine powder using the redesigned IKA® AT0 basic batch mill (Staufen,
Germany). To extract the crude laminarin, 100 g of the seaweed powder was mixed
with 1.5 L of distilled water. Initially, extraction occurred at 30°C for 2 hours at 75 rpm,
after which the temperature was increased to 70°C and the extraction continued for 3
hours under continuous shaking. The resulting extracts were cooled down at 4°C
overnight. The seaweed pellets and the extracts were separated by centrifugation at
~12,000 g for 20 min, and the supernatants (soluble extracts) were collected. To
maximize extraction yield, the pellets were recentrifuged (~12,000 g for 20 min).
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To remove traces of alginate, the extracts underwent alginate precipitation, using 1%
CaCl, at 4°C overnight, whereafter the alginate was removed from the extracts by
centrifugation at ~12,000 g for 20 min. For further refinement, laminarin extracts
underwent filtration and dialysis, using the Cogent®10 M1 tangential flow filtration
(TFF) system (Merck Millipore, Darmstadt, Germany) equipped with 10 kDa filters to
improve the quality of the laminarins, and further purified via dialysis on the TFF-system
using 1 kDa filters. The laminarin extracts were lyophilized and stored at -20°C until
further use (Figure 8).

Milled seaweed powder

J' Two-step water extraction protocol
(2hat30°Cand 3 hat 70°C)

Crude Laminarin
extract

Alginate precipitation
l TFF with 10 kDa filters

Roughly clean Laminarin extract

l Dialysis using TFF with 1 kDa filters

Final Laminarin extract

l Lyophilization

Laminarin powder

Figure 8: Flow chart of the two-step water extraction protocol of laminarin.

3.7.2 Separation of L. hyperborea derived laminarin and fucoidan
polysaccharides by Anion-Exchange Chromatography

To remove fucoidan from the laminarin extracted derived from L. hyperboreaq,
additional purification was necessary. A laminarin sample of 10 mg/mL was dissolved
in 1 mL of distilled water and loaded onto a DEAE-cellulose (Sigma-Aldrich) column (1 x
20 cm), which was pre-equilibrated with distilled water. The fractions confaining
laminarin were eluted with water and afterwards lyophilized. The sulfated fucoidan was
remaining in the column and was removed from the column using T M ammonium
bicarbonate buffer.

3.7.3 Preparation of laminarin oligosaccharide by enzymatic hydrolysis

To obtain laminari-oligosaccharide fractions with different branching and DP range,
laminarin from the three species was hydrolyzed using the laminaripentaose-producing
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endo-1,3—p-glucanase, LPHase (Section 3.1.3). The hydrolysis was carried out at 50°C
and pH 5.7, the conditions optimized for LPHase activity. Concurrently, dialysis was
conducted to separate the laminari-oligosaccharides from the substrate. The procedure
was as follows: A 4% (w/v) solution of lyophilized laminarin from L. digitata, L.
hyperborea, or S. latissima was prepared by mixing the powder with 50 mL 20 mM
sodium citrate buffer (pH 5.7). The laminarin solutions were mixed with 200 pl of the
LPHase crude extract, corresponding to approximately 1.2 mg per reaction. The
prepared mixtures were transferred into Slide-A-Lyzer® 3.5K Dialysis cassettes (Thermo
Scientific) and placed within 1 L beakers. The beakers were filled to the 550 mL mark
with a 20 mM sodium citrate buffer (pH 5.7) and securely covered with food film and
aluminum foil to prevent potential evaporation. The sealed beakers were incubated in a
50°C heating cabinet for two days, with manual shaking 4-5 times daily throughout the
incubation period. Upon completion of the incubation, the surrounding buffer,
containing the targeted oligosaccharides, was collected for each reaction, frozen, and
subsequently lyophilized to yield the desired product (Figure 9).

3.7.4 Laminari-oligosaccharide purification using size exclusion
chromatography (SEC)

To purify the laminari-oligosaccharides mixtures, 12% (w/v) solutions of lyophilized
laminari-oligosaccharide mixtures were prepared by mixing the extracted laminarins
with Milli-Q water. The solutions were filtered through non-sterile Phenex RC membrane
filters (0.45 pm, 26 mm, Phenomenex). The purification process of the laminari-
oligosaccharide mixtures was executed using an AKTA system with a size exclusion
Superdex™ 30 HilLoad 26/600 column (Cytiva). To establish optimal conditions, the
column was equilibrated with low ionic strength buffer (50 mM NaCl) and the running
buffer was in this case degassed Milli-Q water. A total of 12 mL of the 12%
oligosaccharide solution plus an additional 5 mL of Milli-Q water was loaded onto the
column. The separation was initiated by allowing 0.37 column volume to flow into 50
mL tubes, utilizing the running buffer at a 2 mL/min flow rate. Subsequently, 1.7 mL
fractions of laminari-oligosaccharide mixtures were collected in a 2.2 mL V-shaped 96
squared deep well microplate (4titude, Azenta Life Science) using a flow rate of 2
mL/min. The laminari-oligosaccharide size-distribution was analyzed using TLC (Section
3.5.2), where from distinct oligosaccharide fractions were carefully collected, subjected
to lyophilization, and thereafter stored at —20°C for future utilization.
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| Laminarin powder

2 g laminarin powder was mixed with 20 mM sodium citrate buffer (pH 5.7) with
200 pL LPHase (substrate-to-enzyme ratio 1:250 (v/v), ~1.2 mg pr. reaction)

4% (w/v) Laminari-oligosaccharide
hydrolysis reaction

Transfer mixture to dialysis cassette (3.5 kDa cutoff) and place in beaker with 20

l mM sodium citrate buffer pH 5.7. The hydrolysis was carried out at 50°C for two

days
‘ v
Laminarin and laminari-oligosaccharide Laminari-oligosaccharide
bigger than 3.5 kDa smaller than 3.5 kDa
l Collect remains in dialysis cassette Collect surrounding buffer and
and lyophilize the product v lyophilize the product
Reaction mixture powder Laminari-oligosaccharide of

interest

Laminari-oligosaccharide was mixed

v with milli-Q H,0 (~1.5 g to 12 mL)

12% (w/v) laminari-
oligosaccharide mixture

Purification AKTA system with a size exclusion
v Superdex™ 30 HiLoad 26/600 column

Purified laminari-oligosaccharide
fractions

l Size-distribution of laminari-oligosaccharide
using TLC

Collect fraction

l Lyophilization fractions

Laminari-oligosaccharides ready to
use for further analyses

Figure 9: Flow chart of laminari-oligosaccharide fraction generation.

3.7.5 Ash content

To determine the ash confent in the laminarin exiracts, the lyophilized laminarin
samples were subjected to combustion at a high temperature of 550°C for 10 hours
[137]. During this process, organic materials in the sample combust and are oxidized,
leaving behind the inorganic residue or ash. After cooling, the samples were collected,
weighed, and recorded. The analyses were done in duplicates, and data were
expressed as % dw.

3.7.6 High-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD)

HPAEC-PAD was applied for carbohydrate composition analysis and laminarin profiling
derived from L. digitata, L. hyperborea, and S. latissima. Laminarin samples were
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prepared using a two-step sulfuric acid hydrolysis, adjusted for algal biomass [138], as
described in Paper Il. The HPAEC-PAD system was equipped with a Dionex CarboPac
PA-20 analytical column and a corresponding guard column (Thermo Fisher Scientific)
for monosaccharide separation. The separation of monosaccharides and uronic acid
was performed under isocratic conditions at a flow rate of 0.5 mL/min. Eluents for
separation of monosaccharides and mannitol were (A) MilliQ-water, (B) 2 mM NaOH,
and (C) 200 mM NaOH. Separation was done using an eluent mixture of 62.5% (A)
and 37.5% (B) for 30 min. To investigate the presence of uronic acids, eluent (B) was 1
M sodium acetate in 200 mM NaOH, while eluent (A) and (C) were the same as for
monosaccharide separation. The uronic acids were eluted by an eluent mixture of 55%
(A), 15% (B), and 30% (C) for 18 min. The column and compartment temperature were
kept at 30°C. All the experiments were performed in duplicate, and the mean value and
SD were calculated. Total carbohydrates were estimated as the sum of all individual
monomeric sugars.

Similarly, laminarin profiles of same species were generated using HPAEC-PAD
equipped with a Dionex CarboPac PA-200 analytical column (Thermo Fisher Scientific)
and a corresponding guard column. The dried extracts were dissolved in Milli-Q water
and filtered through the PTFE 0.2 pm syringe filter (Pall). Eluents were (A) Milli-Q
water, (B) 1 M sodium acetate in 200 mM sodium hydroxide, and (C) 200 mM sodium
hydroxide. Oligosaccharides were separated at a flow rate of 0.5 mL/min by a linear
gradient from zero to 50% (B) in (C) while eluent (A) was kept at 50% for 20 min.

3.7.7 Fourier transform infrared spectrometry (FT-IR) analysis

FT-IR was applied to obtain valuable information regarding the molecular structure and
purity of the extracted laminarins from the three different species of brown seaweed (L.
digitata, L. hyperborea, and S. latissima), including the identification of functional
groups characteristic for laminarin, structural variation, and validation of the extraction
protocol. The procedure was as follows: Freeze-dried laminarin was analyzed to identify
its functional groups using an FT-IR spectrometer (Nicolet iS5, Thermo Scientific) with a
spectral range of 400—4000 cm™.

3.7.8 'H Nuclear Magnetic Resonance ('H-NMR)

To achieve comprehensive structural characterization and assess the purity of laminarin
and laminari-oligosaccharides, both 1D (One-Dimensional NMR) and 2D (Two-
Dimensional NMR) NMR spectra were recorded using a 600 MHz Bruker Avance Neo
NMR spectrometer equipped with a 5mm TCI Prodigy CryoProbe (Bruker). 1D NMR
provided information about individual proton resonances, enabling the assignment of
chemical shifts to different functional groups and anomeric carbons. Additionally,
coupling constants obtained from 1D spectra helped determine the connectivity
between adjacent atoms, allowing us to identify the glycosidic linkage types (e.g., o or
B) in laminarin and laminari-oligosaccharide fractions. In contrast, 2D NMR techniques
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were employed to analyze the spatial proximity of nuclei, providing insight into
molecular conformation and intra-molecular interactions. By examining cross-peaks in
2D NMR spectra, interactions between protons were elucidated, further supporting
structural assignments. To resolve signal overlap observed in the 1D spectrum,
Heteronuclear Single Quantum Coherence (HSQC) spectroscopy was utilized. HSQC
enabled direct carbon-proton correlation, improving the accuracy of chemical shift
assignments, especially in crowded spectral regions where overlapping signals
complicated analysis. The following protocol was used: Samples were dissolved in D20
(0.5 ml, 99.9%; Cambridge Isotope Laboratories) and transferred to 5 mm NMR tubes.
All spectra were recorded using standard Bruker pulse programs with water
suppression. Chemical shifts were reported in parts per million (ppm) relative to the
solvent HOD signal (4.84 ppm for "H-NMR, 292K). Data were processed using
TopSpin™ software (Bruker).

3.7.9 Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS)

MALDI-TOF MS was utilized to elucidate the molecular weight distribution of the
laminarins and laminari-oligosaccharide fractions, focusing on their DP. Analysis of the
mass spectra of each laminarin sample facilitated the estimation of the DP range and
identification of the dominant peak, representing the most prevalent polymer within the
laminarin samples. Similarly, the DP range of each laminari-oligosaccharide fraction
was investigated. The experiments were conducted using a Bruker ultrafleXtreme
(Bruker Daltonics) mass spectrometer in reflector positive-ion mode, with a mass
acquisition range of 200—6000 Da. Sample preparation involved mixing 0.5 pL of
sample solutions with 0.5 pL of aqueous 10% 2,5-dihydroxybenzoic acid as the matrix
solution.

3.7.10 Statistical analysis of composition data (paper Il)

Composition analysis data in Paper I, including Total Polyphenol Content (TPC; n = 3),
ash content (n = 2) and monosaccharides composition analysis (n = 2), are data
expressed as mean values * SD.

3.8 Fucoidan refinement process

3.8.1 Enzyme-assisted extractions of fucoidan and purification
(published by Nguyen et al. 2020)

Fucoidan was extracted from S. latissima using an enzyme-assisted extraction protocol,
as described by Nguyen and colleagues 2020. Since the detailed methodology is
beyond the scope of this thesis, only a brief summary is provided here. The extraction
involved a one-step enzyme-assisted process using a combination of a commercial
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cellulase preparation (Cellic®CTec2, Novozymes Bagsveerd, Denmark, known to
catalyze depolymerization of cellulose and laminarin) and an alginate lyase from
Sphingomonas sp. (SALy), which was purified from an E. coli expression system by
DTU. This combination ensured the degradation of the seaweed glucans, e.g., cellulose
and laminarin, and alginate [139]. The enzymatic exiraction was performed by mixing
dried, milled seaweed with 55 mM phosphate—38 mM citrate buffer pH 6 (5% w/v
substrate concentration) along with 5% (v/w) cellulase and 0.35% (w/w) alginate lyase
(DTU production). The mixture was incubated at 40°C for 24 hours on a horizontal
mixer at 100 rpm. To terminate the reaction, the mixture was heated to 90°C for 10 min
and then cooled on ice. The supernatant, containing the fucoidan, was collected after
removal of insoluble residues by centrifugation at 10,000 g for 10 min and subjected
to 2% CaCl, precipitation to remove the alginate. The crude fucoidan was then isolated
from the supernatant by ethanol precipitation (72%), recovered by centrifugation at
10,000 g for 30 min, and lyophilized.

To further purify the crude fucoidan, it was dissolved in aqueous solution (5 g in 100
mL) and applied to an anion exchange-column (2.6 cm x 40 cm), manually packed with
DEAE-Macroprep resin (Bio-Rad, CA, USA) and equilibrated with acidic NaCl (0.04 N
HCIl in 0.1 M NaCl). Unbound materials were washed from the column with 0.1 M
NaCl, and fucoidans were eluted at a flow rate of 5 mL/min using a sequential
concentration gradient of NaCl from 0.1 to 2M, yielding three fractions designated
SIF1-SIF3 [139]. Fractions SIF2 and SIF3 were considered pure fucoidan samples based
on monosaccharide analysis [139]. The fractions were passed through a 10 kDa
membrane to concentrate the fucoidan and remove salt, followed by lyophilized. In this
thesis this sample is considered as the native structure of fucoidan of S. latissima (Sl
native).

3.8.2 Preparation and isolation of fucoidan oligosaccharide fractions
(unpublished and Vuillemin et al. 2020)

To generate the fucoidan oligosaccharide fractions, a 0.9% (w,/v) fucoidan solution was
prepared by dissolving 180 mg Sl native fucoidan in 200 mL of 10 mM Tris-HCI buffer
(pH 7), containing 7100 mM NaCl, 10 mM CaCl,. The solution was incubated at 25°C for
24 hours with 0.3 mg/mL Psf1 fucoidanase. The separation of medium molecular
weight (MMW) and low molecular weight (LMW) fractions was performed using a
method like that described by Vuillemin and colleagues (2020). Briefly, MMW
products were precipitated by adding ice-cold ethanol to a final concentration of 75%.
The mixture was then centrifuged at 10,000 x g for 15 min at 4°C, and the resulting
pellet was collected. Likewise, the supernatant contfaining the LMW products was
collected and concentrated under vacuum. The concentrated supernatant was applied
to a Q-Sepharose HP anion exchange column (1 x 10 cm) pre-equilibrated with water.
The LMW oligosaccharides were eluted from the column using sequential linear
gradients of ammonium bicarbonate (NH:HCQs) buffer at concentrations of 0-0.75 M,
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0.51.5 M, and 1-2 M, with a flow rate of T mL/min. Fractions confaining the LMW
products were pooled, concentrated, and desalted by vacuum evaporation or passed
through a Sephadex G-10 column to remove salts, yielding the purified LMW fraction
[140]. The reaction and separated fractions were analyzed by Carbohydrate
Polyacrylamide Gel Electrophoresis (C-PAGE). This process led to the generation of the
two fractions named S| MMW and S| LMW, respectively, in this thesis and in the
unpublished manuscript for paper Il

3.9 Preparation and isolation of alginate oligosaccharide
fractions

In this study, alginate lyases (AlyRm2, AlyRm3, AlyRm4, and AlyPx8) were obtained
from Rhodothermus marinus MAT378 and MAT4696, which affiliates with the species
Petroclostridium xylanilyticum (99% sequence identity) according to 16S rRNA analysis
(Matis, unpublished results). These enzymes were cloned and expressed at Matis, using
an E. coli cloning system ([141] and unpublished results). Utilizing these different
alginate lyases, which exhibit distinct enzymatic activities (Table 6), enabled production
of alginate oligosaccharide fractions with varying sizes and compositions.

Solutions of 1.5% alginic acid derived from M. pyrifera were prepared by mixing the
alginate with different buffer solutions depending on the enzyme used, see specificity
in Table 6. Reactions were conducted in glass Erlenmeyer flasks with a final volume of
70 mL for AlyRm2, AlyRm4, and AlyPx8, while a larger 400 mL volume was used for
reactions involving AlyRm3. The protein concentrations used in these reactions were
estimated based on SDS-PAGE band intensity analysis: AlyRm2 (~0.100 mg/ml),
AlyRm3 (fully digested, ~0.050 mg/mL; partially digested, ~0.013 mg/mL), AlyRm4
(~0.036 mg/mL), and AlyPx8 (~0.009 mg/mL). All reactions were performed at 40°C
with shaking at 150 rpm to ensure adequate mixing overnight. The choice of 40°C was
based on preliminary observations showing that higher temperatures resulted in a
significantly darker solution, which was undesirable. Following the incubation period,
the resulting fractions were purified using a two-step ethanol precipitation process.
Initially, a 50% ethanol solution was employed to remove larger impurities.
Subsequently, a 76% ethanol solution was used to isolate the alginate oligosaccharide
fractions of interest.

Two distinct fractions using AlyRm3 were prepared using slightly different
methodologies. The AlyRm3 partially digested fraction was obtained by subjecting the
sample to partial digestion, using 2.5 mL crude AlyRm3 (one-fourth the volume of the
fully digestion reaction, see Table 6, resulting in a mixture of intermediate-sized
oligosaccharides. In contrast, the AlyRm3 fully digested fraction was produced after
using 10 mL crude AlyRm3. Both fractions were then precipitated using the two-step
ethanol precipitation method previously described.
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Table 6. Overview of Alginate lyases used to generate the alginate oligosaccharide fractions.

Alginate| Reported Specificities Stock Final Alginate
lyase Activity Concentration | Concentration | oligosaccharide
(mg/mL)* in Reaction fraction ID
(mg/mL)
AlyRm2 | Exotype and | 20 mM sodium ~7 mg/mL 0.100 mg/mL AlyRm2
endotype |citrate buffe, pH
alginate lyase | 6.6, incubated
Major activity: | overnight 40°C
M-G bonds
Major activity: | 70 mL reaction
G-G bonds The crude
Minor activity: | enzyme-to-otal-
M-M bonds |volume ratio was
[142] 1:70 (1 mL
crude enzyme)
AlyRm3 | Endotype |20 mM sodium | ~2 mg/mL 0.050 mg/mL AlyRm3 fully
alginate lyase | citrate buffer, digested
active on both pH 5.7,
Mand G incubated Partial digestion:| AlyRm3 partially
blocks of overnight at 0.013 mg/mL digested
alginate 40°C
[141] 400 mL reaction
volume
Full digestion:
Crude enzyme-
to-total-volume
ratio: 1:40 (10
mL crude
enzyme)
Partial digestion:
Crude enzyme-
to-total-volume
ratio: 1:160 (2.5
mL crude
enzyme)
AlyRm4 Exo-type 20 mM sodium | ~2.5 mg/mL | 0.036 mg/mL | AlyRm4 dialyzed
enzyme citrate buffer,
Active on both pH 6.6,
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M, G and MG- incubated
blocks overnight 40°C
[147]
70 mL reaction
The crude
enzyme-to-total-
volume ratio
1:70 (1 mL
crude enzyme
AlyPx8 | Endo-ype Potassium ~0.6 mg/mL | 0.009 mg/mL AlyPx8
Major activity: phosphate
M-G bonds | buffer, pH 7.0,
Major activity: incubated
G-G bonds | overnight 40°C

[unpublished]
70 mL reaction
The crude
enzyme-to-total-
volume ratio
1:70 (1 mL

crude enzyme)

“Stock enzyme concentrations were estimated from SDS-PAGE band intensity analysis

To enrich the G-block content, a process involving AlyRm4, an alginate lyase that
predominantly cleaves M-M bonds, was utilized [141]. Post-reaction, the mixture was
dialyzed using Slide-A-Lyzer® 3.5K Dialysis Cassettes (Thermo Scientific) placed in a
beaker filled with 2 L water. This step allowed smaller alginate oligosaccharides to
diffuse out of the membrane, theoretically enriching the G-block content within the
dialysis membrane. The dialyzed fractions were subsequently precipitated using
approximately 50% ethanol.

To verify the activity of the different alginate lyases, TLC was applied using the same
protocol as described for laminarin (Section 3.5.2) but was separated on a larger Silica
gel 60 Fasa (20 x 20; Merck 20x20 cm plate) for 4-5 hours to obtain better band
separation.

Through these methods, various alginate oligosaccharide fractions were successfully
prepared and purified, allowing for further investigation into their properties as
immunomodulating agents
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3.10 Immunomodulatory activity assay

Human peripheral blood mononuclear cells (PBMCs) were isolated from either buffy
coat obtained from the Icelandic Blood Bank or fresh venous EDTA blood from healthy
volunteers at the Department of Immunology, Landspitali — the National University
Hospital of Iceland. Informed consent was obtained from all blood donors in
accordance with the guidelines for ethical research described by the Directorate-
General for Research and Innovation of the European Commission. Permission was
granted by the National Bioethics Committee of Iceland (# 06-068-V1).

3.10.1 Samples of investigation for inmunomodulation

In this PhD study, a comprehensive high-throughput screening was conducted on
various marine-derived polysaccharides to identify potential immunomodulatory agents,
with a primary focus on laminarin, fucoidan, and alginate. In addition to the previously
described poly- and oligosaccharides from brown seaweed, more than 20 other
fucoidan samples were screened (Appendix A, Table 10, and Table 11). Moreover,
several polysaccharides and their derivatives from the cell walls of red and green
seaweed were also screened, as well as EPSs derived from Rhodothermus marinus and
B-glucans from Agrobacterium species and yeast (Appendix A, Table 11). The primary
evaluation criteria used to identify potential immunomodulatory agents was centered on
the modulation of key cytokines, such as IL-6, TNF-a, IL.-12p40, and IL-10, by DCs.

3.10.2 Monocyte isolation and differentiation

Buffy coats were diluted in PBS and layered on top of Histopaque-1077 (Sigma-
Aldrich). After centrifugation with minimum acceleration and no break at 400 G, the
PBMC-rich layer was carefully harvested. Then PBMCs were washed 3 times with
magnet associated cell sorting (MACS) buffer (0.5% BSA (Sigma-Aldrich), 2 mM EDTA
(Sigma-Aldrich) in PBS), and counted using Neubauer cell counting using trypan blue,
and resuspended at a concentration of 12.5 x 107 cells/mL.

CD14* monocytes were isolated using positive selection using CD14 Microbeads
(Miltenyi Biotec). Briefly, PMBCs were incubated with CD14* microbeads and then
washed with MACS buffer. The CD14* labeled cell solution was applied to an LS*
MACS column (Miltenyi Biotec) aftached to a magnetic field. The unlabeled cells ran
through the column while the CD14* monocytes were retained. To retrieve the CD14*
monocytes, the columns were taken from the magnetic field and put onto a 15 mL tube.
MACS buffer was added to the column and the CD14* monocytes were pushed through
with the column plunger. Following positive selection, the purified CD14* monocytes
were counted by Neubauer cell counting with trypan blue, pelleted, and resuspended
in complete RPMI medium (Gibco, Invitrogen), supplemented with 10% fetal calf serum
(FCS; Gibco) and 1% penicillin/streptomycin (Gibco) to a concentration of 0.5 x 109
cells/mL. Then 1 mL of the cell solution was pipetted into 48-well plates (Nunc) and
stimulated with IL-4 at 12.5 ng/mL and GM-CSF at 25. ng/mL (both from R&D Systems,
Bio-Techne} to ensure monocyte differentiation to imDCs. The cells were incubated at
37°C, with 5% CO, and 95% humidity for 7 days and resupplied with RPMI medium, IL-
4 and GM-CSF after 3-4 days.
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3.10.3 Dendritic cell activation and maturation

On day 7, the imDCs were harvested and matured and activated by culturing them for
24 hours in RPMI medium supplemented with FCS and antibiotics in 48-well plates at a
concentration of 2.5 x 10° cells/mL in the presence of IL-1B at 10 ng/mL, TNF-a at 50
ng/mL (both from R&D Systems) and lipopolysaccharide (LPS) from E. coli, serotype
055:B5 (Sigma-Aldrich) at 0.5 pg/mL. Seaweed derived polysaccharides and
oligosaccharides (or other compounds of interest — Appendix A, Table 10 and 11) were
dissolved in complete RPMI medium to stock solutions of 5 mg/mL and added to the
imDCs at a concentration of 100 pg/mL together with cytokines and LPS. Only the
fucoidan fraction, Sl Psf1 LMW, was investigated for its dose-dependent effect at 1, 10,
and 100 pg/mL. Cell cultured with cytokines and LPS without any added sample (Neg-
DCs) were used as a negative control in each experiment. After 24 hours, the matured
DCs were harvested. The effect of the samples of interest on their activation and
maturation was evaluated by measuring cytokine secretion using Enzyme-linked
immunosorbent assay (ELISA). In some instances (Paper Il and Paper lll), the effect of
the samples on activation and maturation of the DCs was evaluated by measuring
expression of surface molecules by flow cytometry. Additionally, the effect of some
samples on DC activation and maturation was further evaluated by co-culturing them
with allogeneic CD4*T cells (paper Il and unpublished data Results section 4.4).

3.10.4 Co-culture of DCs and allogeneic CD4* T cells

Allogeneic CD4* T cells were obtained from PBMCs using CD4 microbeads (Miltenyi
Biotec) using the same procedure for isolating CD14* monocytes described in section
3.11.2. DCs, which were matured and activated for 24 hours with LPS, TNF-a, and IL-18
in the presence or absence of 100 pg/ml laminarin, laminari-oligosaccharides, the
alginate oligosaccharide fraction, AlyRm3 fully digested, or the fucoidan fraction, Sl
Psf1 LMW, were co-cultured at 2 x 10° cell/mL with allogeneic CD4* T cells at 2 x 10¢
cells/mL (mDCs:T cells ratio 1:10) in 96-well round-bottom culture plates (Nunc) for six

days. Then supernatants were collected and stored at ~80°C for cytokine measurement
by ELISA.

3.10.5 Determination of cytokine secretion by ELISA

The concentration of TNF-a, IL-6, IL-12p40, and IL-10 from DCs culture supernatants
and IFN-y, IL-17, IL-12p40, and IL-10 in supernatants from co-cultured DCs and
allogeneic CD4* T cells were measured by sandwich ELISA using DuoSets from R&D
Systems according to the protocol from the manufacturer. The results were expressed
as secretion index (Sl), which was obtfained by dividing the cytokine concentration
(pg/mL) in the supernatant from DCs matured in the presence of the seaweed-derived
compound of interest or in co-cultures of these DCs with allogeneic CD4* T cells, by
the cytokine concentration (pg/mL) in supernatants from DCs cultured in the absence of
samples or in co-cultures of these DCs with allogeneic CD4* T cells. Proportional index
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(Pl) was used to evaluate the overall effect of the samples in DCs cultures on the IL-
12p40 and IL-10 cytokine secretion, calculated by dividing the Sl for IL-12p40 by Sl for
IL-10. Pl<1, obtained with IL-10-SI of >1 and/or IL-12p40-SI of <1, is indicative of anti-
inflammatory effect, whereas PI>1, obtained with IL-10-SI of <1 and/or IL-12p40-SI of
>1, is indicative of pro-inflammatory effect.

3.10.6 Flow cytometry

Cells were collected for flow cytometry, washed with Fluorescence-Activated Cell
Sorting (FACS) buffer (3.8 M sodium azide, 0.5% BSA, and 2 mM EDTA in PBS) and
divided into FACS tubes. To minimize background staining by blocking the Fc-
receptors of the cells, they were incubated with 2% normal human and normal mouse
serum (AbD Serotec, BioRad) for 10 min. Then the cells were stained with monoclonal
antibodies against surface molecules or isotype antibodies, specified in Table 7, by
incubating for 20 min at 4°C. Hereafter, the cells were washed with FACS buffer and
subsequently pelleted by centrifugation (300 g, 10 min, 4°C). Hereafter, cells were
fixed using 2% paraformaldehyde (Sigma-Aldrich) and kept for maximum of 48 hours at
4°C. The cells were then evaluated by flow cytometry on a Sony SH800 Cell Sorter
(Sony Biotechnology).

Table 7. Antibodies used for human in vitro studies for flow cytometry.

Antigen Fluorophore| Clone Manufacturer
HLA-DR BV421 L243 Biolegend
Dectin-1 (CLEC7A) AFA488 259931 R&D Systems, Bio-Techne
CD40 PE 5C3 BioLegend
CD86 AF700 Bu63 Bio-Rad
CD14 BV421 M5E2 Biolegend
CD1c AF488 L161 BioLegend
CD141 AF700 501733 R&D Systems, Bio-Techne
PD-L1 (CD274) PE 5C3 Biolegend
TLR2 (CD282) AF488 383936 R&D Systems, Bio-Techne
TLR4 (CD284) BV421 HTA125 Biolegend
TLR6 (CD286) PE TLR6.127 BioLegend
Isotype antibodies
Mouse 1gG2a, k BV421 MOPC-21 BioLegend
Mouse IgG2b, k AF488 MPC-11 BioLegend
Mouse IgG1, k PE MOPC-21 BioLegend
Mouse IgG1, k AF700 MOPC-21 BioLegend

To evaluate the data, a singlet gate was made using FSC-A and FSC-H (forward scatter;
area and height of cells) and then a live gate using FSC-A and SSC-A (forward scatter
and side scatter) of a minimum of 10,000 events, which allowed successive exclusion
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of doublet events, non-intact cells, and debris, respectively, using Kaluza analysis
Software (Beckman Coulter). Histograms of the live-gated isotype antibody stained DCs
was used to set positive gating limits, where signals under the limit represented
unspecific binding of the isotype antibodies (Figure 10). Results were expressed as
percentage positive cells.
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Figure 10: Gating strategy to assess surface molecule expression following 24-hour incubation
with or without experimental treatment.

(A) Human dendritic cells (DCs) were first single-gated based on forward scatter area (FSC-A)
and forward scatter height (FSC-H; left), followed by gating for live cells using their FSC-A and
side scafter area (SSC-A; right) properties. (B) Histograms to distinguish a positive antibody
signal using live-gated isotype antibody stained mature DCs (mDCs) to set the gating limit (left),
and the positively stained mDCs (right).

3.10.7 Statistical analysis of immunomodulating data (paper Il)

Results from the immunomodulating experiments are shown as mean values + standard
error of mean (SEM). Experimental treatments were compared to the negative control
(Neg-DCs) using one-way ANOVA utilizing Dunnett comparison test, in GraphPad
Prism version 10.2.1 (395). Significance markers in the results are denoted as follows:
* for p < 0.033, ** for p < 0.002, and *** for p < 0.001, for donor size n = 3. For
the co-culture experiments, data were compared using an unpaired tfest statistical
model in GraphPad Prism (version 10.2.1 (395)). The asterisks indicate p < 0.033 (*),
p < 0.002 (**), and p < 0.001 (***), with n = 5-6.
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4 Results

This results chapter aims to present the findings from various experiments and analyses
conducted during this research. Each section within this chapter corresponds to a
specific objective outlined in the thesis.

4.1 Section I: Cloning and characterization of SulA1 from a
marine Arthrobacter strain (Paper | and unpublished data)

The objective was to clone and characterize the sulfatase enzyme SulA1 from a marine
Arthrobacter strain, including exploring its sequence homology, structural features, and
enzymatic properties. This section will highlight the successful cloning process, the
structural predictions made through comparative modeling, and the characterization of
the enzyme’s optimal activity conditions and substrate specificity.

4.1.1 Exploring sequence homology and structural features of SulA1
(Paper I)

In previous work conducted by Matis, a marine chondroitin degrading Arthrobacter
strain, MAT3885, was isolated and sequenced [143]. The sulAT gene was located within
a chondroitin lyase gene cluster, along with another potential sulfatase gene, sulA2
(Paper I, Fig. 1). In this study, the deduced amino acid sequence of SulAl was
compared against the PDB database, revealing that the closest related structures were
enzymes from Bacteroides thetaiotaomicron VPI-5482 (PDB 5G2V) Pseudoalteromonas
sp. (PDB 6BOK), Bacteroides fragilis YCH46 (PDB 2QZU), Pseudoalteromonas fuliginea
(PDB 6BIA), and Hungatella hathewayi (PDB 6UST). These candidates shared low
sequence homology with SulAT but exhibited high query coverage (Paper I; Table 1),
which indicated an overall conserved topology. Moreover, analysis of the SulA1 amino
acid sequence in Interpro revealed conserved motifs and residues throughout the
aligned sequences (Paper I, Fig. 2). The obtained sequences mentioned above,
contained the formylglycine-dependent sulfatases (FGly-SULF) signature motif C/S-X-P-X-
R, which is essential for the posttranslationally generation of the FGly catalytic residue,
found in the active site of type | sulfatases. The two catalytic residues, Cys57 (converted
to FGly) and His190, were identified. Four calcium-binding residues (Asp17, Asp18,
Asp277, and Asn278) were identified, shown to be conserved across the enzymes, and
located close to the active site (Paper |, Fig. 2). Comparing the deduced amino acid
sequence of SulA1 with the potential SulA2 (Paper |, Fig. 1), two recently characterized
GalNAc4S-acting CS sulfatases (GenBank UFQ91287.1 and QAB47431.1), and one
GalNAc6S CS sulfatase (GenBankUFQ91288.1), higher query coverage was observed
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than observed for the PDB sequences, but the sequence identity remained low (26.6 to
28.01%). It was also confirmed that SulA1 shared a higher conserved topology with the
GalNAc4S-acting CS sulfatases (90% query coverage) and lowest with the GalNAcéS-
acting CS sulfatases (67% query coverage), while SulA2 shared 96% query coverage
with the GalNAcéS-acting CS sulfatases.

4.1.2 Comparative three-dimensional modeling and structural
prediction of SulA1 (Paper I)

Two alternative approaches were used for three-dimensional modeling of SulAl a
homology-based structural modeling with YASARA and a structural prediction using
AlphaFold2. Both methods resulted in a monomeric 3D molecular model, with Ca2*
included as a ligand.

For the homology model, the five templates from PDB (Paper |, Table 1) were used to
obtain a hybrid model. Despite the low sequence similarity with the crystallographic
structures, the model was assessed as “satisfactory” according to the overall Z-score (Z
= -1.786) (Paper I, Table 2). Similarly, the AlphaFold2 model displayed good quality
and showed high predicted local distance difference test (pLDDT) score above 90%
(Paper I, Fig. 3A). Low PLDDT scores were only observed for the loop Ala360-Val376
(ADDGTGDAAGRAENAVV) and the C+4erminal part of the model (Paper |, Fig. 3A)).

Despite using different approaches, both 3D models exhibited a typical sulfatase fold
composed of a large N-4erminal domain and a smaller C4erminal domain, each
centered on a PB-sheet. Detailed comparison of the models revealed discrepancies,
particularly in the size and orientation of loops (Paper I; Fig. 3B and Fig. S1) and in the
orientation of the active site residue Argé1 (Paper I; Fig. 3C). Given the relatively low
sequence identity to the structure-determined candidates (Paper |; Table 1), the
prediction from AlphaFold2 was used for a further evaluation of the 3D structure of
SulA1.

The N-+terminal domain (Domain 1) encompassed the B-strands 1, B2, and B4-88, 11,
B14, and B15 surrounded by the a-helixes a1, a2, a5, aé, a7, a8, a10, and a13 (Paper
I; Fig. 4). The Cterminal domain (Domain Il) consisted of a B—sheet formed by p17-20
strands, surrounded by a-helices a17-a21 (Paper |; Fig. 4). The catalytic site was in the
interdomain region, which also contained the calcium-binding site with the conserved
residues Asp17, Asp18, Asp277, and Asn278 (Paper I; Fig. 4B).

Based on the location of sulAT in the genome (Paper |, Fig. 1), it was suspected that
SulA1 had potential activity on CS-AC degradation products produced by the nearby
chondroitin lyase (ChoAT). Therefore, GalNAc4S and GalNAc6S were docked into the
active site (Paper |, Fig. S2). However, the sulfate groups of the two substrates were
oriented in opposite directions in the active site of the model. Moreover, the 4S-group
did not interact with the calcium-binding site (Paper I, Fig. S2) but showed higher
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binding energy compared to the GalNAcé6S substrate. Lastly, the distance between the
sulfate group and the catalytic residues was longer for GalNAc4S than for GalNAc6S.

4.1.3 Recombinant protein production in E. coli, and purification of
SulA1 (Paper |)

The sulAT gene was successfully cloned into vector pJOE3075. The resulting plasmid,
designated pVK13, was brought into E. coli BI21(C43) by transformation. Subsequently,
the gene was expressed, and the recombinant enzyme purified in a soluble form (Paper
|, Fig. 5A,B). The molecular weight of the recombinant protein, estimated with SDS-
PAGE, aligned closely with the calculated weight of 51.9 kDa (Paper I; Fig. 5).
Purification of the recombinant protein was efficiently achieved using his-tag affinity
beads (Paper |, Fig. 5A,B).

The activity of SulA1 was confirmed in crude extract and in purified form using para-
nitrocatechol-sulfate (oNCS). It was observed that the specific activity of purified SulAT
increased approximately four-fold compared to the corresponding activity in the crude
extract under standard conditions (Paper |, Table 3).

Additionally, peptide mass fingerprinting (PMF) was applied to validate the SulAl
amino acid sequence used in structural modeling. This approach confirmed the
accuracy of the sequence, achieving 100% identity with peptide fragments generated in
silico using the software MASCOT (https://www.matrixscience.com/). The fragments
also showed 40% query coverage of the SulA1 amino acid sequence, matching the
peptide fragments identified in the mass spectrometry analysis (Paper |, Fig. 6).

4.1.4 Insights into optimal activity conditions, thermal stability, cation
dependence and storage stability of SulA1 using pNCS as
substrate (Paper |)

SulA1 exhibited pH-sensitive activity on pNCS, reaching maximum relative activity at pH
5.5, with reductions to 21% and 54% of the optimal activity observed at pH 5.0 and pH
6.0, respectively (Paper |, Fig. S3A). The optimal temperature range was between 40°C
and 50°C at pH 5.5 using pNCS, while significant activity loss (83%) occurred at 60°C,
lower than its unfolding temperature determined by DSF (7,=67°C at pH 6.0,
increasing up to 72.4°C at pH 7.0; Paper |, Fig. 7).

The presence of the potential calcium-binding site progressed info an investigation into
the effects of mono- and divalent cations on SulA1 activity using pNCS as substrate
(Paper I; Fig. S4). The divalent cation, Ca?*, at concentrations ranging from 15 to 30
mM CaCl,, increased the relative SulAl activity threefold, while EDTA efficiently
chelated Ca?* ions and reduced SulA1 activity by ~90% (Paper |; Fig. S4). Moreover,
DSF analysis indicated that higher CaCl, concentrations marginally decreased SulA1's
unfolding temperature, while EDTA had no such effect (Paper I, Table 4).
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Lastly, purified SulA1 exhibited varying stability during storage under different
conditions. Storage at 4°C and -20°C resulted in precipitation and loss of activity.
Optimizing storage conditions using pNCS as the substrate revealed that storing SulA1
in 100 mM sodium acetate buffer with 20% glycerol at pH 5.5 maintained stable
enzyme activity for at least 5 weeks at ~80°C. in contrast, storage at —20°C in the same
buffer showed a slight decrease in relative activity after one week, with 86% remaining
activity after 5 weeks. Storage at 4°C in sodium acetate buffer pH 5.5 led to a
substantial reduction in relative activity, with activity dropping to 26% after one week of
storage and to 13% of the initial activity after 5 weeks of storage.

4.1.5 Specific activity towards GalNAc4S and Michaelis-Menten
kinetics (Paper | and unpublished data)

Investigating the SulAT’s natural substrate specificity, various CS sulfated mono-, di-,
and oligo/polysaccharides with different sulfation patterns were screened (Paper |,
Table 5). It was found that SulAT exclusively exhibited activity towards GalNAc4S. This
activity was confirmed through a TLC mobility shift (Paper I, Fig. 8A) and HPAEC-PAD
(Paper I, Fig. 8B,C). Moreover, it was observed that the optimal pH range for SulA1
activity was pH 6.0-6.5 (Paper |, Fig. 9A), higher than the initially expected pH (pH 5.5
for pNCS, Paper |, Fig. S1A).

The specific activity of purified SulAT was determined to be 6.8 mU/mg SulA1 at pH
5.5 with 20 mM GalNAc4S and 14.0 mM/mg SulA1 at pH 6.5 with 15 mM GalNAc4S
(Paper |, Table 6). Initially, attempts to investigate kinetic parameters with pNCS were
unsuccessful. However, activity assays using different concentrations of GalNAc4S
confirmed that SulA1 followed Michaelis-Menten kinetics at pH 5.5 (Paper |, Fig. 9B),
with a K, value of 6.94 + 0.053. The V.« at saturation corresponded to the specific
activity of 6.8 mU/mg SulA1 at pH 5.5 and 40°C. Michalis-Menten behavior was also
indicated at pH 6.5 when the reaction rate was plofted against different GalNAc4S
(mM) concentrations, yet less distinctly (Figure 11).
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Figure 11: Michalis-Menten behavior of SulA1 at pH 6.5.

The reaction rate V (umol/min) was plotted against the concentration of GalNAc4S (mM). The
graph shows the GalNAc formation after the SulA1 reaction with Michaelis—Menten nonlinear
curve fitting (black line); data are represented as mean * SD of two individual experiments
(unpublished data).

4.2 Section II: Laminarin refinement and immunomodulating
potential of laminarin and enzymatically modified laminarin
(Paper Il and unpublished data)

The purpose was fo investigate the structural complexity and enzymatic modification of
laminarin extracted from various species of brown seaweed (L. digifata, L. hyperborea,
and S. latissima). Thus, this result section includes detailed structural analyses,
information on the production of laminari-oligosaccharide fractions, and assessment of
their immunomodulatory effects on DCs and T-cell responses by investigating the
cytokine secretion.

4.2.1 Laminarin extraction and purification (Paper Il and unpublished
data)

Laminarins from L. digitata, L. hyperborea, and S. latissima were extracted using a two-
step water extraction protocol, followed by treatment with CaCl, to precipitate traces of
alginate. Larger molecules, such as fucoidan, were removed using a 10 kDa filtration
step, and smaller products and minerals were removed via dialysis using 1 kDa filters
(Paper I, Table 1). The use of CaCl, resulted in increased ash content in the laminarin
extracts. To ensure the effectiveness of the filtration process, conductivity was measured
during filtration, and a drop in conductivity was observed after the 1 kDa filtration step
(Figure 12), confirming successful removal of smaller ions and minerals. The
conductivity data were expressed as the concentration of ions in g/L.

47



Monica Daugbjerg Christensen

The %yield of extracted laminarin was 10% and 12% of the L. hyperborea and S.
latissima biomass (100 g seaweed powder in 1.5 L distilled water), respectively. In
contrast, laminarin extracted from a locally sourced L. digitata resulted in a low yield,
due to low laminarin content in the raw material verified by subsequent
monosaccharide analysis (Paper Il, Table S1). Additionally, the ash and mannitol content
remained relatively high (Paper Il, Table S1), despite low conductivity measurement
(Figure 12, Paper ll, Table S1).

To obtain good purity of L. digitata laminarin, commercially available laminarin (Sigma
Aldrich) was used for structural analyses and immunomodulation trials.
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Figure 12: Conductivity profiles of laminarin extracts from brown seaweed species before and
after tangential flow (TTF)-filtrations.

Conductivity was measured for laminarin extracts from L. digitata, L. hyperborea, or S. latissima
(as labeled on the x-axis) at three stages: before 10 kDa TTF-filtration (black), after 10 kDa TTF-
filtration (grey), and after 1 kDa TFF-filtration (white). nm indicates Not measured. The
conductivity is expressed as the concentration of ions in grams pr. liter (g/L).

Monosugar analysis of the extracted laminarins (L. hyperborea and S. latissima) and the
commercial laminarin (L. digitata) revealed distinct compositions. Laminarin from L.
digitata contained 78% glucose (w/dw), with minimal levels of mannitol and ash (Paper
Il, Table 1). The L. hyperborea extract predominately consisted of glucose (53% w/dw)
and minor amount of mannitol (2% w/dw), alongside traces of fucose, galactose, and
xylose, indicating contamination with fucoidan. This was further confirmed by 'H-NMR
analysis (Paper Il, Fig. S3). The successful removal of fucoidan was achieved by DEAE-
cellulose anion-exchange chromatography. Similarly, the S. latissima extract was
dominated by glucose (75% w/dw) and mannitol (5% w/dw), comprising a fofal
carbohydrate content of 80%, indicative for high purity of the laminarin extract (Paper
Il, Table 1).
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Furthermore, 'H-NMR characterization of the three different laminarins confirmed the
coexistence of M- and G-ype laminarin. This was observed as a chemical shift at 4.18
ppm for mannitol connected to glucose or as glucose in its a or B configuration at the
reducing end (Ga/p) [(1 — 3)—p—D—GClcp] at & 5.22/4.67 ppm (Paper Il, Fig. 1).
Variations in the Mype:Gype ratio between the three extracts were observed: 2.5:1
for L. digitata and S. latissima and 1:1 for L. hyperborea.

The TPC in the laminarin extracts was below detection levels for L. digitata and L.
hyperborea, while S. latissima laminarin contained 1.03 + 0.05 mg PGE/100 g
lyophilized laminarin sample (Paper II, Table 1). However, phenolic content was not
detected by 'TH-NMR (Paper Il, Fig. 1).

4.2.2 Structural insights and polymerization characteristics of
laminarins from the three brown seaweed species (Paper Il)

The FT-IR spectra of the laminarin from L. digitata, L. hyperborea, and S. latissima
demonstrated the characteristic pyranose absorption peak around 890 cm”, confirming
the presence of B-glycosidic bond typical of f—1,3—D-glucans, such as laminarin.
Additionally, the characteristic absorption peaks for -OH groups were detected at 3347
cm™ for L. digitata, 3361 cm™ for L. hyperborea, and 3314 cm™ for S. latissima. Peaks
corresponding to C-H stretching vibrations in -CH3 or -CH2 groups were observed at
2917 cm™ for L. digitata and L. hyperborea, and at 2887 cm™ for S. latissima. Lastly,
the strong absorption in the range of 1000-1200 cm™' indicated polysaccharides as the
predominant components in the lyophilized extracts (Paper Il, Fig. 2).

Moreover, 1D/2D H-NMR spectroscopy analysis revealed that laminarins from L.
digitata, L. hyperborea, and S. latissima were composed of a mix of f—1,3 and f—1,6-
linkages with varying DB. S. latissima showed a notable DB with 21% B—1,6-linkages,
where 15% were branches and 6% were intrachain links. L. digifata had a lower content
of B—1,6-branching with 6.5% branches and 3.5% intrachain links. L. hyperborea
predominantly featured a linear p—1,3-linked backbone with minimal branching,
approximately 4%. These branches are predicted to consist solely of single glucose
units (Paper Il. Fig. S4). No intrachain links were detected (Paper Il, Fig. 1, and Table 3
or Table 8 in this thesis).

Finally, MALDI-TOF MS analysis confirmed that the extracted laminarins were fitting with
the average size of approximately 5 kDa of other reported laminarins, with the
dominant signal observed at DP25 for L. digitata and at DP24 for L. hyperborea and S.
latissima (Paper |l, Fig. 3, and Table 2).
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4.2.3 Structural analysis of LPHase generated laminari-
oligosaccharides (Paper Il and unpublished data)

Laminari-oligosaccharide fractions from the three species were carefully selected after
TLC analysis. Close-up views were generated by spotting 2 plL at the TLC plate from the
end wells in row C fo the E12 for each species (Figure 13), and the different fractions
were collected and hereafter analyzed structurally (Table 8).
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Figure 13: TLC close-up views of laminari-oligosaccharide.

Distribution in L. digitata (Top), L. hyperborea (Middle), and S. lafissima (Bottom). The
distributions were generated by hydrolyzing laminarin from the three species using pentamer-
producing laminarinase (LPHase) and purifying the products on a Superdex™ 30pg column.
Numbers at the bottom of each image indicate well numbers, while letters (C, D, and E)
represent rows of the 96-well plate into which the samples were eluted. "Lam” denotes a
laminarin ladder ranging from a single glucose unit to DP6, with DP5 specifically highlighted as
the main product of LPHase. For L. hyperborea and S. latissima, "Input” indicates partially
hydrolyzed laminarin prior to separation on the Superdex™ 30 HilLoad 26/600 column; this
input is absent for L. digitata. Fraction names and the wells, from which they were merged to
generate the samples, are indicated beneath each TLC image for each species.
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MALDI-TOF-MS and 'H-NMR analyses revealed that laminari-oligosaccharide fractions
derived from L. hyperborea exhibited increased B—1,6-branching compared to the
laminarin polymer. Specifically, the oligosaccharide fraction LhF1 contained 11% —1,6-
branching, compared to 4% in undigested laminarin. Fraction LhF2 showed 7% $—1,6-
branching. Both fractions were excluded from immunomodulation analysis due to
fucoidan contamination. Intermediate-sized fractions (LhF3 and LhF4) exhibited 3% f—
1,6-branching, while the smaller oligosaccharide fraction (LAF5) contained 7% B—1,6-
branching. No intrachain links were observed (absence of the GB residue indicative for
B—1,6-intrachain, Table 8) in any of these fractions, as observed for the laminarin
polymer (Table 8). In contrast, the laminarin fractions derived from L. digitata and S.
latissima showed a gradual reduction in 8—1,6-links as the oligosaccharide mixtures
decreased in DP range. For instance, the L. digitata fractions LdF1 and LdF2 contained
10% and 7% B—1,6-linkage, respectively, while LdF3 and LdF4 contained 3% B—1,6-
linkages without intrachain links (Table 8). The S. latissima oligosaccharide fractions
(SIF1, SIF2, and SIF3) displayed a higher percentage of f—1,6-linkages (20%, 16%, and
11%, respectively, Table 8), all of which contained intrachain links. Furthermore, the
obtained fractions from each species were estimated to be with in the same DP-range
(Table 8).

Table 8. Overview of laminarin and laminari-oligosaccharide samples, detailing the
degree of polymerization range as determined by MALDI-TOF-MS, branching content,
and the mannitolto-glucose (M:G)ratio as measured by 'H-NMR.

Sample Degre.e of Branching M:G chains
polymerization
L. digitata laminarin DP10-DP36 ~10% p—1,6-linkages
Highest signal DP25 (6.5% branching, ~2.5:1
3.5% intrachain)
Residues ratio
GD:GB"
~2:1
LdF1 (well: C10-D2)? DP-12-DP15 10% B—1,6-linkage
Residues ratio GD:GB
2:1
LdF2 (well: D3-D8) DP9-DP12 7% B—1,6-linkage
Residues ratio GD:GB
2:1
LdF3 (well: D9-ET) DP8-DP10 3% B—1,6-branching
GB residue nd?
LdF4 (well: E2-E5) DP6-DP8 3% B—1,6-branching
GB residue nd
L. hyperborea laminarin DP8-DP33 ~ 4% B-1,6- ~ 11
highest signal at DP24 | branching, GB traces
LhF1 (well: C10-C12) DP12-DP15 11% B—1,6-branching
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NB: contamination
with fucoidan

LhF2 (well: D1-D5) DP10-DP13 7% B—1,6-branching
NB: contamination
with fucoidan
LAF3 (well: D6-D10) DP8-DP11 3% B—1,6-branching
LhF4 (well: D11-E5) DP6-DP10 3% B—1,6-branching
LhF5 (well: E6-E7) DP5-DP8 7% B—1,6-branching
S. latissima laminarin DP7-DP36 ~ 21% B—1,6-linkages | ~ 2.5:1

highest signal detected
at DP24

(~ 15% branching, ~
6% intrachain)
Residues ratio
GD:GB ~ 2:1

SIF1 (well: C10-D2)

DP10-DP14

20% B—1,6-linkages
(~ 15% branching, ~
5% interchain)
Residues ratio
GD:GB ~2:1

SIF2 (well: D9-ET)

DP9-DP11

16% B—1,6-linkages
(~ 11% branching, ~
5% interchain)
Residues ratio
GD:GB ~2:1

SIF3 (well: E2-E5)

DP6-DP9

11% B—1,6-linkages
(~7% branching, ~4%
interchain)

Residues ratio
GD:GB ~2:1

2Wells merged in Figure 13

“The GD:GB ratio reflects the f—1,6-branch to f—1,6-intrachain ratio

a nd = not detected
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'H-NMR analysis revealed the presence of citric acid to varying extents in all the
laminari-oligosaccharide fractions (Figure 14 is an example from L. digitata-derived
oligosaccharide fractions).

Gt B-D-Glcp-(1>3)-
Gi -{153)-B-D-Glep-(133)-
G2 -{(1-3)-B-D-Glcp-(1-3)-D-Man-ol
M-ol -{1->3)-D-Man-ol
citric acid Ga  -{1->3)-D-Glcpa
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Figure 14: TH-NMR spectra of laminari-oligosaccharide fractions from L. digitata.

The spectra were recorded in D20 at 292 K. The x-axis represents chemical shift in parts per
million (ppm). Potential linkages are annotated in the spectra, with detailed explanations provided
in the top right corner. Peaks corresponding to citric acid are highlighted in green text.

No impact on the appearance or viability of DCs treated with 100 pg/mL laminarin or
laminari-oligosaccharides for 24 hours was observed compared to Neg-DCs, with
viability count exceeding 80% for most treatments (Paper I, Table S2 and Fig. 4a).
Additionally, the maturation of imDCs into mDCs was confirmed by the low expression
of CD14 and high percentages of DCs expression HLA-DR, CD40, and CD86, which
were not affected by laminarin treatments (Paper Il, Fig. 4b). Furthermore, laminarin
treatments did not affect the expression of CD1c and CD141 by DCs, with a higher
percentage of DCs expressing CD1c than CD141 (Paper I, Fig. 4b and Figurel5).
Notably, cells expressing CD141 were also CDlc positive (22.5%; Figure 15)
irrespective of whether they were matured in the absence or presence of any of the
laminarin samples (data not shown). Additionally, all matured DCs, regardless of the
presence or absence of experimental treatments, exhibited high expression of PD-L1
(Paper Il, Fig. 4b).
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Figure 15: Expression of CD1c and CD141 on dendritic cells after 24-hour culture.

DCs were cultured for 24 hours, stained with antibodies against CD1c and CD141, and analyzed
by flow cytometry. Gating was performed using DCs stained with isotype control antibodies. The
figure shows representative dot plots of mature DCs expressing CD1c and CD141 in cells stained
with (A) isotype control antibodies and (B) specific antibodies against CD1c and CD141.

Furthermore, the expression of Dectin-1 was investigated in DCs treated with laminarin
with a yeast derived B-glucan (Nutramunity) serving as a positive control. Significantly
higher proportion of DCs treated with Nutramunity expressed Dectin-1 compared to
Neg-DCs (Figure 16).
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Figure 16: Dectin-1 expression of dendritic cells treated with B-glucans.

DCs were treated for 24 hours in the absence (Neg-DCs) or presence of yeast-derived B-glucan
Nutramunity or laminarin derived from L. digitata (Ld), L. hyperborea (Lh), and S. latissima (SI).
Expression of Dectin-1 was measured by flow cytometry. Dectin-1 expression was compared
between DCs treated with Nutramunity or laminarin and Neg-DCs using one-way ANOVA with
Dunnett's post hoc test in GraphPad Prism version 10.2.1 (395). Significance is denoted as * for
p < 0.033, with sample sizes ranging from n=3-10.
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4.2.4 Laminari-oligosaccharides from L. hyperborea and S. latissima
decrease TNF-a cytokine secretion by DCs (Paper Il)

No impact on the four cytokines evaluated (TNF-a, IL-6, IL-12p40, and IL-10) was
observed when DCs were treated with 100 pg/mL laminarin, or laminari-
oligosaccharides derived from L. digitata (Paper II; Fig. 5a-5e, light grey graphs)
compared to Neg-DCs. Treating DCs with laminarin from L. hyperborea did not affect
their TNF-a secretion but treating the DCs with the smaller laminari-oligosaccharide
fractions LhF4 and LAF5 significantly decreased their TNF-a levels by 35% and 32%,
respectively, as compared to Neg-DCs (Paper Il, Fig. 5a, middle grey graph).
Moreover, DCs treated with laminarin polymer and LhF5 secreted higher levels of IL-6
than Neg-DCs (24% and 34%, respectively) (Paper Il, Fig. 5b, middle grey graph).
Additionally, treating DCs with L. hyperborea-derived laminarin increased their IL-10
secretion compared to Neg-DCs, resulting in a 26% decrease in the Pl (Pl<1; Paper I,
Fig. 5e, middle grey graph). No effect on IL-12p40 secretion by the DCs was observed
after any of the L. hyperborea-derived treatments. Treatment of DCs with laminarin
derived from S. latissima, as well as the two laminari-oligosaccharide fractions SIF1 and
SIF2, had no impact on their secretion of any of the evaluated cytokines (Paper I, Fig.
5a-5d, dark grey graphs). However, treatment of DCs with SIF3 from S. latissima
resulted in an 18% decrease in their TNF-a secretion compared with Neg-DCs (Paper II,
Fig. 5a, dark grey graph), without affecting their secretion of the other cytokines.
Similarly, no impact of sodium citrate buffer on cytokine secretion by DCs was
observed for any of the tested cytokines (TNF-a, IL-6, IL-12p40, or IL-10 (Paper II, Fig.
S5)).

4.2.5 Modulation of cytokine secretion in DC-CD4* T-cell co-cultures in
response to laminarin from L. hyperborea, LhF5 and SIF3 (Paper

)

When DCs matured in the presence of laminarin extracted from L. hyperborea were co-
cultured with allogeneic CD4* T-cells, significantly increased IL-17, and IL-10 secretion
was observed (Paper Il, Fig. 6a). When DCs treated with LhF5 were co-cultured with
allogeneic CD4* Tcells a non-significant decrease in IFN-y and IL-12p40 was observed
(Paper Il, Fig. 6b). When DCs were treated with SIF3 and subsequently co-cultured with
allogeneic CD4* T-cells it resulted in a significant decrease in IFN-y, IL-12p40, and IL-10
levels by 26%, 16%, and 38%, respectively (Paper II, Fig. 6c).
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4.3 Section Ill: The immunomodaulating potential of various
molecular-sized fucoidan fractions (Paper Ill - submitted
manuscript)

This section presents the key findings from the isolation and fractionation of fucoidan
derived from S. latissima, utilizing the endo-acting fucoidanase Psfl to generate
oligosaccharide fractions of varying sizes. The focus was on examining how these
different molecular sizes of fucoidan impacted DC and T-cell responses. This is
highlighted by investigating the cytokine secretions by DCs under treatment of different
sized fucoidan fractions, as well as investigating the dose-dependent response of one
specific sample, and how this specific sample affected T-cell responses.

4.3.1 Fucoidan fractions generated with Psf1 (Paper Il - submitted
manuscript)

Fucoidan from S. latissima (Type 1 fucoidan) was successfully isolated by researchers at
DTU using a procedure similar to that described by Nguyen and colleagues (2020).
These researchers also investigated the enzymatic activity of Psf1 on fucoidan samples
derived from eight different species of seaweed, finding that Psf1 exhibited the highest
activity on S. latissima fucoidan, confirmed with C-PAGE analysis (Submitted paper Il
Figure 3). The C-PAGE gel revealed clear and distinct oligosaccharide bands, allowing
the visualization of size distribution of resulting fucoidan oligosaccharides, with the
furthest migrating oligosaccharides after 24 hours of reaction estimated to have
molecular sizes of approximately DP10 to DP12, based on comparisons with the Fhf1
standard (products from a previously characterized GH107 fucoidanase [140];
Submitted paper lll, Figure 6A). This result is consistent with the size-exclusion
chromatography (SEC) data (Submitted paper Ill, Figure 6B), which showed that
degradation products accumulated in the 10-30 kDa range, with no significant amounts
of smaller products below 2000-3000 Da, even after an extended reaction time of 8-24
hours. The presence of multiple bands indicated that Psf1 functions as an endo-enzyme,
specifically an a-endo—(1,3)-fucoidanase, given that S. latissima fucoidan predominantly
contains a—(1,3)-linked fucose residues, which was also confirmed by 'H-NMR
spectrometry.

After the enzymatic reaction, a SI MMW fraction was successfully isolated using the
method outlined by Vuillemin et al. (2020). To estimate the molecular size of the
samples used for immunomodulating studies, the samples underwent SEC. The resulis
indicated that the native S| fucoidan exhibited a peak at around 400-500 kDa, and a
population of 2000-3000 kDa representing very high molecular weight fucoidan. The
S| MMW fucoidan fraction ranged between 110 and 400 kDa.

Furthermore, 'M-NMR spectrometry and monosaccharide composition analysis
confirmed the presence of sulfation and with fucose being abundant in all samples as
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well as galactose in both fractions (Submitted paper Ill, Figure 7 and Table S4). The H-
NMR data also showed that both the SI Psf1 MMW and Sl Psf1 LMW fractions, and the
released oligo-/polymeric fucoidans were predominantly 4-sulfated (Submitted paper
lll, Figure 7).

4.3.2 Fucoidan and fucoidan oligosaccharides showed size-dependent
and dose-dependent effect on IL-12p40 secretion by DCs and
subsequent IFN-y secretion by co-cultured allogeneic T cells
(Paper Il - Submitted manuscript)

Treating DCs with 100 pg/mL of either native fucoidan (Sl native) and its derivatives (Sl
Psf1 MMW and S| Psf1 LMW) for 24 hours had no impact on cell viability as compared
to untreated DCs (Neg-DCs; Submitted Paper lll, supplementary Table S2). In addition,
secretion of IL-12p40 and IL-10 by DCs was not affected by the three treatments
(Submitted Paper lll, Fig. 8A). However, as S| native and S| Psf1 MMW induced non-
significantly higher levels of IL-12p40 secretion and non-significantly lower levels of IL-
10 secretion (22% and 25%, respectively) than that of Neg-DCs, which led to
significantly increased Pl (ratio of SI-IL-12p40/SI-IL-10), as compared to Neg-DCs
(Submitted Paper lll, Fig. 8A).

In contrast, DCs treated with S| Psf1 LMW secreted non-significantly lower levels of IL-
12p40 (29%) without IL-10 secretion being affected as compared to Neg-DCs (Paper lII,
Fig. 8A). In a subsequent experiment, treating the DCs with different concentrations of
SI Psf1 LMW (1, 10, and 100 pg/ml) a significant dose-dependent reduction in IL-
12p40 secretion was observed (by 15%, 22%, and 32%, respectively), again without
affecting IL-10 secretion (Submitted Paper lll, Fig. 8C). This led to reduced PI ratio for
SI Psf1 LMW at 100 pg/ml as compared to Neg-DCs (Submitted Paper IlI, Fig. 8C).
Notably, the decrease in IL-12p40 secretion with LMW fucoidan was similar to the
inhibition of IL-12 secretion observed with the active form of vitamin D3 (Submitted
Paper lll, Figure S7).

Neither the buffer (50 mM NaCl and 10 mM CaCl,) nor the enzyme present in the
samples influenced the cytokine secretion or the cell viability in the DC model
(Submitted Paper lll, supplementary Figure S5 and Table S3).

The maturation of DCs was confirmed by the low percentage of DCs expressing the
surface molecule CD14 and a high percentage of DCs expressing HLA-DR. Treatment
of DCs with S| Psf1 LMW at 100 pug/mL did not affect the ratio of DCs expressing CD14
and HLA-DR, as well as CD40, CD86, PD-L1, CD1c, and CD141 (Submitted Paper llI,
Fig. 8B).

DCs treated with Sl Psf1 LMW at 100 pg/mL for 24 hours and subsequently co-cultured
with allogeneic CD4* T-cells led to significantly reduced IFN-y levels (37%) and IL-10
levels (24%) in the co-culture supernatant compared to when untreated DCs were co-
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cultured with allogeneic CD4* T-cells (Submitted Paper Ill, Fig 8D). No effect on IL-17
secretion was observed (Submitted Paper IlI, Fig. 8D).

4.4 Section IV: The immunomodulating potential of enzymatically
produced alginate derivatives (unpublished data)

The purpose of this part of the study was to investigate the immunomodulatory potential
of alginate derivatives produced using different alginate lyases. Thus, this section
includes the analysis of various alginate oligosaccharide fractions, including possible
structural features, screening of their effects on cytokine secretion by DCs, and their
possible involvement in T-cell responses.

4.4.1 Purification of alginate fractions (previous reported data by
Dobruchowska et al. 2022, patent WO2015104723A1 by
Hreggvidsson et al., and report for SeaMark, and unpublished

data)

Alginate oligosaccharide fractions were obtained via a two-step ethanol precipitation
method, and their size distribution was analyzed using TLC (Figure 17). The fractions
and their proposed theoretical structural compositions—based on assumptions drawn
from published and unpublished data on the enzymes' reported activities (Table 6 in
Materials and Methods), as well as the TLC results presented in this chapter (Figure
17)—are summarized in Table 9. The AlyRm2 reaction produced a mixture of smaller
and larger oligosaccharides, comprising predominantly G-rich and MG-rich
oligosaccharides. The partially digested fractions with AlyRm3 (Figure 17, AlyRm3 (P2),
top image) contained predominantly intermediate-small sized oligosaccharides,
whereas the full digestion fraction with AlyRm3 (Figure 17, AlyRm3full, top image)
showed a reduction in intfermediate-sized oligosaccharides. Both samples comprised a
mixture of M-rich, G-rich, and MG-rich oligosaccharides. Digestion with AlyPx8 resulted
in a mixture of larger and smaller oligosaccharides, possibly consisting of both M, G,
and MG-rich oligosaccharides, according to the TLC (Figure 17, AlyPx8(P2)) and
unpublished data. AlyRm4 digestion displayed an intense band corresponding to
saturated cyclic monomers (4-deoxy-L-erythro-hex-4-enopyranosyluronic acid; Figure 17,
top and lower image AlyRm4). Additionally, a faint band below the cyclic monomers is
aftributed to free mannopyranosyluronic acid and gulopyranosyluronic acid. In the
loading spot on the TLC, large oligo- and polysaccharides, too large to migrate through
the TLC, were observed. Furthermore, digestion with AlyRm4 successfully removed
small monomers via dialysis and precipitation, leaving a fraction consisting of a mixture
of large M-G poly-and/or big oligosaccharides potentially enriched in G-content and
with G-blocks at the non-reducing (Figure 17, lower image to the right).
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Figure 17: Overview of alginate oligosaccharide sample size distribution on TLC.

'Gul’ and 'Man’ denote guluronic acid and mannuronic acid, respectively, and serve as ladders
with varying degrees of polymerization (DP1-DP6). 'Blank’ indicates undigested alginate. P1 and
P2 denote precipitation steps using 50% and 76% ethanol, respectively. AlyRm2, AlyRm3,
AlyRm4, and AlyPx8 represent enzymatic reactions on alginate. Specifically, AlyRm3 represents
the partially digested sample, while AlyRm3full indicates the fully digested sample. The samples
used in the dendritic cell model are highlighted in red boxes, which are the 76% ethanol
precipitated samples. AlyRm4 samples, highlighted with a bold arrow, show an additional
dialysis step that demonstrates the removal of cyclic monomers released from alginate via an
exolytic AlyRm4-catalyzed B-elimination reaction, as well as free mannopyranosyluronic acid and
gulopyranosyluronic acid (middle lane, lower picture, indicated with thin arrows). Notably, the
top bands (except AlyRM4 and partly AlyRM8) corresponding to monomers do not match the
expected ladder patterns, likely due to the conversion of the products into their open-chain forms
[141], causing them to migrate more slowly in the TLC plate. TLC images were generated by
Hordur Gudmundsson (Matis) with minor modification.
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Table 9. Alginate fractions used in downstream immunomodulatory studies and their theoretical
structure composition after digestion with one of the four alginate lyases.

Alginate Theoretical structures of alginate oligosaccharide compositions
oligosaccharide
fraction ID
AlyRm2 Mixture of big-small alginate oligosaccharides comprised primarily of:
e  G-rich Oligosaccharides: Due to the major activity on G-G bonds
e MG-rich Oligosaccharides: Due to the major activity on M-G
bonds
e  Few Mrich Oligosaccharides: Due to the minor activity on M-M
bonds
[142]
AlyRm3 partially Mixture of intermediate-small oligosaccharides
digested e  Mrich oligosaccharides: Oligosaccharides consisting only of

mannuronic acid units

e G-rich oligosaccharides: Oligosaccharides consisting only of
guluronic acid units

e MG-rich oligosaccharides: Oligosaccharides composed of
alternating or mixed mannuronic and guluronic acid units

Each with a 4,5-unsaturated non-reducing-end uronic acid [141]

AlyRm3 fully digested|The same as for AlyRm3 partially digested, but primarily smaller
oligosaccharides corresponding of di-, tri-, and tetrasaccharides,
respectively, each with a 4,5-unsaturated non-reducing-end
uronic acid [141]

AlyRm4 dialyzed A mixture of large M-G poly-and/or big oligosaccharides potentially
enriched in G-content and with G-blocks at the non-reducing end [141].

AlyPx8 A mixture of intermediate-sized and smaller alginate oligosaccharides,
including M-, G-, and MG-rich varieties. Due to insufficient data on the
specific enzymatic activity of AlyPx8, further details cannot be provided

[unpublished].
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4.4.2 AlyRma3 derived alginate oligosaccharide fractions increase IL-6
and IL-10 secretion by DCs (unpublished data)

Treating DCs with the two AlyRm3-digested oligosaccharide fractions (AlyRm3 partially
digested, and AlyRm3 full digestion; 100 pg/mL) significantly increased their secretion
of IL-6 (by 39% and 66%, respectively, Figure 18b), IL-10 (by 51% and 88%,
respectively, Figure 18d) and IL-12p40 (by 25% and 31%, respectively, Figure 18c), as
compared to Neg-DCs, without affecting the TNF-a secretion (Figure 18a). In contrast,
treating DCs with any of the other alginate oligosaccharide fractions had no effect on
the secretion of the investigated cytokines (TNF-a, IL-6, IL-12p40, and IL-10; Figure 18a-
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Figure 18: Effect of alginate oligosaccharide fractions on cytokine secretion by dendritic cells.
The figure illustrates the impact of alginate oligosaccharide fractions (AlyRm2, AlyRm3 partical
digestion, AlyRm3 fully digestion, AlyRm4 dialyzed, and Alg 8) on the secretion of TNF« (a), IL-6
(b), IL-12p40 (c), and IL-10 (d) by DCs matured and activated for 24 hours in the presence or
absence of these oligosaccharides. The cytokine concentrations were measured by ELISA, and
data are presented as secretion index (SlI) with mean + SEM (n=2-3). Statistical significance was
assessed when possible using one-way ANOVA with Dunnett's multiple comparisons test using
graphPad Prism (10.1.2 (324)). The * indicate p < 0.033, ** p< 0.002 and *** p<0.001.
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4.4.3 AlyRm3 fully digested oligosaccharide fraction promote a Th1
response (unpublished data)

As the fully AlyRm3-digested oligosaccharide sample caused DCs to secrete raised
levels of IL-6, IL-12p40, and IL-10, the effect of the DCs on activation of allogeneic
CD4* Tcells was analyzed in co-culture experiments (Figure 19). This resulted in a
significant increase in IFN-y and IL-10 levels in the co-culture supernatant (Figure 19). A
great donor variation was observed in IL-17 levels, resulting in non-significant data, and
there was no effect on IL-12p40 levels (Figure 19).
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Figure 19: Effect of fully digested alginate oligosaccharide fraction AlyRm3 on dendritic cell
and T-cell interaction.

The secretion of IFN-y, IL-17, IL-10, and 1L-12p40 in the supernatant after co-culture of DCs
matured without (DC + T-cells) or with AlyRm3 fully digested oligosaccharides at a
concentration of 100 pg/mL (DCs + T-cells + AlyRm3 fully digested), and allogenic CD4* T-
cells at a ratio 1:10 was measured by ELISA. Results are presented as mean + SEM of
secretion indexes (SI) of INFy, IL-17, IL-10, and IL-12p40. Experimental treatments were
compared to the DC+ T-cells by unpaired ttest using GraphPad Prism version 10.2.1 (395).
Significance markers in the results are denoted as follows: * for p < 0.033, ** for p <
0.002, and *** for p < 0.001, n=5-6.
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5 Discussion

The aim of the present thesis was fo identify and characterize the structural complexity
and functional diversity of marine-derived polysaccharides and their role in
immunomodulation by employing an enzymatic refinement approach to modify and
potentially alter immunomodulating activities.

Section | covers the characterization of marine-derived sulfatase from a marine
Arthrobacter strain. It focuses on the cloning of a marine-derived sulfatase gene sulAT
and the detailed characterization of the recombinant sulfatase SulA1. It addresses the
aim to characterize a newly identified sulfatase’s enzymatic activity and substrate
specificity, providing insights into its role in marine polysaccharide metabolism and
potential applications in modifying polysaccharides for immunomodulatory purposes.
The main findings were the discovery of the sulAT gene encoding the sulfatase SulA1
from the marine Arthrobacter strain MAT3885. SulAT1 co-ocalizes with a chondroitin
lyase gene, exhibits specificity for GalNAc4S, and shows optimal activity between pH
5.5 and 7.0 at 40°C.

Section Il covers the refinement and immunomodulation of laminarin. It addresses the
structural complexity of laminarin extracted from brown seaweed, along with its
enzymatic modification. This relates to the aims of refining laminarin from L. digitata, L.
hyperborea, and S. latissima and assessing their immunomodulating potential,
including detailed structural analysis and production of laminari-oligosaccharide
fractions providing a foundation for understanding how structural variations influence
bioactivity. Overall, significant differences in sugar composition were observed among
laminarin from different brown seaweed species, with high mannitol content in locally
sourced L. digitata and high glucose content in L. hyperborea and S. lafissima. FT-IR
and 'H-NMR spectroscopy analyses revealed species-specific structural differences,
including variations in B 1,6-linkages. Additionally, MALDI-TOF MS confirmed the
presence of poly- and oligosaccharides predominantly around DP24 or DP25. The
immunomodulating effects of laminarin and laminari-oligosaccharides on DCs from L.
digitata, L. hyperborea, and S. latissima reveal that laminarin extracts and derivatives
had minimal impact on DC maturation and activation. However, specific laminari-
oligosaccharides (LhF4, LhF5, and SIF3) reduced TNF-a secretion in a size-dependent
manner, indicating immunomodulatory potential. Additionally, laminarin from L.
hyperborea uniquely increased IL-6 and IL-10 secretion, suggesting anti-inflammatory
properties. Furthermore, when examining how these DCs affected T-cell responses,
DCs treated with laminarin from L. hyperborea increased IL-17 and IL-10 levels in CD4*
Tcells, indicating a regulatory role, while SIF3 treatment of the DCs reduced IFN-y, IL-
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12p40, and IL-10 secretion by the T-cells, suggesting a decrease in type 1 immune
response.

Section Il covers the immunomodulating potential of fucoidan. It explores the
immunomodulating effects of fucoidan and fucoidan oligosaccharides, generated using
an enzymatic refinement approach. This directly relates to the aim of studying the
immunomodulating potential of various molecular-sized fucoidan fractions, offering
insights into how different fractions influence immune responses. The main findings
were that the molecular size of fucoidan from S. latissima influenced the effects on
cytokine secretion by DCs. High and MMW fucoidan samples led to a significant
increase of the Pl (PI>1), indicative of an overall pro-inflammatory response.
Conversely, S| PSf1 LMW significantly decreased IL-12p40 secretion in a dose-
dependent manner without affecting IL-10 secretion, resulting in a significant decrease
of the PI, suggesting an anti-inflammatory effect. Furthermore, when examining the
impact of these DCs on T-cell responses, S| PSf1 LMW-treated DCs led to reduced IFN-y
secretion by T cells, suggesting a suppression of type 1 immune responses.

Section IV covers the investigation of alginate derivatives. It relates to the aim to
investigate the immunomodulating potential of enzymatically produced alginate
derivatives, using different alginate lyases. Five alginate oligosaccharide samples with
varying sizes and compositions were obtained using four different alginate lyases
(AlyRm2, AlyRm3, AlyRm4, and AlyRX8) on alginate from M. pyrifera. The AlyRm3-
digested samples, possibly enriched in M- and MG-blocks, significantly increased IL-6,
IL-12p40, and IL-10 secretion by DCs. These smaller oligosaccharides appeared to
promote pro-inflammatory responses, while no effect was observed for any of the other
alginate oligosaccharides. Co-culture experiments showed that DCs treated with fully
AlyRm3-digested oligosaccharides had elevated IL-12p40 and IFN-y levels, indicating
they were promoting type 1 immune responses.

Overall, the thesis contributes valuable knowledge to the field of marine
polysaccharides and their potential therapeutic applications in immunomodulation.

5.1 Section I: Cloning and characterization of SulA1 from a
marine Arthrobacter strain

The discovery of the FGly-SULF encoding gene, sulAl, from the marine Arthrobacter
strain  MAT3885, represent a significant advancement in the field of marine
polysaccharide biochemistry. This sulfatase was identified in the cluster with the
chondroitin lyase gene choAl, isolated previously [143]. Such genetic co-localization
suggests a coordinated role of SulA1 in the degradation of complex polysaccharides
like CS and harbors the possibility that it may be used as a modifying enzyme in
enzymatic refinement approaches. Moreover, the identification of SulAl adds to the
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reperfoire of enzymes potentially involved in marine polysaccharide metabolism,
contributing to our understanding of microbial adaptation to the marine environment.

The bioinformatic analyses revealed that SulA1 belongs to the family 1 sulfatases,
characterized by conserved Type 1 sulfatase motif C/SXPXR, consistent with findings in
the literature [57,58,144]. Structural alignments and homology modeling further
confirmed these findings, highlighting the evolutionary conservation of its enzymatic
structure. |dentification of the catalytic residue (Cys57) and the metal-ion-binding site
residues (Asp17, Asp18, Asp277, and Asn278) provided central insights info SulAT’s
enzymatic mechanism and substrate binding specificity aligning with the established
understanding that FGly-SULFs typically require divalent cations such as Ca?* (and
occasionally Mg?*) to facilitate substrate binding and polarization [145—147]. This was
also observed as an increase in the catalytic activity using pNCS as a substrate.
However, integrating the DSF assay with varying concentrations of calcium and EDTA
revealed that calcium did not enhance the thermostability of SulA1. This was evidenced
by a slight decrease in T, with increased calcium concentration and no effect on T, with
EDTA. Thus, the presence of Ca?* may induce conformational changes that compromise
the overall stability of SulAT.

Comparing the homology-based model using YASARA and the AlphaFold2 structural
prediction for SulA1 reveals notable differences, particularly in loop structures and the
orientation of key residues. The homology-based model, which was constructed from
five PDB templates, shows discrepancies in loop sizes and orientations due to the
dependence on structurally divergent templates that may not accurately capture the
flexible regions. In contrast, the AlphaFold2 model, which showed high pLDDT scores
and produced an overall better structure, still exhibited variation in loop regions,
particularly around Ala360-Val376 and in the Cierminus, and differences in the
orientation of Arg61 [130]. These differences can be aftributed to the characteristic
flexibility and conformational variability of loop regions [148], which are challenging to
predict accurately with both methods. Thus, the less precise modeling of flexible loops
in the homology approach and the limitations of AlphaFold2's training data and
algorithms in handling dynamic regions explain the observed variations.

To validate the accuracy of the amino acid sequence used in these models, PMF was
performed using the recombinant protein. The mass fingerprinting data confirmed a
100% identity with the peptide fragments generated in silico using MASCOT, indicating
the amino acid sequence used in the structural models is accurate and aligns perfectly
with the experimentally derived sequence, thus supporting the validity of the sequence
used in structural modeling. However, the partial coverage (40% query coverage)
indicated that while the sequence data is reliable, additional validation may be required
for regions not covered by this technique. The results support the observed differences
in the models, which are most likely due to limitations in modeling methods rather than
errors in the sequence data.
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The enzymatic properties of SulA1 were initially assessed using the synthetic substrate
PNCS, demonstrating that SulA1 displayed both pH and temperature sensitivity. The
observed temperature sensitivity was consistent with findings from other CS/DS
sulfatase studies, which have shown that temperatures exceeding 40°C have a negative
impact on the relative activity, while relatively high activity can be obtained at room
temperature [149,150]. The narrow pH optimum observed with pNCS as substrate
contradicted the data obtained with DSF data using different pH levels, and TLC data
analysis using GalNAc4S as substrate under different pH conditions. While pNCS data
suggested a very specific pH optimum at 5.5, both DSF and TLC data indicated that
SulA1's optimal working pH range was broader, between pH 5.5 and 7.0. This wider
range aligns with the characterization of SulAT as a cytosolic enzyme. The discrepancy
between results obtained with different substrates likely reflects an artifact using the
synthetic pNCS. Furthermore, estimating kinetic parameters using pNCS as substrate
proved impractical due to a linear substrate concentration-velocity relationship. This
suggested that SulA1 exhibits low affinity for pNCS, consistent with earlier research for
other sulfatases [151,152]. Therefore, while pNCS provides a convenient method for
initial activity test of potential FGly-SULFs, its suitability for comprehensive kinetic
studies or detailed characterization studies is limited. Consequently, identifying the
natural sulfated substrate for the enzyme became crucial.

Among several different sulfated molecules tested, SulA1 demonstrated activity
exclusively towards the monosaccharide GalNAc4S. This aligns with the CS sulfation
pattern (0.5% CS 4S from Sigma or CS 6S prepared at Matis) used to isolate the
marine Arthrobacter strain MAT3885 and the genetic position of the sulAT gene
upstream of the chondroitin lyase gene as characterized by Kale and colleagues [143].
These findings suggested that SulA1 is highly specific and likely plays a role in the final
steps of the CS degradation pathway, consistent with suggested pathway by Wang and
colleagues [153]. Furthermore, SulAl's strict preference for the sulfated
monosaccharide unit contrasts with other CS enzymes like endoVB4SF from Vibrio sp.
and exoPB4SF from Photobacterium sp., which exhibit activity against both poly- and
disaccharides of CS with 4-O-sulfation [145,150]. Using GalNAc4S as substrate, the
specific activity of SulA1 was determined at pH 5.5 and pH 6.5 to be 6.8 mU/mg
SulA1 and 14.0 mU/mg SulA1, respectively, using 20 mM and 15 mM GalNAc4S, at
40°C for 30 min. Compared to other CS-sulfatases acting on GalNAc4S, these values
are low [145,150] but higher than the exo-acting GalNAc6S acting sulfatase PB_3285
(3.64 mU/mg) [146].

Given the specific activity towards GalNAc4S, it is likely that the neighboring sulfatase
gene, sulA2, located within the same gene cluster as sulAT, encodes an enzyme
possessing complementary sulfatase activity, potentially targeting the GalNAcé6S unit.
This speculation was supported by the characterization of ChoA1 as a chondroitin AC
lyase [143] and the high topology conservation of SulA2 with an exolytic CS N-acetyl-
galactosamine-6-O-sulfatase [146], implying functional conservation.
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As Michaelis-Menten kinetics provide a foundational framework for understanding
enzyme function, efficiency, and regulation, it is a critical tool in biochemical research.
We observed a K., value of 6.94 + 0.053, at pH 5.5, using GalNAc4S as substrate. At
pH 6.5, which is the optimal for this experiment according to the DSF and TLC data,
Michalis-Menten behavior was observed, yet additional data points are necessary to
obtain a more accurate K, value. Despite these findings, the high cost of GalNAc4S
substrate presents a significant limitation for our study.

The purified SulAT retained its activity for minimum 5 weeks when stored in 100 mM
sodium acetate buffer at pH 5.5, supplemented with 20% glycerol at -80°C. This
robust preservation supports its potential for industrial applications, reducing cost, and
ensuring reproducibility in e.g., industrial processes. However, due to its limited
substrate range, SulAT may not be the ideal enzyme for refining a broad spectrum of
sulfate marine polysaccharides. Nonetheless, it could play a significant role in
modifying the immunomodulatory properties of CS and advancing understanding of the
structure-function relationship in immunomodulation. In fact, we tested the effects of
chondroitin sulfate with a DP4 (CS-AC, DP4) and the GalNAc4S monosaccharide on
the cytokine secretion (Appendix A, Table 11) in the DC-model (described in the
Materials and Methods). Both compounds were found to decrease IL-12p40 levels, with
CS-AC having the most pronounced effect. No effect on IL-10 secretion was observed
for either compound. This selective modulation could be aftributed to several factors.
The longer polysaccharide chain of CS-AC compared to GalNAc4S allows for more
effective interaction with cellular receptors and proteins, providing more opportunities
for binding and signaling, which can lead to more significant biological effects.
Additionally, the extended chains of CS-AC might contribute to greater structural
stability, influencing cellular responses more effectively than the shorter GalNAc4S
monomer. The higher sulfate content in CS-AC might also play a role in its enhanced
effect. However, the lack of a pure desulfated CS sample prevented us from further
exploring this hypothesis.

5.2 Section lI: Laminarin refinement and immunomodulating

potential of laminarin and enzymatically modified laminarin

Seaweed represents a promising source of biomolecules with diverse applications in
industries, such as pharmaceuticals and food. To fully benefit from this resource,
comprehensive insights into its chemical composition are essential. For laminarin,
factors like purity, DP, DB, and linkage profoundly influence its bioactive properties
[154]. However, concerns arise from variations in extraction methods and sample
preparation, which can lead to structural disruption of the native structure [1,155] high
ash content and other contaminants, such as co-extraction of other polysaccharides.
These issues contribute to the inconsistency in reported bioactivity across the literature.
Furthermore, detailed structural analysis of the specific laminarin under investigation, as
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well as species orientation is often lacking, complicating definitive conclusions
regarding its bioactivity.

In this study, a significant focus was placed on elucidating the structure-function
relationship of native laminarin molecules and their oligosaccharide derivatives. The
laminarin molecules were sourced from three different brown seaweed species to
ensure structural diversity. However, conducting a detailed structural analysis of
laminarins poses challenges due to their complexity and resource-intensive nature.
Therefore, careful management of extraction methods, contaminants, and complexities
of structural analysis is crucial to ensure the reliability and reproducibility of results.
Despite these challenges, the insights gained hold potential to significantly advance the
understanding and possible therapeutic application of laminarin.

5.2.1 Extraction and purification of laminarin: Successes, challenges,
and structural variability among brown seaweed species

In this study, laminarin was extracted from L. hyperborea and S. latissima using a two-
step water extractions protocol and subsequently purified to homogeneous state. The
extraction process involved initial precipitation of trace amounts of alginate with CaCl,,
followed by removal of larger molecules such as fucoidan using a 10 kDa filtration step,
and finally, the elimination of smaller degradation products and ash with 1 kDa filters.
The conductivity was monitored throughout the filtration process, as adding CaCl,
contributed to the ash content. A decrease in conductivity was observed after 1 kDa
filiration, indicating the effective removal of ionic contaminants. However, since
conductivity only measures the ability of a solution to conduct electricity and does not
provide specific information about the exact composition or quantity of ash content, it is
crucial to complement this measurement with other analytical methods for a
comprehensive assessment. This need for comprehensive analysis was highlighted by
the findings in the locally sourced L. digitata laminarin extract, which exhibited low
conductivity but high ash content (33.5%) in contrast to the laminarin extract from L.
hyperborea and S. latissima.

Monosugar analysis revealed significant differences in the sugar composition of
laminarin from different seaweed species. The locally sourced L. digitata laminarin
showed notably high mannitol content (29.1% w/dw) and low glucose content (15.3%
w/dw). In contrast, laminarin extract from L. hyperborea contained 2.25% w/dw
mannitol and 52.2% w/dw glucose, while S. latissima extract had 4.7% w/dw mannitol
and 74.6% w/dw glucose. This variability highlights the diverse amounts of laminarin in
the biomass from these three seaweed species, a phenomenon also documented for
other seaweeds [156]. It also emphasizes the critical role of high-quality biomass in
extraction processes. The higher mannitol content compared to glucose content in
locally sourced L. digitata laminarin extract also posed a threat that using this sample
for bioactivity studies would lead to investigating the effect of mannitol rather than
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laminarin, possibly leading to misinterpretation of laminarin’s effects and inconsistent
results. To ensure consistency and reliability in subsequent analyses, commercially
available laminarin from L. digitata (Sigma Aldrich), characterized by high glucose
content (78% w/dw) and low mannitol content (0.4% w/dw), was used instead.

Fucoidan was detected in the laminarin extract from L. hyperborea through monosugar
and 'H-NMR analysis. Due to fucoidans’ documented bioactivity, including
immunomodulation [86,87], which might skew results obtained by the laminarin itself,
further purification was necessary. This was achieved using DEAE-cellulose anion-
exchange chromatography and was an important step for the subsequent investigation
of laminarin structure-function relationship involved in immunomodulatory responses.

FT-IR spectroscopy confirmed the overall structure and purity of laminarin from all three
species, displaying characteristic laminarin patterns consistent with those reported in
the literature [157,158]. Significant differences were noted in -OH and C-H stretching
vibrations. Lower OH stretching vibration in laminarin from S. latissima (3314 cm)
suggested stronger hydrogen bonding and increased branching compared to L.
digitata (3347 cm™) and L. hyperborea (3361 cm™). Similarly, C-H stretching vibrations
at a lower wavenumber in S. lafissima laminarin (2887 cm”) indicated a potentially
higher branching content compared to L. digitata and L. hyperborea (2917 cm).

Structural insights from "H-NMR revealed varying M:G ratios. The M:G ratio represents
the proportion of laminarin chains with mannitol at the reducing end compared to those
with glucose, offering insight into their distribution within the sample. The laminarin
from L. digitata and S. latissima had a ratio of 2.5:1, indicating that the laminarin from
these two species contains approximately 2.5 times more laminarin with mannitol on the
reducing end than chains with glucose on the reducing end. In contrast, laminarin from
L. hyperborea displayed a 1:1 ratio, indicating an equal presence of both chain types.
These ratios and the overall mannitol content aligned with existing literature
[17,159,160]. Moreover, 'H-NMR data revealed distinct structural features in the
laminarin from the three species, showing that laminarin from S. latissima and L.
digitata contained both longer and shorter p—1,6-side chains, either as branches or
intrachain links, with S. latissima laminarin exhibiting a notable higher content of f—1,6-
linkages (21%), compared to L. digitata laminarin (6.5%) and L. hyperborea, which
mainly consisted of the linear §—1,3-linked backbone, only contained minimal g—1,6-
linkages (approximately 4%). These findings aligned well with the FT-IR observations,
underscoring species-specific structural differences, likely influenced by factors like
harvesting season and environmental conditions at which the seaweed was harvested
[1,156].

MALDI-TOF MS confirmed that the laminarin samples comprised a mixture of poly- and
oligosaccharides, predominantly DP24 or DP25 (~5 kDa), consistent with literature
[1,14,15]. Total phenolic content assessed by TPC assay showed undetectable levels of
phenolic compounds in laminarin extract from L. digifata and L. hyperborea. In
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contrast, laminarin from S. latissima showed low phenolic levels (1.03 + 0.05 mg
PGE/100 g lyophilized laminarin), which is significantly lower compared to findings in
other studies, e.g., ~4 g PGE/100 g lyophilized seaweed exiract from S. latissima and
up fo 24.2 g PGE/100 g lyophilized seaweed extract from Fucus vesiculosus [161] and
20-30 mg PGE/100 g of dried biomass from L. hyperborea and Ascophyllum nodosum
[15]. The undetectable or low polyphenol content observed in this study aligns with the
understanding that species like F. vesiculosus and A. nodosum typically contain
significantly higher levels of polyphenols and lower laminarin content compared to S.
latissima and Laminaria species. Moreover, 'TH-NMR analysis confirmed the absence of
phenolic compounds, validating the homogeneity and high purity of the extracts.
Discrepancies between 'H-NMR and TPC-assay for S. latissima laminarin may stem from
oxidation of non-phenolic compounds like mannitol, impacting the TPC accuracy, as
described by Sardari and colleagues [162].

In conclusion, this part of the study elucidates diverse laminarin compositions among
species, highlighting structural nuances crucial for bioactivity. Future research should
further explore these variations to optimize extraction methods to take full advantage of
laminarin’s potential in various applications.

5.2.2 The structural complexity of laminari-oligosaccharides for
improved immunomodulating elucidation

As highlighted in the introduction section 1.8.4, various bioactivities have been
reported for different laminarin molecules. However, there is a lack of detailed
information regarding specific structural elements responsible for these activities. To
address this knowledge gap, several laminari-oligosaccharide fractions using the
laminaripentaose-producing  endo-1,3—pB-glucanase, LPHase, were successfully
produced. This approach enabled the creation of laminari-oligosaccharide fractions
with similar DP-sizes, verified by MALDI-TOF MS, but with distinct f—1-6-linkage in the
form of branching and intrachain-linkage content, confirmed with 1D/2D 'H-®C NMR
analysis.

The laminari-oligosaccharides derived from L. hyperborea exhibited an increase in f—
1,6-linkage content compared to the native laminarin polymer (4% for the laminarin
polymer, 11% for LhF1, 7% for LhF2, 4% for LhF3 and LhF4, and 7% for LAF5). In
contrast, laminari-oligosaccharides derived from S. latissima and L. digitata showed a
gradual decrease in f—1,6-linkage content with decreasing DP range. This suggests that
the short single residue branches unique for L. hyperborea laminarin are well fitted in
the active site of LPHase. Conversely, the more complex and potentially irregularly
occurring branching points in laminarin from L. digitata and S. latissima may hinder
substrate binding in the enzyme, despite the wide groove observed around the active
site of LPHase [163], which could facilitate the accommodation of substrates with a
certain degree of branching. Furthermore, the presence of intrachain links observed in
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laminarin and laminari-oligosaccharides from L. digitata and S. latissima suggests a
close proximity of these links that may prevent cleavage by LPHase.

'H-NMR data revealed significant citric acid content in all fractions, originating from the
hydrolysis of the laminarin using sodium citrate buffer with LPHase. Interestingly, only
traces were observed in the laminari-oligosaccharide fractions derived from L.
hyperborea, potentially due to the less branched structure, minimizing interactions
between the sodium citrate buffer and the laminarin. This likely contributed to a more
efficient purification on the size exclusion Superdex™ 30 HiLoad 26/600 column.

This study clearly demonstrates that structural variations in laminarin, particularly the
degree of B—1,6-linkage and intrachain links, significantly influence their enzymatic
degradation by LPHase. Laminari-oligosaccharides derived from L. hyperborea,
characterized by higher f—1,6-linkage content and no intrachain linkages, are more
effectively processed by LPHase compared to those from S. latissima and L. digitata.
These findings underscore the importance of structural elucidation in understanding
enzymatic activity and highlight potential applications in biotechnological processes
involving laminarin degradation.

5.2.3 The immunomodulating effects of laminarin and laminarin
derivatives on dendritic cells

The immunomodulating effects of laminarin and laminari-oligosaccharides from L.
digitata, L. hyperborea, and S. latissima using an in vitro DC model were thoroughly
investigated. Our findings indicated that neither the laminarin extracts nor the laminari-
oligosaccharides had a noticeable impact on the maturation and activation status of the
DCs, as evidenced by unaffected expression of maturation markers compared to Neg-
DCs. These maturation markers included the absence of expression of the monocyte
marker CD14 and a high percentage of DCs expressing the antigen-presenting
molecule HLA-DR, the co-stimulatory molecules CD40 and CD86, and PD-L1, a
molecule involved in preventing excessive inflammation [164].

Interestingly, a higher proportion of the DCs expressed the cDC2 marker CD1c [165]
compared to the cDCT marker CD141 [69]. However, the expression of these markers
was unaffected following treatment with laminarin and laminari-oligosaccharides. These
findings are consistent with the use of moDCs in this study, as these cells are known to
predominantly express CD1c [69,166,167]. CDlc-expressing DCs, primarily associated
with ¢DC2, are crucial for activation and differentiation of CD4* T-cells [167]. This
supports the application of the DC model used in this study, as it is advantageous for
investigating interactions between DCs and CD4* T-ells, with potential to provide
detailed insights into the immunomodulatory effects of laminarin and laminari-
oligosaccharides, in order to predict their potential therapeutic applications.
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It was observed that the small population of DCs expressing CD141 predominantly co-
expressed CD1c. This suggested that some of the DCs possessed the potential to cross-
present laminarin and laminari-oligosaccharides, akin to the cDC1 subset essential for
cytotoxic CD8* T-cell activation [69]. This speculation is supported by previous studies,
such as that by Haniffa and colleagues, demonstrating the ability of in vitro moDCs to
cross-present hepatitis B surface antigen [168].

Although the laminarin and laminari-oligosaccharides did not affect expression of
surface molecules on the DCs, they affected their cytokine secretion, suggesting distinct
immunomodulatory potentials among the samples. While laminarin samples derived
from L. digitata showed no significant effect, specific laminari-oligosaccharides (LhF4,
LhF5, and SIF3) caused a decrease of TNF-a secretion by DCs in a size-dependent
manner. The variability in cytokine responses underscored the influence of structural
features beyond size, such as p-1,6-linkages and intrachain links, in laminari-
oligosaccharides. A plausible explanation for this difference in secretion could be the
need for a specific percentage of f—1,6-linkages to affect TNF-a secretion by the DCs.
The laminari-oligosaccharide fractions LdF3 and LdF4, which had no effect, comprised
only 3% -1,6-linkages. In contrast, both SIF3 and LhF5 affected TNF-a secretion by the
DCs, and both samples contained higher percentages of 5-1,6-linkages (11% and 7%,
respectively). While SIF3 included both branches and intrachain links, LhF5 lacked the
latter, potentially linking the effect on TNF-a secretion to the p-1,6-branching rather
than intrachain links in the laminari-oligosaccharides. This can explain the
ineffectiveness of the small laminari-oligosaccharide fractions derived from L. digitata
(LdF3 and LdF4) to affect TNF-a secretion by DCs as compared to Neg-DCs, despite
sharing some structural similarities to LAF5 (short side chains and lacking intrachain

links).

Under normal immune responses, TNF-a is crucial for increased blood vessel
permeability and subsequent influx of other immune cells to the site of infection
[169,170]. However, an inappropriate or excessive production of TNF-a can lead to
tissue damage and associated inflammatory-mediated diseases, such as inflammatory
bowel disease, rheumatoid arthritis, and psoriasis, as reviewed in several articles [171—
174]. Thus, the observed effect of LhF4, LhF5, and SIF3s on TNF-a secretion by the DCs
suggests a potential for tailoring laminari-oligosaccharides as supplements with anti-
inflammatory effects, potentially useful for managing chronic inflammatory diseases.

Interestingly, only laminarin from L. hyperborea induced a change in cytokine profile
characterized by increased IL-6 and IL-10 secretion compared to Neg-DCs, indicative of
anti-inflammatory properties. The increase in IL-10 secretion by DCs treated with
laminarin from L. hyperborea supports it having an anti-inflammatory effect, as IL-10
plays an important role in limiting excessive immune responses [175]. Notably, LhF5
also caused an increase in IL-6 secretion. IL-6 is typically recognized for its pro-
inflammatory role, promoting immune responses and inflammation. However, it can
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also exhibit anti-inflammatory effects by inhibiting TNF-a and IL-1 secretion and
inducing IL-10 [176,177]. The observed increase in IL-6 secretion together with the
decreased secretion of TNF-a observed when DCs were treated with LhF5 could be
linked to the anti-inflammatory properties of IL-6. This further suggests that laminari-
oligosaccharides can be tailored to achieve specific immune-modulating effects.

Laminarin has been extensively studied for its ability to activate myeloid phagocytes,
including DCs, primarily through its binding to the major -glucan receptor, Dectin-1, in
a similar manner as observed for fungal p-glucans [178—180]. However, small water-
soluble laminarin compounds have shown lower efficacy in stimulating immune
responses compared to large particulate pB-glucans, such as those from yeast.
Furthermore, soluble B-glucans such as laminarin have also been reported to inhibit
Dectin-1-mediated responses to particulate B-glucan in phagocytotic cells [181]. This
study revealed that laminarin does not enhance Dectin-1 expression on DCs compared
to Neg-DCs, unlike the yeast-derived Nutramunity, which induced increased Dectin-1
expression. This suggests that while laminarin efficiently binds to Dectin-1, it is
incapable of activating the receptor, thus possibly acting through alternative receptors,
such as complement receptor 3 (CR3) or TLRs [182,183]. However, this study did not
explore other receptors beyond Dectin-1, which could have provided additional insights
into laminarin’s immunomodulatory mechanisms.

5.2.4 The immunomodulating effects of laminarin and laminari-
oligosaccharides on DCs and T-cell interactions

The investigation into how laminarin from L. hyperborea, and the laminari-
oligosaccharides LhF5 and SIF3 influence DCs and subsequently their interactions with
CD4* T cells provides valuable insight into their potential as immunomodulating agents.
This study highlighted significant differences in cytokine profiles induced by these
laminarin and laminari-oligosaccharides in the DCs model, suggesting that structural
variations may critically impact their interaction with immune receptors and their ability
to modulate DC-T cell interactions.

Specifically focusing on laminarin from L. hyperborea, and the laminari-
oligosaccharides LhF5 and SIF3, their effects on cytokine secretion by DCs and
subsequent effect on co-cultured allogeneic CD4* T-cells were examined. Secretion of
IFN-y and IL-17 was monitored as indicators of Th1 and Th17 responses, respectively
[184,185]. IL-10 secretion may be an indication for increased activity of Treg cells
[97,175], but it must be kept in mind that IL-10 can also be secreted by DCs. This study
demonstrated that when DCs matured in the presence of the laminarin from L.
hyperborea were co-cultured with allogeneic CD4* T-cells, a significant increase in IL-17
and IL-10 levels was observed. The elevation in IL-17 secretion might be aftributed to
increased IL-6 secretion observed in the laminarin-reated DC culture, as IL-6 is a known
inducer of Th17 differentiation. This implies a potential role for L. hyperborea laminarin
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in type 3 immune responses, which are mainly directed against extracellular bacteria
and fungi [186—188]. Moreover, the increase in IL-10 secretion in the co-culture
supernatant might be the result of DCs treated with laminarin from L. hyperborea, but it
can also be derived from the regulatory CD4* Tcells. In either case, the high levels of
IL-10 secretion are suggestive of a regulatory role of laminarin.

Co-culture of CD4* Tcells and DCs treated with the laminari-oligosaccharide fraction
LhF5 resulted in a non-significant decrease in IFN-y and IL-12p40 secretion compared
to co-culture of CD4* T-cells and untreated DCs. In contrast, SIF3 treatment of DCs
resulted in a significant decrease in IFN-y, IL.-12p40, and IL-10 secretions when co-
cultured with CD4* T-cells. The decrease in IL-12p40 and IFN-y secretion observed in
response to SIF3 treatment suggests a decrease in type 1 immune response, as IL-12 is
the main cytokine inducing Th1 differentiation of naive T-cells [189], which is
characterized by immunity against intracellular bacteria [187,188]. Although IL-10
secretion was also decreased in the co-culture supernatant when DCs had been
matured in the presence of SIF3, previous results have shown that reduction in IL-10
secretion in the co-cultures may not affect the ability of IL-12p40 to influence IFN-y
secretion [190,191].

These results contribute to a deeper understanding of how size and structural variation
of laminarin and laminarin derivatives influence immune responses, providing valuable
insights info their mechanisms of action and potential therapeutic applications in
immune disorders. Additionally, this study suggests that laminarin and its derivatives
can exhibit both pro-inflammatory and anti-inflammatory effects, depending on their
specific structure and the immune context in which they are applied. However, further
exploration is warranted to elucidate the specific receptor interactions and signaling
pathways involved, which could optimize the possible development of laminarin-based
therapies. Moreover, evaluating cytokine production over different time points could
reveal dynamic changes and better characterize the sample’s immunomodulatory
potentials.

5.3 Section llI: Refinement of fucoidan and immunomodulating
potential

Like laminarin, fucoidan has been extensively investigated for its bioactive properties,
including immunomodulation [86,87]. However, several challenges and questions
related to measuring its bioactivity have been raised. These include the heterogeneous
composition of fucoidan in terms of molecular weight, sulfate content, and sugar
composition. Additionally, the source variability, such as seaweed species, geographic
location of harvest, and extraction methods, can alter the structure of fucoidan and
consequently affect its bioactivity. The purity of fucoidan is also critical, as contaminants
can interfere with bioactivity assays. Moreover, the choice of bioactivity assays and the
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conditions under which they are conducted can significantly influence the results
[27,192].

To gain insights into the structure-function relationship of native fucoidan and various
sized fucoidan oligosaccharide derivatives on immunomodulation, more than 20
samples were screened in the DC model (Appendix A). The samples that showed the
greatest impact on cytokine secretion by DCs were subsequently investigated in detail.
This approach aimed to identify specific fucoidan characteristics that contribute to or
change their immunomodulatory effects.

5.3.1 Molecular weight profile of S. latissima fucoidan and its
implications for immunomodulation

In this study, fucoidan from S. latissima was successfully isolated using an enzyme-
assisted extraction protocol, fractionated into distinct molecular weight oligosaccharides
using the endo-fucoidanase Psfl1, and subsequently purified. The presence of distinct
oligosaccharide bands observed in the C-PAGE gel confirms that Psf1 acts as an endo-
active enzyme, efficiently cleaving the a—(1,3)-linkages of the Sl native fucoidan into a
range of oligosaccharides of different sizes. This confirms its preference for type 1
fucoidans containing a—(1,3)-linked fucose backbones, consistent with the structural
features of S. latissima. However, the characterization of Psf1 falls beyond the scope of
this thesis and will not be discussed in further detail.

The native Sl fucoidan sample was isolated as a HMW sample, with fucoidan molecules
ranging from 400-500 kDa, alongside a smaller population with very HMW between
2000-3000 kDa. The Sl Psf1 MMW fraction, which comprised the majority of the Psfl
enzymatic products, consisted of oligosaccharides in the 10-30 kDa range according to
the SEC data. C-PAGE analysis of the MMW fraction revealed that the smallest
oligosaccharides present in this sample range from DP10-12. Furthermore, 'H-NMR
spectroscopy and monosaccharide analysis confirmed the structural features of the
isolated fucoidan fractions, showing that fucose and galactose were abundant in both
the MMW and LMW fractions. These results suggest that the materials are
galactofucans. In addition, the oligosaccharides were predominantly sulfated on the C4
position, which might be linked to the immunomodulating activity.

The molecular size of fucoidan is a critical determinant of its bioactivity. Previous
research has demonstrated that immunomodulatory effects are often linked to both
molecular size and sulfate content, with different bioactivities associated with smaller
versus larger oligosaccharides. For example, a study on HMW fucoidan from Undaria
pinnatifida showed significant enhancement of immune function by stimulating natural
killer cells and promoting the release of pro-inflammatory cytokines [193]. This suggests
that larger molecules, such as the native S| fucoidan, may exhibit stronger
immunostimulatory effects. Similarly, Yang and colleagues (2008) reported that HMW
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fucoidan induced the maturation of DCs and promoted a Th1 immune response, further
supporting the potent immunomodulatory potential of larger fucoidan fractions.

Conversely, smaller molecular weight fucoidan fractions may also exhibit biological
activity, though they typically show weaker effects compared to HMW fractions
[193,194]. Nonetheless, these smaller fractions may offer benefits in other biological
contexts. These findings underscore the importance of investigating molecular size
when determining fucoidan’s bioactivity.

Using the endo-fucoidanase, Psfl, to generate distinct molecular weight fucoidan
oligosaccharides, this study provides valuable insights into the variables that influence
fucoidan's biological activity, particularly in immunomodulatory applications. This work
lays the groundwork for future research aimed at optimizing fucoidan-based
therapeutics, enabling the targeted use of specific molecular weight fractions to control
desired biological effects. Future research should focus on the estimation of the
molecular weight of the LMW fraction, as well as fully investigating the effect of the
sulfation patterns, particularly the presence and position of the sulfate groups, and how
these features influence the biological activity.

5.3.2 Immunomodulating potential of various molecular-sized fucoidan
fractions

The immunomodulatory effects of fucoidan and its Psf1 derivatives from S. latissima
were investigated by treating imDCs with a maturation cockfail containing LPS, TNF-a,
and IL-1B in the absence or presence of native high molecular weight fucoidan (Sl
Native), Sl PSf1 MMW, or S| PSf1 LMW.

The results showed that both SI Native and Sl PSf1 MMW fucoidan samples led to a
non-significant increased secretion of IL-12p40 and a non-significant decreased
secretion of IL-10 by DCs compared to the Neg-DCs. Although these changes were
non-significant, they led to a significant increase in the Pl (Pl > 1), suggesting a pro-
inflammatory response. This finding aligns with previous studies showing that fucoidan
from various species of brown seaweed can induce DC maturation in vitro, enhance IL-
12p40 secretion, and promote Th1 immune responses in both human and mouse
models [195,196]. However, it is important to note that high molecular weight fucoidan
potentially contains endotoxins, which are known to cause false positive IL-12p40 results
[196]. Thus, the high increase of IL-12p40 observed in the DC model by S| Native and
S| Psf1 MMW cannot be excluded to be due to the presence of endotoxin, as this was
not measured in the study.

In contrast, treatment with S| PSf1 LMW fucoidan resulted in a significantly decreased
IL-12p40 secretion by DCs in a dose-dependent manner, while IL-10 secretion was
unaffected, a cytokine secretion profile characteristic for tolerogenic DCs [197]. This
suggests an anti-inflammatory effect on the DC [199], which was supported by a
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decrease in the Pl (Pl < 1). The decrease in IL-12p40 secretion with LMW fucoidan was
comparable to the inhibition of IL-12 secretion observed with 1a,25-Dihydroxyvitamin
D3 (1,25(0H)2D3), the active form of vitamin D3, known for its ability to suppress IL-12
production in both DCs and macrophages [198]. This suggests that SI PSf1 LMW
fucoidan might have potential as a bioactive compound for controlling inflammatory
responses.

The differences in immunomodulatory effects observed between the various fucoidan
fractions are likely linked to their molecular size and sulfate content. As discussed in
section 5.3.1, the HMW fucoidan from S. latissima exhibited strong immunostimulatory
effects, likely due to its larger size and sulfate content, which are known to influence
immune responses [191,199]. Conversely, the S| Psfl LMW fucoidan fraction
demonstrated  significant  anti-inflammatory  effects, suggesting that  small
oligosaccharides modulate immune responses differently compared to their HMW
counterparts. This might be due to the depolymerization of the Sl native fucoidan forms
a more homogeneous sample with lower viscosity, as seen in studies with endo-
fucoidanases and endo-fucanase [200,201], which might facilitate the interaction with
specific PAMPs or DAMPs.

5.3.3 Inhibition of Th1 responses and key signaling pathways by low
molecular weight fucoidan

The present study also provided insights into the immunomodulatory effects of Sl Psf1
LMW fucoidan fractions on DCs and their subsequent interactions with CD4* T-cells.
When DCs were treated with S| PSf1 LMW fucoidan and co-cultured with allogeneic
CD4* Tcells, a significant reduction in IFN-y secretion was observed, while IL-17 levels
remained unaffected. These findings suggested that SI PSf1 LMW fucoidan inhibited
type 1 immune responses, which is consistent with IL-12 being the primary cytokine
inducing Th1 differentiation of naive T-cells, the main producers of the pro-inflammatory
cytokine IFN-y [184,189]. This indicates that S| Psf1 LMW fucoidan might have a role in
suppressing Th1-mediated immune responses and inflammation.

In contrast, higher molecular weight fucoidan, such as S| Native and SI PSf1 MMW
fucoidan, did not exhibit the same inhibitory effect and may have even supported Th1-
mediated responses. This highlights the role of the molecular weight in determining
fucoidan’s immunomodulatory activity, in line with previous studies associating high
molecular weight fucoidan with immune activation [193,194,202]. Additionally, factors
such as viscosity and homogeneity of the fucoidan preparations may also influence the
observed immunological effects, potentially impacting the bioavailability, cellular
interaction, or distribution of bioactive components.

The reduction in IFN-y secretion likely involved key intracellular signaling pathways,
such as NF-kB and STAT1, which are essential for regulating pro-inflammatory cytokine
production during immune responses. Several studies have linked the
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immunomodulatory activity of high molecular weight fucoidan with the NF-kB signaling
pathways in various cell types, including DCs and murine macrophages [202,203].
During the inflammatory immune response, NF-kB binds to the promoter region of the
II12a gene, enhancing IL-12p40 production within DCs [204]. In this study, reduced IL-
12p40 secretion by DCs treated with SI PSf1 LMW fucoidan, along with the decreased
IFN-y levels by CD4* Tells in co-culture, suggests that Sl PSf1 LMW fucoidan may
inhibit key signaling pathways involved in inflammation, such as NF-xB and STAT1
(involved in IFN-y signaling and Th1 differentiation) [205,206], as well as ERK1/2
phosphorylation in the MAP kinase pathway, which regulates cellular activities like
inflammation [207]. This speculation can be further supported by a study of human
keratinocytes treated with commercial fucoidan, which demonstrated its anti-
inflammatory activity by blocking NF-kB and STAT1 pathway [208]. However, further
research is needed to confirm the role of NF-xB inhibition by PSf1 LMW fucoidan.

In summary, these findings support the hypothesis that SI PSf1 LMW fucoidan exerts
anti-inflammatory effects by modulating key immune regulatory pathways. Further
research will be necessary to confirm and expand upon these results, particularly in
understanding the molecular mechanisms underlying the immunosuppressive activity of
LMW fucoidan.

Notably, the position and the amount of sulfate groups on the oligosaccharides in the Sl
PSf1 LMW fraction cannot be excluded as contributing factors fo its activity. This, along
with other structural characteristics—such as distinct branching patterns, linkage types,
and the small DP-range—may be responsible for the anti-inflammatory effects observed
when treating the DCs with SI Psfl LMW sample These findings underscore the
importance of determining the full structural composition of SI PSf1 LMW fucoidan to
fully understand the mechanisms of action. Future research should focus on elucidating
the detailed structural features of this fraction, as they likely contribute to its unique
bioactivity.

5.4 Section IV: Enzymatic refinement of alginate to produce
potential immunomodulating alginate oligosaccharides

To gain insights info the structure-function relationship of alginate, alginate
oligosaccharide fractions of different sizes and different M, G, and MG-content were
obtained by enzymatic digestion of low-viscosity M. pyrifera alginate. The size
distribution and composition of five alginate oligosaccharide fractions (AlyRm2, AlyRm3
partially digested, AlyRm3 fully digested, AlyRm4 dialyzed, and AlyPx8) obtained
through a two-step ethanol precipitation method and TLC analysis were used to estimate
their size distributions and possible M-and G composition. The fraction showing the
greatest impact on cytokine secretion by DCs was further investigated for its effect on
CD4* allogeneic T-cells.
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5.4.1 Purification and characterization of alginate oligosaccharide
fractions

The TLC analysis revealed distinct patterns of the purified oligosaccharide sizes
resulting from different enzyme treatments. For example, the AlyRm2 enzyme, which
functions as an endo-poly-MG lyase with primary activity on M-G and G-G bonds, and
minor activity of M-M bonds according to the patent by Hreggvidsson and colleagues
(W02015104723A1), likely produces a heterogeneous mixture of MG-, G-, and M-rich
oligosaccharides of various sizes as observed in the TLC, but the TLC data alone does
not clarify which type predominates the AlyRm2 fractions. However, previous research
indicates that alginate lyases from the CAZy PL6 family subclass 2, to which AlyRm2
belongs, typically generate heterogeneous oligosaccharide mixtures [209]. Thus, the
assumed oligosaccharide patterns are consistent with the literature.

In contrast, the other alginate lyases used in this study primarily yielded smaller
oligosaccharides. TLC analysis showed that the partially digested fraction obtained with
AlyRm3, when using less enzyme concentration, predominantly consisted of
intermediate- and small-sized oligosaccharides, whereas using four times as much
AlyRm3 resulted in a mixture of small oligosaccharides. According to the study by
Dobruchowska and colleagues [141] AlyRm3 digestion of alginate after 24 hours
predominantly generated products consisting of unsaturated mixture of M-, G-, and MG-
rich oligosaccharides, mainly di-, tri-, and tetra-saccharides.

The AlyRm4 enzyme produced a TLC profile similar to that described by Dobruchowska
et al. [141], displaying a prominent band corresponding to saturated cyclic monomers
(4-deoxy-L-erythro-hex-4-enopyranosyluronic acid), alongside a fainter band attributed to
mannopyranosyluronic acid and gulopyranosyluronic acid. This pattern indicates that
AlyRm4 effectively depolymerized both M- and G-blocks of M. pyrifera alginate into
monomers in an exo-acting manner. However, as demonstrated by Dobruchowska and
colleagues (2022), AlyRm4 shows a preference for depolymerizing M-blocks over G-
blocks, particularly encountering difficulty with G-blocks at the reducing end. This likely
explains why, even after 24 hours of incubation with AlyRm4 on M. pyrifera alginate,
significant material remains in the loading spot on the TLC, likely consisting of large
oligosaccharides and polysaccharides enriched in G-blocks and terminating with a G-
block on the non-reducing ends. Nonetheless, the remaining chains would still contain
M-blocks upstream of the G-blocks within the alginate structure. Following this, dialysis
was used fo successfully remove smaller degradation products, resulting in a sample
theoretically enriched in G-blocks within large poly- and/or oligosaccharides.
Unfortunately, this study did not perform structural confirmation of the resulting sample.

Lastly, digestion of M. pyrifera alginate with AlyPx8 resulted in a heterogeneous mixture
of larger and smaller oligosaccharides (M-, G-, and MG-rich). This outcome is based on
preliminary TLC data and unpublished data, and further structural verification is needed
to confirm these findings.
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5.4.2 Enhanced immunomodulation by AlyRm3 digested alginate
oligosaccharides: Potential for therapeutic applications

Most alginate oligosaccharide fractions showed minor or no impact on the secretion by
DCs of the four cytokines investigated in this study (TNF-a, IL-6, IL-12p40, and IL-10), as
compared to Neg-DCs. However, treating DCs with two specific fractions, AlyRm3
partially digestion and AlyRm3 fully digestion, led to significantly increased secretion of
IL-6, IL-12p40, and IL-10 by the DCs. These findings suggested that the partially and
fully AlyRm3-digested alginate oligosaccharides possess unique structural features that
can influence immune responses more effectively than the other alginate fractions
investigated in this study.

Interestingly, the fully AlyRm3-digested oligosaccharides had a more pronounced
impact on the cytokine secretion. This suggests that smaller, more processed alginate
oligosaccharides might have higher bioactivity or better accessibility to PRRs on DCs,
thus enhancing the pro-inflammatory cytokine responses. Factors, such as the M:G-
block ratio and the molecular size of the alginate oligosaccharides, likely play a
significant role. The obtained TLC data and the reported endo-acting alginate lyase
activity of AlyRm3 on both M and G blocks of alginate [141] suggest that the fully
AlyRm3-digested oligosaccharides may contain or expose more M-blocks compared to
the 'egg-box’ structure formed by G-rich alginate [61]. Supporting this, it has been
documented that M. pyrifera derived alginate consists of 61% ManA and 39% GulA,
resulting in an M:G ratio of 1.56 [210]. Therefore, it can be speculated if the linear, M-
rich small alginate oligosaccharides fit more effectively into the binding sites of
unidentified PRRs compared to the 'egg-box’ structure of G-rich alginate. Furthermore,
it has been shown that M-rich alginate increases pro-inflammatory cytokines such as
TNF-a, IL-6, and IL-12 in RAW264.7 macrophages and human monocytes [89,211]. This
aligns with the cytokine secretion observed in DCs in this study, despite the lack of
effect on TNF-a secretion. This discrepancy could be explained by the increased IL-10
secretion by DCs, which might suppress TNF-a production and act as a counter-
regulatory mechanism to prevent excessive inflammation [212].

To further investigate the effects of the AlyRm3 fully digested sample on adaptive
immune responses, a co-culture experiment was conducted with DCs matured in the
presence or absence of fully AlyRm3-digested oligosaccharides and allogeneic CD4* T-
cells. The increased IL-12p40 secretion by DCs corresponded with a statistically
significant increase in IFN-y levels in the co-culture supernatant, strongly suggesting a
Thiskewing effect by the fully AlyRm3-digested fractions, as IL-12 is crucial for Th1
differentiation [189].

The presence of IL-6 secretion by DCs indicated that the DCs were capable of
promoting Th17-cell responses by co-cultured allogeneic CD4* T-cells. However, as
there was no effect observed for IL-17 levels, it can be concluded that the fully AlyRm3-
digested sample was not affecting DCs to induce Th17 differentiation. This might be
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due to the stronger influence of IL-12, which promotes Th1 differentiation and
potentially overrides signals for Th17 differentiation.

Thus, the fully AlyRm3-digested oligosaccharide fractions may be beneficial in therapies
aimed at enhancing Thl-mediated immune responses, including treatments for
infectious diseases, cancer immunotherapy, and vaccine development.
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6 Conclusions

In the present study, we aimed to investigate and characterize the structural complexity
and functional diversity of marine-derived polysaccharides, specifically their
immunomodulatory effects. The research was divided into four major areas: the
characterization of marine-derived sulfatase, the refinement and immunomodulation of
laminarin and its derivatives, the immunomodulating potential of enzymatically refined
fucoidan, and the investigation of the immunomodulating potential of enzymatically
refined alginate derivatives. This chapter summarizes the key findings from each area
and discusses the implications for future research and potential applications.

6.1 Characterization of a marine-derived sulfatase

The first section of this thesis focused on the cloning of the encoding gene and detailed
characterization of the marine-derived sulfatase SulA1 from a marine Arthrobacter
strain. The discovery of the sulAT gene and its enzymatic activity provided insights into
its role in marine polysaccharide metabolism. The results suggest that SulA1 exhibited
specificity for GalNAc4S, and optimal activity was obtained between pH 5.5 and 7.0 at
40°C. These findings suggested that SulA1 could be utilized to modify sulfation patterns
in CS for immunomodulatory purposes, highlighting its potential application in
biotechnological processes e.g., in the pharmaceutical or nutraceutical industry to
create customized sulfated polysaccharides, aiding in the treatment of inflammatory
diseases. However, due to its strict substrate specificity to GalNAc4S, SulA1 may not be
ideal for refining a broad spectrum of sulfated marine polysaccharides, which could
limit its broader biotechnological utility. Furthermore, the identification of other
potential sulfatases, such as the SulA2, within the same gene cluster calls for their
characterization, as these enzymes likely play complementary roles in polysaccharide
metabolism and offer additional biotechnological applications.

6.2 Refinement and immunomodulation of laminarin

The second section addressed the structural complexity and enzymatic modification of
laminarin extracted from L. digitata, L. hyperborea, and S. latissima. Detailed structural
analysis revealed significant differences in sugar composition and structural variations
among species. The immunomodulating effects of laminarin and laminari-
oligosaccharides were assessed on DCs, showing minimal impact on DC maturation but
indicating immunomodulatory potential through size-dependent reductions in TNF-a
secretion by LhF4, LhF5, and SIF3. Moreover, a species-specific increase in IL-6 and IL-
10 secretion by L. hyperborea laminarintreated DCs was observed. Co-culture
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experiment between S/F3-reated DCs and allogeneic CD4* T-cells showed decreased
IFN-y, possibly due to the higher branch content of SIF3, while L. hyperborea laminarin-
treated DCs co-cultured with allogeneic CD4* T-cells showed increased IL-17 secretion.

These findings suggest that laminari-oligosaccharides with specific structural features
could be employed for targeted therapeutic applications. For example, laminari-
oligosaccharides like LhF4, LhF5, and SIF3, which show anti-inflammatory properties,
might be developed into treatments for chronic inflammatory or autoimmune diseases.
On the other hand, the simple branched laminarin polymer derived from L. hyperborea,
which induces pro-inflammatory responses, could be explored for enhancing immune
responses as an adjuvant in vaccines or as an immunostimulant in cancer treatments.
This highlights that specific laminari-oligosaccharides could be developed for anti-
inflammatory applications, while the simple branched laminarin polymer derived from
L. hyperborea induce pro-inflammatory responses.

Thus, understanding the structural impacts on DC and T-cell interactions not only
deepens our knowledge of laminarin’s biological activities but also paves the way for
designing tailored therapies with specific immunomodulatory effects.

6.3 Immunomodulating potential of fucoidan

The third section explored the immunomodulating effects of fucoidan from S. latissima
and its oligosaccharides produced using the endo-a(1,3)-fucoidanase, designated Psf1.
It was found that the molecular size of fucoidan influenced its immunomodulatory
effects on DCs. HMW native fucoidan and MMW fucoidan samples induced a pro-
inflammatory response by the DCs, whereas LMW fucoidan displayed anti-inflammatory
properties by significantly decreasing IL-12p40 secretion by the DCs in a dose-
dependent manner without affecting IL-10 levels. Additionally, LMW fucoidan inhibited
type 1 immune responses by decreasing IFN-y secretion in a co-culture experiment
between DCs and allogeneic CD4* T-cells. These results indicated that fucoidan
fractions could be tailored for specific immunomodulatory applications, potentially
beneficial in chronic inflammatory or autoimmune diseases.

6.4 Immunomodulating investigation of alginate derivatives

The fourth section investigated the immunomodulating potential of alginate derivatives
produced using different alginate lyases. Five alginate oligosaccharide fractions with
varying sizes and compositions were analyzed. The results demonstrated that alginate
oligosaccharides have distinct immunomodulatory effects depending on their size and
structural composition. Specifically, the fully digested AlyRm3 fractions, possibly M-rich
small oligosaccharides, promoted pro-inflammatory cytokine secretion (IL-6 and IL-
12p40) by DCs and Th1-mediated immune responses in co-culture experiment between
DCs and allogeneic CD4* T-cells. These results could be advantageous for therapies
targeting infectious diseases, in cancer immunotherapy, and for vaccine development.
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6.5 Overall conclusions

The research conducted in this thesis successfully met the overall aims and addressed
the research questions asked. The findings contribute to a deeper understanding of
how marine-derived polysaccharides can be enzymatically refined to modulate immune
responses, offering promising insights for developing novel therapeutic agents derived
from a natural sustainable resource.

6.6 Future directions

In this study the main focus was dedicated to laminarin, thus future research should
focus on further characterization of both fucoidan and alginate in similar manner,
involving detailed analysis of the structural-functional relationships of polysaccharide
derivatives to refine their immunomodulatory properties. Additionally, mechanistic
studies are essential to investigate the precise molecular processes by which these
polysaccharides exert their immunomodulatory effects.

In vivo studies should be conducted to confirm the therapeutic potential of these
polysaccharide derivatives. Moreover, exploring the clinical effects of these compounds
is crucial, particularly in developing new treatments for inflammatory diseases, cancer,
and as vaccine adjuvants. By addressing these future aspects, the potential of marine-
derived polysaccharides in biomedicine can be fully realized, paving the way for
innovative and effective therapeutics.
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Abstract: Sulfation is gaining increased interest due to the role of sulfate in the bioactivity of many
polysaccharides of marine origin. Hence, sulfatases, enzymes that control the degree of sulfation, are
being more extensively researched. In this work, a novel sulfatase (SulA1) encoded by the gene sulA1
was characterized. The sulAl-gene is located upstream of a chondroitin lyase encoding gene in the
genome of the marine Arthrobacter strain (MAT3885). The sulfatase was produced in Escherichia coli.
Based on the primary sequence, the enzyme is classified under sulfatase family 1 and the two catalytic
residues typical of the sulfatase 1 family—Cys57 (post-translationally modified to formyl glycine for
function) and His190—were conserved. The enzyme showed increased activity, but not improved
stability, in the presence of Ca?*, and conserved residues for Ca?* binding were identified (Asp17,
Asp18, Asp277, and Asn278) in a structural model of the enzyme. The temperature and pH activity
profiles (screened using p-nitrocatechol sulfate) were narrow, with an activity optimum at 40-50 °C
and a pH optimum at pH 5.5. The T}, was significantly higher (67 °C) than the activity optimum.
Desulfation activity was not detected on polymeric substrates, but was found on GaINAc4S, which is
a sulfated monomer in the repeated disaccharide unit (GlcA-GalNAc4S) of, e.g., chondroitin sulfate A.
The position of the sulAl gene upstream of a chondroitin lyase gene and combined with the activity
on GalNAc4S suggests that there is an involvement of the enzyme in the chondroitin-degrading
cascade reaction, which specifically removes sulfate from monomeric GalNAc4S from chondroitin
sulfate degradation products.

Keywords: marine bacterium; chondroitin sulfate; N-acetylgalactosamine-4-O-sulfate; sulfatase

1. Introduction

Chondroitin sulfate/dermatan sulfate sulfatases (CS/DS-sulfatases) are specialized
enzymes. They hydrolyze and remove sulfate ester groups from mono-, di-, oligo-, and
polysaccharides of chondroitin sulfate (CS) or dermatan sulfate (DS). These enzymes can
exhibit either endo- or exo-acting activities. This enables them to either remove sulfate
groups located along the poly-/oligosaccharide chain or cleave sulfate groups from the
reducing and/or the non-reducing ones [1,2].

The majority of sulfatases, including CS/DS-sulfatases, belong to Type 1 sulfatases,
also known as arylsulfatases, or more accurately, formylglycine-dependent sulfatases (FGly-
SULFs [3,4]; http:/ /abims.sb-roscoff.fr/sulfatlas/ (accessed on 18 February 2024)). They
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are given this name due to the post-translational formation of the active site residue Cx-
formylglycine (FGly), derived from a conserved cysteine (or serine) residue found in the
signature motif C/S-X-P-X-R [5]. CS/DS-sulfatases have been further categorized based on
their substrate specificity, namely A**hexuronate-2-O-sulfatase, N-acetylgalactosamine-4-
O-sulfatase (GalNAc-4-O-sulfatase), and N-acetylgalactosamine-6-O-sulfatase (GalNAc-
6-O-sulfatase). These sulfatases target specific sulfate groups within CS/DS molecules,
enabling the modification and degradation of these biomolecules [6,7]. However, despite
the discovery of new enzymes and a large amount of genomic data, sulfatases remain, to a
large extent, underexplored concerning substrate specificity and kinetic properties [8,9].
So far, only three A**hexuronate-2-O-sulfatase [10-12], three endo-type and two exo-type
GalNAc-4-O-sulfatases [2,7,12-14], and three exo-type GalNAc-6-O-sulfatases [7,12,14],
have been identified and characterized.

CS and DS are types of glycosaminoglycans (GAG) present in the cartilage tissue of
both land and marine animals [15]. Their overall structures are characterized by repeated
disaccharide units consisting of the glucuronic acid (GlcA) and N-acetyl-galactosamine
(GalNAc) or L-iduronic acid (IdoUA) and GalNAc, respectively, linked by (3-1,4-glycosidic
bonds. These polysaccharides can be classified into different classes based on their hetero-
geneous length and degree of sulfation, and are influenced by the species of origin of the
CS [16]. The two major classes of CS are CS-A and CS-C, which are distinguished by the
position of the sulfate group on the GalNAc unit. In CS-A, the sulfate group is located at C4,
while, in CS-C, it is positioned at C6 on the GaINAc molecule. However, more distinct and
complex CS structures exist, like CS-AC, characterized by alternating C4 and C6 sulfation
on the GalNAc unit and fucosylated CS from sea cucumber [17]. CS is widely recognized
for its functional properties and diverse bioactivities, including anti-inflammatory proper-
ties [18,19], anti-cancer properties [20], anti-coagulating properties [21], and it is used as
osteoarthritis treatment [22]. These characteristics make CS molecules intriguing for phar-
maceutical and nutraceutical applications. The bioactivities of CS are primarily attributed
to its sulfate content, the positions of the sulfate groups, and the size of the polymer.

In the recent years, researchers at Matis successfully isolated and sequenced the
marine chondroitin-degrading Arthrobacter strain MAT3885. This discovery was made
using microbial traps coated with CS [23]. The gene encoding the sulfatase described here,
designated SulAl, originates from this strain and is classified under the Type 1 sulfatase
family based on sequence characteristics. The substrate specificity was investigated and
specific activity on a natural substrate was only found on monosulfated GaINAc4S, which
is a building block in both CS and DS. Modelling of the structure and substrate docking
revealed that binding of GalNAc4S was energetically favored, while the position of the
substrate molecule was somewhat unexpected in relation to the calcium ligand bound in
the active site. This study contributes insights into the substrate specificity of one of the
relatively underexplored sulfatases from marine bacteria. Furthermore, these findings have
the potential to serve as a valuable resource for further investigations into the structural
features and practical applications of CS sulfatases.

2. Results
2.1. Phylogenetic Identification, Identification of SulA1, and Modelling of the Enzyme

A BlastN analysis of the MAT3885 16S rDNA sequence confirmed its affiliation with
Arthrobacter. The closest relative was found to be Arthrobacter cryoconiti strain GS9 (99.79%
id). Potential sulfatase genes were observed in the vicinity of the chondroitin lyase gene,
ChoAl. ChoAl belongs to the polysaccharide lyase family 8, as described by Kale et al. [23].
This family of lyases, known to act on CS with sulfation on both C4 and C6, is referred to
as CS-AC (www.cazy.org (accessed on 18 February 2024)). A small chondroitin lyase gene
cluster including two potential sulfatase-encoding genes (sulA1 and sulA2) was identified
(Figure 1). The sulA1 gene was located immediately upstream of the chondroitin lyase
gene, choAl, making it an interesting target for further investigation. The SulA1 sequence
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(484 amino acids) did not contain a signal peptide, according to the SignalP v5.0 analysis,
indicating that the protein is expressed intracellularly.

Hypothetical sulfatase

Hypothetical protein Transcriptional regulator (GntR family)

Oxidoreductase

Phosphate isomerase/epimerase

Figure 1. Schematic representation of the chondroitin lyase gene cluster with annotations. Within
the cluster, two sulfatase-encoding genes (highlighted in red), sulA1 and sulA2, were identified.
The sulA1 gene was located upstream of the chondroitin lyase gene, choA1 (marked in blue), while
sulA2 was positioned downstream. An adjacent gene was predicted to encode a sulfatase (shaded
red). Additionally, other genes within the cluster encoded proteins implicated in sugar metabolism
(marked in yellow). Furthermore, a hypothetical protein (shaded purple) was found within the
cluster.

The deduced amino acid sequence of SulA1l shared 28.5% sequence identity with
SulA2 and was encoded in the same gene cluster. BlastP analysis of SulAl against the
PDB database revealed that the closest related structure determined candidates shared
relatively low sequence homology with SulAl, but the query coverage was high (Table 1).
The closest matches were enzymes from Bacteroides thetaiotaomicron VPI-5482 (PDB 5G2V),
Pseudoalteromonas sp. (PDB 6B0K), Bacteroides fragilis YCH46 (PDB 2QZU), Pseudoalteromonas
fuliginea (PDB 6BIA), and Hungatella hathewayi (PDB 6UST). Nevertheless, analysis of the
deduced amino acid sequence of SulAl in Interpro (https://www.ebi.ac.uk/interpro/
(accessed on 25 January 2024)) confirmed some conserved motifs and residues throughout
the aligned sequences (Figure 2). All sequences contained the FGly-SULF signature motif
C/S-X-P-X-R, essential for the formation of the FGly residue, and the two catalytic residues
(Cys57 (converted to FGly) and His190). In addition, four residues were identified as being
calcium-binding (Asp17, Asp18, Asp277, and Asn278), and they were conserved in the
enzymes and located close to the active site.

Table 1. Crystallographic structures used as templates for the modeling SulAl.

Amino Acid Sequence Transferred Region to the

Template (PDB Code) Source Sequence Coverage (%) DA Model
’ a ¢ Identity (%) (Residue Numbering)
Bacteroides thetaiotaomicron
5G2V VPL-5482 76 32.09 1-459
6BOK Pseudoalteromonas sp. 89 27.27 168-180, 435-483
2QZU Bacteroides fragilis YCH46 90 24.79 1-9, 283-282, 433-441
6BIA Pseudoalteromonas fuliginea 90 27.20 452-484
6UST Hungatella hathewayi 94 30.60 86-89

The high query coverage (Table 1) indicated an overall conserved topology. However,
it should be noted that aligning SulAl with the potential sulfatase SulA2, illustrated within
the cluster in Figure 1, as well as with two recently characterized GalNAc4S-acting CS/DS
sulfatases from marine Photobacteria sp. QA16 (GenBank UF(Q91287.1 and QAB47431.1), a
notably higher query coverage of 90% was observed. In contrast, the CS sulfatase that acts on
GalNACc6S, from another Photobacterium strain (GenBank UFQ91288.1), showed a lower coverage
of 67%. As observed for the PDB sequences (Table 1), sequence identity remained low, ranging
from 26.6 to 28.01%. Interestingly, the SulA2 demonstrated higher query coverage with the
CS sulfatase acting on GaINAc6S (GenBank UFQ91288.1, 96% coverage). The SulA2 sequence
contained the FGly-SULF signature motif, two catalytic residues, and four calcium-binding
residues, as observed for the other sulfatase amino acid sequences.
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SulAl - MVSSSPAAPNIVFILSEBEOQOGPWALGCAGNDEIHTPVLDTL 40
5G2v MGSSHHHHHHSSGPQQGLRQPQKEETKRPNIIFMMTRBHT TQAMSCYGGNLIQTPNMDRI 60
6BOK —QKPNIILIVABRI.GYADVGFNGSKDIITPNIDDL 34
2Q7U —~XKNIIPQALLTXPILSTGLQAQEKQPTPNLVFIXABQYRGDAIGCIGKEPVKTPHLDKL 59
6BIA MGSSHHHHHHSSG--LVPRGSHMASEQKPNIILIVARBBI.GYADVGFNGSKDIITPNIDDL 58
6UST MAVQPNFLFIF! IGWRDLACTGSTFYETPNIDRL 36
*horzz e . ¥ % ok
SulAl AAGGTRLENFFCVSPYCSPARASLMTGQIPSRHGVHDYLTGVEVGAQAP— 90
5G2v ANEGIRFDNCYAVNAIISGPSRA 101
6BOK AKSGTSFSDAYVAHPHSGPSRA 81
2Q7U ASEGINFTNAISSYPYSSPAR( 108
6BIA AKSGTSFSDAYVAHPHCGPSRAALMTGRYPHKIGSQFNLPTRGSN— 105
6UST CRQGMVFANSYASCPYCSPSRASYLTGQYPARLGVTDWIDMEGTSHPLRGKLIDAPYIKH 96
* .o * g% *ox
Sulal YLAGQAIFTDVLAEHGYRMGLAGKWHLGANDA PRKGFVH 129
5G2v FNGDQQTFPKLLQQAGYQTAMIGKWHLISEPQ: - FDH 137
6BOK VPTDAKFISKLLNENNYFTGALGKWHMGDTPQHHP-— -NKRGFDE 123
2Q2U LSQNARCWSDVLKDQGYNXGYIGKWHLDAPYKPYVDTYNNRGKVAWNEWCPPERRHGFDH 168
6BIA VPTDAKFISKLLNENNYFTGALGKWHMGDTPQHHP-—————=—=——==————= NKRGFDE 147
6UST LPEGEYTIAQALKDAGYETWHVGKWHLGGREY-YP--——-————————————— DHFGFDV 137
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SulAl WYGLEGGGSPYLGATM- YRNGERED----VTDYLTDII 162
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6BOK YYGFLGGGHNYFPDQYQPQYKKQKAQGLKNIFEY ITPLEH-NGKEVK----ETQYITDAL 178
2QzU WIAYGTYDYH----———————————————————— LKPXYWNTTAPRDSFYYVNQWGPEYE 204
6BIA YYGFLGGGHNYFPDQYQPQYKKQKAQGLKNIFEYITPLEH-NGKEVK----ETQYITDAL 202
6UST NIGGCSWGHP-—-————————————————— HEGYFSPYGIETLPEGP----EGEYLTDRI 173
SulAal TDDAHAFLD--REAAREEPFFLAVNYTAPHKPWKGQHP--Q-KFEDLYA--—--—====-— 206
5G2v TDKAINFLENR---DKNKPFCMMYHQKAPHRNWMPAPRHLG-IFNNTIFPEPANLFDDYE 228
6BOK SREAVNFVD--KAVNKKHPFFLYLAYNAPHTPLQAKDEDMA-MFPNIK-— - 223
2QzU ASKAIEYIN--GQKDQKQPFALVVSXNPPHTGYELVPDRYKEIYKDLDVE 252
6BIA SREAVNFVD--KAVNKKHPFFLYLAYNAPHTPLQAKDEDMA-MFPNIK---~— 247
6UST TDEAVRLLKERKAGGSRKPFYMNLCHYAVHTPIQVKDEDRE-RFEKKAR-—-—-————=-— 221
* . P * .
SulAl  ——--——- DCA== === === = mmmmmmm e FDSCPQEEPHPWQPTVDG 227
5G2v GRGKAAREQDMSIEHTLTNDWDLKLLTREEMLKDTTNRLYSVYKRMPSEVQDKWDSAYAQ 288
6BOK S 223
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6BIA 247
6UST 242
SulAl Vommmm o A-IGGEPDVRAALVGYFAAVSAMDAAIGSLLEHLEKLGIAENTLVIFSS 276
5G2v RIAEYRKGDLKGKALISWKYQQYMRDYLATVLAVDENIGRLLNYLEKIGELDNTIIVYTS 348
6BOK ~  —————m—m————m——— NKDRKTYAGMVYAVDRGVGKLVEALKKNNQYDNTLIVEMS 263
2QzU - -KG-TEXGDYFRNNIRNYYACITGVDENVGRIIEALKQNNLFDNTIVVFTS 312
6BIA NKDRKTYAGMVYAVDRGVGKLVEALKKNNQYDNTLIVFMS 287
6UST )t G-RRVVRRVIQSDPSYAGMIWNLDQNIGRLLEALSECGEEENTVVVFTS 291
LA A L A P A R R
Sulal GFNCGHHGVWGKGNGTFP-----QNMYDSSVKVPAIFHWPGRIAAGQVREELLSAYDV 331
5G2V —-KRFMYEECQRMPLIIRYPKAIKAGSTSSAISMNVDF 397
6BOK GGKLSK-—----— GANNFPLKAGKGSTQEGGFRVPMLFHWPKHVPAGKRFSHPVSALDL 317
2QZU [HGICXGAHE---—-——-———-—— NAGKDIFYEESXRIPXILSWPDQIKPRKSDPLXIAFADL 361
6BIA GGKLSK- —GANNFPLKAGKGSTQEGGFRVPMLFHWPKHVPAGKRFSHPVSALDL 341
6UST GGLATSEG---SPTCNLPASEGKGWVYEGGTRVPLIVKYPGHVAPGSRCDVPVTTPDF 348
* ok . sik s 1k s *
SulAl AATILELTGLDPAPFETGPGSSFAPLLRADDGTGDAAGRAENAVVVYDEYG----—-— PVR 385
5G2v APTFLDFAGVEVPSD--IQGASLKPVLENEGKTPAD--WRKAAYYHYYEYPAEHSVKRHY 453
6BOK YPTFAALAGAKVEENQHLDGTNMWPAF IKNENPH—- KDEPIYALR----HRK-GYSDA 368
2QzU YPTLLSXXGFSKEIPETVQTFDLSNEVLTGKNKKD---LVQPYYFV--KFDNH--ATGYR 414

Figure 2. Multiple sequence alignment of SulAl with characterized sulfatases, from Bacteroides
theraiotaomicron VPI-5482 (PDB 5G2V), Pseudoalteromonas sp. (PDB 6BO0K), Bacteroides fragilis YCH46
(PDB 2QZU), Pseudoalteromonas fuliginea (PDB 6BIA), and Hungatella hathewayi (PDB 6UST). Catalytic
residues are marked in blue/yellow; the sulfatase signature motif (C/S-X-P-X-R) is marked within
gray and is boxed; and Ca?* binding residues are marked in pink. (*) denotes identical amino
acid, (:) denotes conservative or amino acid with similar biochemical property, and (.) denotes
semiconservative amino acid. The alignment was made using Clustal Omega (CLUSTAL O (1.2.4) at
EMBL-EBI (https:/ /www.ebi.ac.uk/ (accessed on 25 January 2024))).

To further investigate structure—function relationships, three-dimensional models of the
SulAl enzyme were constructed via two alternative approaches: homology-based structural
modelling using YASARA and structural prediction using AlphaFold2. The respective approach
resulted in a monomeric 3D molecular model, with Ca2* included as a ligand.
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In the homology model, five templates from PDB (Table 1) were used to obtain a hybrid
model, which was assessed as “satisfactory” according to the overall Z-score (Z = —1.786)
(Table 2), regardless of the low sequence similarity with the crystallographic structures.

Table 2. Hybrid model assessment according to Z-scores obtained in the YASARA program. The
Z-score indicates how many standard deviations the model quality is away from the average high-
resolution X-ray structure, where higher values are better, and negative values indicate a model
worse than a high-resolution X-ray structure. Despite the low value for the Packaging 3D, the overall
model was acceptable.

Check Type Quality Z-Score Comment
Dihedrals —0.660 Good
Packing 1D —1.453 Satisfactory
Packing 3D —2.417 Poor
Overall —1.786 Satisfactory

A significant portion of the predicted three-dimensional model of the enzyme gener-
ated using AlphaFold2 was of good quality and showed a high predicted local distance
difference test (pLDDT) score above 90% (Figure 3A). Low PLDDT was only observed for
the loop Ala360-Val376 (ADDGTGDAAGRAENAVYV) and for the C-terminal part of the
model (Figure 3A).

pLDDT
A confidence range

50-60%
60-70%
70-80%
80-90%

Figure 3. Predicted molecular structure of the sulfatase SulA1 from Arthrobacter strain MAT3885.
(A) SulAl modeled by AlphaFold2 with pLDDT confidence levels mapped onto the structure.
(B) Comparison of the generated YASARA (Magenta) and AlphaFold2 (blue) models of SulAl;
the active site residues are shown in stick and the Ca?* is shown in green. (C) Comparison of the ac-
tive site residues of the models generated using YASARA (yellow sticks, Ca?* in red) and AlphaFold2
(blue sticks, Ca2* in green).

In both cases, the modelled 3D structure revealed a typical sulfatase fold consisting
of a large N-terminal domain and a smaller C-terminal domain, each one centered on a
[-sheet. Detailed comparison of the models, however, revealed discrepancies, particularly
in the size and orientation of loops (Figure 3B and Supplementary Figure S1), and in the
orientation of the active site residue Arg61 (Figure 3C). Considering the relatively low
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sequence identity to the structure-determined candidates (Table 1), the prediction from
AlphaFold2 was used for a further evaluation.

The N-terminal domain (Domain I) encompassed the (3-strands 1, 32, and 4-38,
11, p14, and B15 surrounded by the x-helixes a1, &2, &5, a6, o7, «8, «10, and x13
(Figure 4). The C-terminal domain (Domain II) consisted of a f—sheet formed by 317320
strands, surrounded by o-helices «17-x21 (Figure 4). The catalytic site was located in the
interdomain region, which also contained the Ca*? binding site with the conserved residues
Aspl7, Aspl18, Asp277, and Asn278 (Figure 4B).

A
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Active site

Domain |
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Figure 4. Predicted molecular structure of the sulfatase SulA1l from Arthrobacter strain MAT3885.
(A) Topology map. Purple arrows represent (3-sheets, while a-helices are indicated with red cylinders.
(B) Overall structure. The ligand, highlighted in the active site in B, is N-Acetyl-D-galactosamine-4S.
The green sphere represents a Ca®* ion. The structure is predicted using AlphaFold2.

Based on the location of sulA1 in the genome, potential activity on CS-AC degradation
products produced with ChoA1l was suspected. Hence, the sulfated monosaccharides
GalNAc4S and GalNAc6S were docked into the active site (Supplementary Figure S2).
However, it was challenging to predict which substrate would undergo desulfation from
the docking results. The sulfate groups of GalNAc4S and GalNAc6S were orientated in
opposite directions in the active site in the model. The 4S-group did not interact with the
calcium-binding site (Supplementary Figure S2), but the binding energy was more favorable
for GalNAc4S. The distance between the sulfate group and the catalytic residues was,
however, longer for GaNAc4S compared to GalNAc6S (and the distance to the catalytic
residues was not significantly different when changing the Cys57 into the FGly residue).
However, as seen below, GalINAc4S was the only biochemically identified substrate. This
indicated that fine-tuned conformational changes may be crucial for sulfatase specificity.
Such conformational flexibility, which may be influenced by solvent effects, substrate
dynamics, as well as specific interactions critical for catalysis, is difficult to consider in
docking models. Discrepancies may also increase by the oversimplification of experimental
conditions (such as pH, temperature, and ionic strength) in modeling and docking, which
can significantly influence enzyme specificity in vivo [24].
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2.2. Recombinant Production in E. coli, and Purification of SulAl

The gene designated sulA1 was cloned and expressed in an E. coli system (pVK13/E. coli
BI21(C43)). The recombinant SulA1l (484 amino acids) was produced in a soluble form, exhib-
ited sulfatase activity using para-nitrocatechol-sulfate (tINCS) (Table 3), and was subsequently
purified for further characterization. The molecular weight of the recombinant protein was
estimated with SDS-PAGE and was aligned with the calculated weight of 51.9 kDa (Figure 5).
Purification of the recombinant protein was efficiently achieved using his-tag affinity beads
(Figure 5A,B). The specific activity of purified SulA1 increased approximately 4-fold compared
to the corresponding activity in the crude extract under standard conditions (Table 3). The
SulA1l amino acid sequence was also subjected to peptide mass fingerprinting, validating
100% sequence identity in peptide fragments (generated in silico from the software MASCOT,
https:/ /www.matrixscience.com/), corresponding to 40% query coverage of the SulA1 amino
acid sequence (Figure 6).

Table 3. Relative activity of crude SulAl and purified SulA1 tested on pNCS.

Sample Relative Activity (%)
Crude SulA1l 244 +1.08
Pure SulAl 100.0 £ 0.0

Data are expressed as mean + SD of two independent reactions.

A B
(kDa) 1 2 3 4 5 (kDa) 1 2 3
250—
250—
100—
100—
70 — —
70— w— -
- - ——
50 —— — — +<—51.9 kDa SulAl
50 — — - 51.9 kDa SulAl
N ‘ "
-
ot —
- | —
.~ -
— —
10— e
- 10—

Figure 5. SDS-PAGE analysis of SulA1 gene overexpression in E. coli BL21(C43). Gene expression was
induced with 10% (w/v) L-thamnose when the ODg at 37 °C was between 0.8 and 0.9, and the culture
was grown overnight at room temperature. Proteins were separated into a 4-20% Mini-PROTEAN®
TGX Stain-Free™ Precast gel. Both pellets (insoluble protein) and supernatants (soluble proteins)
are shown. (A) Lane 1, Precision Plus Protein™ Standards. Lane 2, uninduced E. coli BL21(C43)
culture, pellet. Lane 3, uninduced E. coli BL21(C43) culture, supernatant. Lane 4, L-rhamnose-induced
E. coli BL21(C43) culture, pellet. Lane 5, L-thamnose-induced E. coli BL21(C43) culture, supernatant.
(B) Lane 1, Precision Plus Protein™ Standards. Lane 2, first elution from PureCube INDIGO Ni-
MagBead purification. Lane 3, second elution from PureCube INDIGO Ni-MagBead purification. The
SulAl protein is marked with an arrow at 51.9 kDa.
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1 MVSSSPAAPN IVFILSDDQG PWALGCAGND EIHTPVLDTL AAGGTRLENF
51 FCVSPVCSPA RASLMTGQIP SRHGVHDYLT GVEVGAQAPD YLAGQAIFTD
101 VLAEHGYRMG LAGKWHLGAN DAPRKGFVHW YGLEGGGSPY LGATMYRNGE
151 REDVTDYLTD IITDDAHAFL DREAAREEPF FLAVNYTAPH KPWKGQHPQK
201 FEDLYADCAF DSCPQEEPHP WQPTVDGVAI GGEPDVRAAL VGYFAAVSAM
251 DAAIGSLLEH LEKLGIAENT LVIFSSDNGF NCGHHGVWGK GNGTFPQNMY
301 DSSVKVPAIF HWPGRIAAGQ VREELLSAYD VAATILELTG LDPAPFETGP
351 GSSFAPLLRA DDGTGDAAGR AENAVVVYDE YGPVRMIRTP EFKYVHRHPH
401 GPHELYHLAA DPGERHNLMD DAVPHPALVG LRAQLAGWFS RHGVPDFDGA
451 ALPVAGAGQH SPLRPPGGQT DPLGAFTAPN WDGI

Figure 6. Peptide fingerprint mapping of the purified SulAl. Matched peptides are shown in bold
red. The amino acid sequence coverage was 40%.

2.3. The pH and Temperature Profile of SulAl

The activity of SulA1 on pNCS was pH-sensitive, with maximum relative activity
observed at pH 5.5 (Supplementary Figure S3). The activity significantly reduced to 21%
and 54% of its optimum at pH 5.0 and pH 6.0, respectively (Supplementary Figure S3A),
highlighting the sensitivity of the activity to minor pH fluctuations.

The apparent optimum temperature for pNCS activity at pH 5.5 was observed between
40 °C and 50 °C (Supplementary Figure S3B), while, at 60 °C, the SulA1 had lost 83% of
the activity. This temperature range was lower than the observed unfolding temperature
(Tyn) of the enzyme, as determined with differential scanning fluorimetry (DSF), which was
67 °C at pH 6.0 and increased with increasing pH up to pH 7 with a T}, = 72.4 °C (Figure 7).
This showed that the substrate affinity in the active site was lost prior to the unfolding of
the enzyme.

74

72

T, (°C)
3
|

68—

66 T T T T 1
60 65 70 75 80 85

pH

Figure 7. The effect of different pH on the unfolding temperature (T);) using differential scanning
fluorimetry (DSF) analysis. The highest thermostability was observed at near-neutral pH conditions,
resulting in a maximum Ty, = 72.4 °C. Scatters were unclear at a pH below 5. Data are expressed as
mean £ SD of three measurements for each pH.

The Ty, defined as the temperature at which 50% of the relative activity is lost after 30
min of incubation, was determined to be 55 °C (Supplementary Figure S3C). The activity
was less susceptible to lower temperatures, as at room temperature approximately 50%
of the optimal p-activity was observed (Supplementary Figure S3C). Analysis of kinetic
parameters of SulAl was attempted using pNCS under standard conditions. However,
there appeared to be a linear relationship between substrate concentration and reaction
rate, suggesting that there was a high K;,; and a low affinity of SulA1 for this substrate.
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2.4. Storage Stability

It was noted that purified SulAl precipitated during storage at 4 °C and —20 °C,
leading to a loss of activity. Therefore, storage optimization was investigated using pNCS
as the substrate. It was found that when the SulAl was stored in a 100 mM sodium acetate
buffer supplemented with 20% glycerol at pH 5.5, the enzymatic activity remained stable
for at least 5 weeks at —80 °C. In contrast, storing purified SulA1 in the same buffer at
—20 °C led to a small decrease in activity. After one week of storage, the remaining relative
activity was measured to be 86%, which remained unchanged after 5 weeks of storage.
Conversely, when SulA1l was stored in 100 mM sodium acetate buffer pH 5.5 at 4 °C, a
substantial reduction in activity was observed. After 1 week of storage, the relative activity
dropped to 26%, and after 5 weeks, it declined to 13% of the initial activity.

2.5. Cation Dependence

Due to the presence of ligands for a potential calcium-binding site (Figures 2 and 3), the
effect of mono- and divalent cations on the activity was tested (Supplementary Figure S4).
It was found that different concentrations of the divalent cation Ca?* (ranging from 0 to
30 mM) had an impact on the activity, increasing the relative activity on pNCS 3.5-fold at
concentrations from 15 to 30 mM CaCl, (Supplementary Figure S3D). This fits with the
presence of the conserved residues (Asp17, Asp18, Asp277, and Asn278), and corresponding
residues have, in previous studies of related enzymes, been identified as ligands for calcium
binding (and in a few cases magnesium binding) in structure-determined candidates [4,25].
Moreover, it was observed that EDTA, which effectively chelated the Ca?* ions, decreased
SulA1 activity by ~90% (Supplementary Figure S4), showing that the Ca?* ion is needed
for the binding of the substrate in the SulA1l active site.

DSF analysis, however, showed that increasing concentrations of CaCl, slightly reduced
the unfolding temperature of SulA1, while increasing concentrations of EDTA did not result in
any reduction of the unfolding temperature (Table 4). Thus, calcium did not play any crucial
role in stabilizing the structure of SulA1 but had a large effect on substrate affinity.

Table 4. The effect of different concentrations of CaCl, or EDTA on the unfolding temperature (Ty;). A
decrease in Ty, suggests destabilization, and an increase in T, is interpreted as an increase in protein

thermostability.
CaCl (mM) T (°C) EDTA (mM) T (°C)
0 672+ 0.15 0 67.5+0.09
7 64.0 = 0.06 0.5 67.3+0.21
14 62.3 +0.10 1 67.3 +0.67
2 67.1 £ 0.54
5 67.0 +£0.15

2.6. Sulfatase Activity against Natural Substrates

To investigate the substrate specificity of SulA1l, various types of CS sulfated mono-,
di-, and oligo/polysaccharides, with different sulfation patterns (Table 5), were used in
a substrate screening. Given SulA1’s location upstream of the chondroitin lyase, ChoAl
(Figure 1), it was reasonable to expect activity related to CS. However, activity was only
confirmed in reactions containing the monomeric sulfated amino/sugar unit with sulfation
on C4, i.e., N-acetyl-D-galactosamine-4-sulfate (GalNAc4S), derived from CS-A. This was
observed as a shift of mobility in the TLC, corroborating the formation of N-acetyl-D-
galactosamine (GalNAc). No such change was detectable for the monomeric sulfated
amino/sugar unit with sulfation on C6, or on CS-disaccharides with different sulfation
patterns (AdiOS, Adi4S and Adi6s), respectively (Figure 8A). As indicated by the DSF
data, the pH condition that conferred the highest stability to SulA1 was found near pH 7
(Figure 8). Subsequently, an investigation of the pH optimum for SulA1, utilizing GalNAc4S
as the substrate, was carried out, and the outcomes were visualized through TLC analysis
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(Figure 9A). These findings confirmed that the optimal pH range for this substrate was
higher (pH 6.0-6.5) than initially expected (pH 5.5 for pNCS). Consequently, the same
CS sulfated mono-, di-, and oligo/polysaccharides were reevaluated as substrates, but
this time at a pH of 6.5 instead. However, enzymatic activity was still only confirmed
on GalNAc4S, underscoring that SulAl was only active on the 4-O-sulfate ester bond
on the monosaccharide. Furthermore, complementary data from HPAEC-PAD analysis
confirms the production of GalNAc following incubation with SulAl. A minor peak at
41 min (Figure 8B) was observed when the GalNAc4S had not undergone SulA1 digestion.
After 30 min of digestion with SulAl a peak appeared at 9.5 min in the HPAC-PAD
spectrum, indicative of the formation of GalNAc (Figure 8C). The assumption is based
on control experiments where a GalNac and galactose (Gal) were separately analyzed,
resulting in the detection of a peak earlier (7.75 min) than for the GalNAc standard peak
(9.5 min; Supplementary Figure S5A,B). Other sulfated natural substrates, such as heparin,
k-carrageenan, and seaweed derived fucose-containing sulfated polysaccharides (FCSPs),
were also investigated as substrates for SulA1l, but no activity was detected. Interestingly,
despite the structural similarity to D-galactose-4-sulfate (Gal-4S), which is the sulfated
monosaccharide found in k-carrageenan, SulA1 was unable to cleave the sulfate ester group
from it. This suggests that SulA1l exhibited a highly specific substrate preference towards
GalNAc4S, potentially requiring the amine group for precise positioning within the active
site. These results strongly implied that SulA1 is involved in the complete degradation of
CS-A, in combination with the previously characterized ChoAl.

Table 5. Overview of SulA1’s effect on different substrates.

Substrates Activity

Chondroitin sulfate AC dp4 (contain both 4S and 6S) -
Chondroitin without sulfation (Adi0S) —
Chondroitin sulfate (Adi4S) —
Chondroitin sulfate (Adi6S)
N-Acetyl-D-galactosamine-4-sulfate (GalNAc4S)
N-Acetyl-D-galactosamine-6-sulfate (GaINAc6S)

I+

Heparin disaccharide I-H —
N-Acetyl-D-glucosamine-6-sulfate (GlcNac-6S) -

D-galactose-4-sulfate (Gal-4S) -
Neocarrabiose-4-O-sulfate -
Neocarratetraose-41,43-di-O-sulfate —

L-fucose from Chorda filum cut-off <10 kDa Fuc310) -
Fucoidan -

+ and — indicate if activity has been observed or not in the TLC plate, respectively.

Relatively high activity at both pH 5.5 and pH 6.5, investigated with TLC (Figure 9A),
indicated a broader activity range for the natural substrate compared to the artificial
substrate pNCS, which showed a narrow pH optimum profile (Supplementary Figure S3A).

Furthermore, the specific activity of pure SulAl1 was determined to be 6.8 mU/mg
SulAl at pH 5.5 with 20 mM GalNAc4S and 14.0 mU/mg SulAl at pH 6.5 with 15 mM
GalNAc4S, (Table 6), respectively.



Mar. Drugs 2024, 22,104

11 of 22

A
- -
- - - - e
i . R
No Substrate GalNAc4S GalNAc6S Adi-4S Adi-6S
SulAl + + -+ - o+ -+ -+ -+ - + -+ -+
pHSS v v v vV vV v v
pH 6.5 v v v v v v Vv v Vv
B
120- GalNAc4S 100
100+
g 80 ’%‘ 95
E 60 P
S 404 S 90
20-
0 LA L L R B B R I L R B L | 85 T T 1
0 10 20 30 40 50 40 45 50
Time (min) Time (min)
C
80+ GalNAc¢
~ 60+
(3)
£
2 40+
K
20+ )k
0 T T T 1
0 5 10 15 20
Time (min)

Figure 8. The impact of SulAl on different chondroitin sulfate products analyzed using TLC and
HPAEC-PAD. (A) Thin-layer chromatography (TLC) of reaction mixtures containing the monosac-
charides N-Acetyl-D-galactosamine-4S (GalNAc4S; lane 3-6) and N-Acetyl-D-galactosamine-6S
(GalNACc6S; lane 7-10) from chondroitin sulfate (CS) and CS-disaccharide; Adi-4S (lane 11-14) and
Adi-6S (lane 15-18), incubate with (+) or without (—) SulA1 for 30 min at pH 5.5 or pH 6.5 indicated
with v using 100 mM acetate buffers. Lane 1 and 2 serve as controls where SulA1 was incubated in
absence of a substrate at pH 5.5 or pH 6.5. The reactions were carried out as described in the Materials
and Methods section. The mobile phase comprised 1-butanol, acetic acid, and Milli-Q water (2:1:1)
and was run for 1.5 h. The TLC plate was dried and developed using a mixture of diphenylamine—
aniline-phosphoric acid in acetone. (B) Representative chromatograms of the substrate GaINAc4S
including a magnified view of the elution peak at 41 min, and the resulting formation of GalNAc
(Elution peak 9.5 min; (C)) generated from GalNAc4S following a 30 min reaction with SulAl and
detected with HPAEC-PAD.
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Figure 9. pH optimum and Michaelis-Menten curve of SulA1l using the substrate N-Acetyl-D-
galactosamine-4-sulfate (GaINAc4S). (A) TLC showing reaction mixtures of SulAl acting on GalNAc-
4S at varying pH using 100 mM acetate buffer for pH 4.0-6.5 and 100 mM phosphate buffer for pH
7.0-9.0. Reactions was assayed for 30 min at 40°C and stopped by heating the reaction to 95 °C for
3 min. The mobile phase was 1-butanol, acetic acid, and Milli-Q water (2:1:1), and the plates were run
for 1.5 h. Thereafter, the TLC plates were dried and developed using a mixture of diphenylamine—
aniline-phosphoric acid in acetone. (B) The reaction rate V (umol/min) was plotted against the
concentration of GalNAc4S (mM) at pH 5.5. The graph shows the GalNAc formation after the
SulA1 reaction with Michaelis-Menten nonlinear curve fitting (black line); data are represented as
mean =+ SD of two individual experiments.

Activity assays using different concentrations of substrate (GaINAc4S) were carried
out to investigate if the SulA1l followed Michaelis-Menten kinetics. In contrast to pNCS,
SulA1 followed Michaelis—-Menten behavior using GalNAc4S at pH 5.5 (Figure 9B). The
Michaelis-Menten behavior was also observed at pH 6.5, but was not as clear. At pH
5.5, K, was determined to be 6.94 + 0.053 using the Michaelis-Menten nonlinear fitted
curve. As 16.5 ug of enzyme was used in the kinetic experiment, the Vmax at saturation
corresponded to the specific activity of 6.8 mU/mg SulA1 at pH 5.5 and 40 °C.
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Table 6. Comparison of properties of recombinant SulA1 with selected sulfatases.
. pH Temperature . e .
Enzyme Type Size (kDa) Optimum Optimum Ligand Substrate Specific Activity Reference
pH5.5
sl
SulAl galactosamine-4- 519 6.0-6.5 40-50 °C Ca* GalNAc4S pH6.5 This work
O-sulfatase 14.0 mU/mg
(at 15 mM GalNAc4S)
endoVB4SF
(Vibrio sp. CS/DS 4-0- AA!
FC509)- endosulfatase 59.5 8.0 30°C none CS-A 5020 and 820 mU/mg [13]
pdb:6J66_A
exoPB4SF Exolytic N-acetyl- Na*, Li*, K*,
(Photobacterium galactosamine-4- 56.1 8.0 30°C Mg?*, and AA 2857 Ir_\‘Uémg (tf or )th N [2]
sp.)-QAB47431.1 O-sulfatase Ca* puritied protein
PB_3262
(Photobacterium Endo-CS-4-O- o Ca2*
sp. QAI6)- Sulfatase 56.7 7.0 50°C Ba2t AA 165.750 U/mg [7]
UF91287.1
PB_3285 Exolytic CS
(Photobacterium N-acetyl- Ca?* 2
sp. QA16)- galactosamine-6- 573 70 30°C K* ac 3.64 mU/mg g
UF91288.1 O-sulfatase

CS: chondroitin sulfate. DS: dermatan sulfate. ' AA CS disaccharides AHexUA1-3GalNAc4S. 2 AC CS disaccharide
AHexUA1-3GalNACc6S.

3. Discussion

Certain bacteria possess remarkable abilities to efficiently utilize complex sulfated
polysaccharides, including glycosaminoglycans (GAGs) such as chondroitin sulfate (CS),
for their survival [26]. Consequently, there has been considerable interest in exploring
modifications of sulfation patterns in CS and DS to unravel the intricate structure—function
relationships associated with CS bioactivities. Despite the abundance of genomic data
(with over 41,000 sulfatase entries documented in SulfAtlas), only a few sulfatases have
been crystallized, and knowledge regarding substrate specificity is limited. Currently, only
11 other CS/DS sulfatases have been expressed as recombinant proteins and extensively
characterized. Early research solely used synthetic aryl substrates to characterize sulfatases,
such as pNCS, (e.g., [27,28] or p-nitropheny]l sulfate ()NP-S; [29]). Consequently, this has
led to naming the enzymes as arylsulfatases instead of relating the enzymes to their natural
function. A more accurate name could be related to their structural modification of the
catalytic residue to formyl glycine (FGly), resulting in a structure-based classification
of FGly-SULFs. Additionally, our study demonstrated that the use of pNCS does not
necessarily correspond to the profile of the natural substrate, resulting in misleading pH
information. This emphasizes the importance of identifying the enzyme’s natural substrate
for a comprehensive understanding of its characteristics.

In this study, a FGly-SULF encoding gene was successfully isolated, cloned, and
expressed from the marine Arthrobacter strain MAT3885, producing the enzyme referred to
as SulAl. This sulfatase originated from a microorganism isolated with the aim to identify
novel polysaccharides processing chondroitin lyases [23]. The selected sulfatase was found
to be encoded in the same gene cluster as the chondroitin lyase, ChoAl, isolated in a
previous work. Bioinformatic analysis revealed that the deduced amino acid sequences
of the family 1 sulfatase are often similar in length, indicating a conserved topology.
This observation was further strengthened by structure-based alignments and homology
modeling. Notably, the conserved sulfatase Type 1 signature motif C/SXPXR was identified
in SulA1 as well as in all the aligned homologous sequences, in line with the previous
findings in the literature [8,9,30]. Notably, characterized CS/DS sulfatases [2,7,13] showed
less than 30% identity compared to SulA1 in BLASTp analysis on NCBI, highlighting the
novelty of SulA1 and the challenges in predicting substrate specificity based on its structure.

The sequence alignment and the model showed that Cys57 was the catalytic residue
that required a post-translational modification to obtain the catalytically active FGly residue.
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Additionally, SulAl’s active site included conserved residues (Asp17, Aspl8, Asp277, and
Asn278), forming a metal-ion-binding site. These findings were supported by increased relative
activity observed with varying concentrations of calcium. This aligns with the established
understanding that FGly-SULFs typically require divalent cations, such as Ca?* (and in a few
cases Mg2+), to facilitate substrate binding and polarization [2,7,25]. However, when integrating
the DSF assay with varying concentrations of calcium and EDTA, it was revealed that calcium
did not constitute to any improvement in the thermostability of SulAl. This was observed
by a slight decrease in T}, with an increased calcium concentration and a lack of effect on T,
with EDTA. Conversely, calcium enhanced catalytic activity, and may simultaneously induce
conformational changes that compromise the overall stability of SulA1l.

The activity of SulA1 was initially assessed in a screening trial using the synthetic
substrate pNCS. This trial produced a measurable and colorimetric change compared to
the blank control. Notably, SulA1 demonstrated sensitivity to both pH and temperature.
Particularly, temperatures exceeding 40°C have been reported to significantly impact the
relative activity of CS/DS sulfatases, whereas relatively high activity can be observed at
room temperature [10,13]. However, the narrow pH was especially low using pNCS as the
substrate. On the other hand, DSF data at different pH levels, along with confirmed activity
on GalNAc4S, affirmed that SulA1’s working pH range is between 5.5 and 7.0. This aligns
with SulA1’s characterization as a cytosolic enzyme.

Estimation of kinetic parameters using pNCS as the substrate was not feasible due
to a linear relationship between substrate concentration and velocity. This suggested that
SulA1 has a low affinity for pNCS. A similar linear relationship was reported in previous
studies [27,31]. Thus, while pNCS serves as a convenient and rapid method for testing the
activity of potential FGly-SULFs, it is important to note its limitations. It is not suitable
for conducting comprehensive kinetic studies or detailed characterization studies. For
such investigations, the identification of natural sulfated substrates is necessary. Among
mono-, di-, and oligosaccharides, it was found that SulA1 showed high specific activity
towards the amino monosaccharide, GalNAc4S. These findings are in line with the sulfation
pattern on the substrate used to isolate the marine Arthrobacter strain MAT3885 and with the
localization of the sulA1 gene upstream of the gene encoding the chondroitin lyase, which
was previously characterized by Kale and coworkers [23]. No activity was detected using
N-Acetyl-D-galactosamine-6-sulfate (GalNAc6S) as the substrate. Additionally, SulAl
showed no activity towards any of the CS-oligosaccharides with C4 and/or C6 sulfation.
These results suggested that SulAl is highly specific and is likely involved in the final
steps of the CS degradation pathway in a similar manner, as proposed by Wang and
coworkers [6]. Furthermore, it can be hypothesized that the neighboring sulfatase (SulA2)
located in the same cluster may exhibit complementing sulfatase activity, e.g., towards
the GalNAc6S unit. This speculation was supported by the characterization of ChoA1 as
a chondroitin AC lyase [23], exhibiting activity towards CS-4S and CS-6S. Additionally,
the amino acid sequence of SulA2 shares high topology conservation with the exolytic CS
N-acetyl-galactosamine-6-O-sulfatase [7], with 96% coverage, which could be indicative
for functional conservation. No activity was detected for either heparin or k-carrageenan-
derived saccharides, nor for the fucose-containing sulfated polysaccharides (FCSPs) from
brown seaweed. This confirms the strict substrate preference of SulAl.

The specific activity of SulAl was determined at pH 5.5 and pH 6.5 using 20 mM and
15 mM GalNAc4S, respectively, at 40 °C for 30 min, which resulted in specific activities
of 6.8 mU/mg and 14.0 mU/mg SulAl. In comparison to other CS-sulfatases acting
on the GalNAc4S unit in CS [2,13], these values are low but higher than the exo-acting
enzyme termed PB_3285 (3.64 mU/mg, acting on the CS disaccharide 6 sulfate). SulA1 also
appeared to strictly prefer the sulfated monosaccharide unit, whereas enzymes such as the
endoVBSF from Vibrio sp. and exoPB4SF from Photobacterium sp. demonstrated activity
against both poly and di-saccharides of CS with 4-O-sulfation.

Overall, the isolation and characterization of SulAl provide new insights into the
structure, function, and substrate specificity of N-acetyl-D-galactosamine-4-O-sulfate sulfa-
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tase, which is involved in the CS metabolism in the marine Arthrobacter strain MAT3885.
The addition of 20% glycerol to the purified SulA1 in a 100 mM sodium acetate buffer at pH
5.5, followed by storage at —80 °C, successfully prevented precipitation and maintained
SulA1’s activity for a minimum of 5 weeks. This preservation of activity not only ensures
reproducibility, but also reduces cost and supports its potential in industrial applications.

4. Materials and Methods
4.1. Bacterial Strain and Plasmids

The expression vector pJOE3075 [32] and the bacterial host Escherichia coli BL21 C43
[F~ ompT hsdSg (rg~ mp ™) gal dem (DE3)] [33] were used for the recombinant production
of the sulfatase, SulA1, from the marine Arthrobacter strain MAT3885, and the plasmid
pJOE3075 was used as vector for the heterologous expression in E. coli [32].

4.2. Sequencing, Bioinformatic Analysis, and Structure Modeling

The genome sequencing and annotation of the marine Arthrobacter strain MAT3885,
using the RAST Server (Rapid Annotation using Subsystem Technology) (rast.nmpdr.org/
(accessed on 2 December 2023)) [34], was performed as previously described by Kale and
coworkers [23]. The annotated 16S rDNA gene was subjected to similarity analysis using
BlastN to identify the phylogenetically closest related microbial strains. Potential gene
clusters in the vicinity of the CS-lyase (identified by Kale et al. [23]) were analyzed based
on the RAST-data, allowing us to complete identification of the gene encoding the putative
sulfatase (SulAl). The presence of any potential signal peptide was analyzed with Signal
IP v5.0 [35].

Sequence similarities between the deduced amino acid sequence of SulAl and structure
determined sulfatases were analyzed using BlastP against the PDB database in NCBI. Conserved
residues and motifs were analyzed by submitting the sequence to Interpro (https://www.ebi.
ac.uk/interpro/ (accessed on 18 February 2024)). The output was displayed in a multiple
sequence alignment, with the identified FGly-SULFs amino acid sequences (detailed below)
using the Clustal Omega Multiple Sequence Alignment tool at ENBI-EBI (https:/ /www.ebi.ac.
uk/ (accessed on 25 January 2024)).

The SulA1 amino acid sequence was aligned with five best matching sulfatases of known
three-dimensional structures from Protein Data Bank (PDB), originating from Bacteroides thetaio-
taomicron VPI-5482 (PDB 5G2V), Pseudoalteromonas sp. (PDB 6B0K), Bacteroides fragilis YCH46
(PDB 2QZU), Pseudoalteromonas fuliginea (6BIA), and Hungatella hathewayi (PDB 6UST). Like-
wise, the SulAl amino acid sequence was aligned and used for a comparison against four
characterized CS/DS sulfatases derived from Vibrio sp. FC509 (PDB 6]66-A), Photobacterium sp.
(PDB QA16) (GenBank UF(Q91287.1 and QAB47431.1), and from Photobacterium sp. (GenBank
UFQ91288.1), and the SulA2 amino acid sequence found within the chondroitin lyase cluster.

Based on these data, the 3D structure of SulAl from marine Arthrobacter strain
MAT3885 was built using YASARA software (http://www.yasara.org/) [36] with the tem-
plates highlighted in Table 1 at default settings (Table 7) to obtain a hybrid model. The struc-
ture was analyzed and depicted with Chimera [37]. The enzyme-ligand interaction was ana-
lyzed with LigPlot+ [38]. In addition, the SulfAtlas database (https:/ /sulfatlas.sb-roscoff.fr/
(accessed on 18 February 2024)) was consulted to confirm the novelty of SulAl.
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Table 7. Homology modeling settings.
Parameter Description
Modeling speed Slow

PSI-BLAST iterations in template search 3

Maximum allowed (PSI-)BLAST E-value to consider template (EValue Max) 0.5
Maximum number of templates to be used 5
Maximum number of templates with same sequence 1

Maximum oligomerization state 4
Maximum number of alignment variations per template 5

Maximum number of conformations tried per loop 50

Maximum number of residues added to the termini 10

Substrate Docking and MD Simulation

The three-dimensional model of the enzyme was also obtained using AlphaFold2 via
ColabFold v1.5.2: AlphaFold2 (colab.research.google.com/github/sokrypton/ColabFold/
blob/main/AlphaFold2.ipynb (accessed on 2 February 2024) which was hosted on Colab
notebook. The model confidence was assessed via the pLDDT score, and the top ranked
model was used for docking experiments. The figures were illustrated using the PyMOL
v2.5.4 program (Schrodinger, [39,40]).

Docking of the enzyme with the different sulfated sugars, Gal4S, GalNAc4S, and
GalNACc6S, was conducted with the local docking program implemented in YASARA. The
ligands were built with the oligosaccharides building tool from YASARA. Each structure
was energetically minimized using the AMBER14 forcefield. The three-dimensional model
of the enzyme-ligand complexes and the active sites were graphically presented using the
PyMOL v2.5.4 program (Schrodinger). The model of the enzyme and the enzyme-ligand
complexes were subjected to MD simulations at 293 K and pH 6.0 for 50 ns using a YASARA
macro in a simulation cell 20 A larger than the protein. Snapshots were stored every 100 ps,
and the AMBER14 forcefield was used to calculate the energies.

4.3. Cloning of the Sulfatase Gene sulAl

The sulA1 gene from the marine Arthrobacter strain (MAT3885) was amplified via PCR
using forward primer SulA1-Nde-f (5-CGAATTCCATATGGTCAGCTCGTCCCCTGCG-3')
targeting the 5’ end of the orf including the deduced ATG start codon and the reverse
primer, SulA1- BamHi-r-his (5'-CGCGGATCCGATTCCATCCCAGTTCGGCG-3'), targeting
the 3’ end of the orf excluding the stop codon. The PCR product was digested with Ndel
and BamHI and ligated into Nde I and BamHI-digested pJOE3075 vector. The resulting
plasmid with sulA1 was designated pVK13. As the reverse primer did not include a stop
codon, the sulA1 gene was cloned upstream of and in frame with 6 x 3’ histidine codons.

E. coli BL21(C43) was transformed with the expression vector containing the inserted
gene by electroporation [41]. The transformed cells were screened for the sulAl gene by
performing PCR using the above-described primers. Correct sequence and fusion in the
plasmid were verified with sequence analysis.

4.4. Production, Purification, and Storage of the Recombinant Sulfatase

The E. coli BL21(C43) strain transformed with pVK13 was inoculated in LB broth containing
ampicillin (100 pg/mL) overnight at 37 °C. The overnight culture was further diluted in fresh
LB-amp broth (1:100) and cultivated at 37 °C and 200 rpm until an ODgg between 0.7 and
0.9 was reached. Gene expression was induced with 10% (w/v) L-thamnose (final concentration
of 0.1%). The culture was then grown overnight at room temperature. Cells were harvested
via centrifugation (35,700 ¢ for 10 min at 4 °C) and resuspended in a lysis buffer and further
disrupted via sonication. The cells were kept on ice and centrifugated at 16,000 g for 30 min at
4 °C to separate the supernatant from the insoluble debris.

Thereafter, SulA1 was purified using PureCube His Affinity MagBeads (Cube Biotech;
https:/ /cube-biotech.com/solubilization-database (accessed on 2 February 2024), Mon-
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heim, Germany) using the protocol provided by the manufacturer. In brief, protein purifi-
cations were made with PureCube 100 INDOGO Ni-MagBeads (Cube Biotech), using the
recommended lysis, wash, and elution buffers. Lysis, binding, and elution buffers consisted
of 50 mM NaH,PO, and 300 mM NaCl (pH 8.0) with varying concentrations of imidazole
(10, 20, and 500 mM, respectively). After purification, the elution buffer was exchanged
with 100 mM acetate buffer pH 5.5 using Amicon Ultra-0.5 centrifugal filter unit with a
30 K cut-off (Merck Millipore, Darmstadt, Germany). The expression level and purification
of SulA1 were verified with SDS-PAGE, as described below.

The purified SulAl enzyme was prepared for storage experiments as follows: First,
the enzyme was added to a 30 kD Amicon ® 0.5 mL centrifugal filter, and the elution buffer
was exchanged with 0.1M sodium acetate buffer pH 5.5, following the manufacturer’s
protocol. Afterwards, the solution was supplemented with 80% glycerol to achieve a final
concentration of 20%.

4.5. Total Protein Content and Protein Distribution

Total protein content, including the protein content in the purified SulAl fraction,
was determined with the Bradford method [42], with bovine serum albumin as standard.
Furthermore, the size distribution of proteins produced in all expression trials and the purity
of SulAl were displayed using sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), using Mini-PROTEAN® TGX Stain-Free™ Precast Gels (4-20%, 15-well), in a
Tris-glycine-SDS (TGS) running buffer.

4.6. Sulfatase Activity—Standard Assay

To investigate the sulfatase activity, a standard assay based on the synthetic substrate
p-nitrocatechol sulfate dipotassium salt (pNCS; 2.05 mg/mL; Merck, Darmstadt, Germany)
was used. In short, 5 uL. enzyme extract was mixed with 20 puL 6.5 mM substrate, 10 pL
100 mM acetate buffer, pH 5.5, and 15 uL water, and the reaction was carried out at 40 °C
30 min. The reaction was stopped by adding 100 uL 1 M NaOH. The activity was determined
spectrophotometrically at 515 nm. All activity tests on pNCS were performed in triplicate and
expressed as mean & SD.

4.7. Temperature Optimum, Thermal Deactivation, and Storage Capacity

The optimal temperature was determined using pNCS (see protocol above) assayed at
varying temperatures between 20 °C and 90 °C for 30 min.

Thermal deactivation was determined as half-life (T3;), defined as the temperature
at which the enzyme lost 50% of its activity. This was completed by pre-incubating the
enzyme at various temperatures (25 °C, 30 °C, 40 °C, 50 °C, 60 °C, and 70 °C) for 30 min,
followed by the pNCS activity assay under optimal conditions (pH 5.5 and at 40 °C) for
30 min. Residual activity was calculated and plotted against the temperature.

The storage capacity of purified SulAl in 20% (v/v) glycerol was tested at three
different temperatures: —80 °C, —20 °C, and 4 °C, respectively. The activity was measured
by using the standard assay (see above) before storage, and after 1 and 5 weeks of storage,
respectively, for each storage condition.

4.8. pH Optimum

The sulfatase activity against pNCS was measured at pH ranging from 4.0 to 9.0 by using
100 mM acetate buffers (4.0 to 6.5) and 100 mM phosphate buffers (7.0 to 9.0). Reactions were
conducted at 40 °C for 30 min. Similarly, the pH optimum for SulA1 was investigated using
GalNAc4S as the substrate. In short, 20 uL. GalNAc4S (2 mg/mL) was mixed with 15 uL
pure SulAl (16.5 pg), 10 uL 100 mM acetate buffer (ranging from 5.0 to 6.5) or 10 uL. 100 mM
phosphate buffers (7.0 to 9.0), and 5 uL Milli-Q water. Reactions were carried out at 40 °C for
30 min and further investigated with TLC (thin-layer chromatography; see protocol below).
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4.9. The Effect of Cations and EDTA on Activity

To screen for the effect of different cations effect on SulAl activity stock solutions of
100 mM MgCl,, CaCl,, KCl, and NaCl were prepared in Milli-Q water and diluted to different
concentrations (20 mM, 40 mM, 60 mM, 80 mM, and 100 mM). EDTA was made at 10 mM
concentration. Purified SulAl (3.3 mg/mL) was diluted 3x (1.10 mg/mL), whereas 5 uL.
SulAl was pre-incubated for 2 min at 37 °C with 10 uL of 100 mM acetate buffer, pH 5.5, and
15 uL of one of the cation’s solutions (at the concentrations defined above), leading to the final
concentrations in the assay to become 6 mM, 12 mM, 18 mM, 24 mM, and 30 mM. Moreover,
20 pL substrate pNCS (2.05 mg/mL)) was added, and the enzyme activity was assayed at
optimum conditions. Given the significant impact of calcium ions, a comprehensive evaluation
of calcium concentrations was conducted. The tested concentrations included 0 mM, 5 mM,
10 mM, 20 mM, 40 mM, 60 mM, 70 mM, 80 mM, and 100 mM, corresponding to the final
concentrations in the assay, as follows: 0.0 mM, 1.5 mM, 3.0 mM, 6mM, 12 mM, 18.0 mM,
21.0 mM, 24.0 mM, 27.0 mM, and 30 mM.

4.10. Differential Scanning Fluorimetry (DSF) in Presence and Absence of Calcium Ions and EDTA

Thermal stability SulA1 (0.56 g/L in Mcllvaine buffer system) was examined under
various pH conditions (ranging from 4 to 8.3) using differential scanning fluorimetry (DSF),
conducted with the Prometheus NT 48 nanoDSF instrument (NanoTemper Technologies,
GmbH, Munich Germany).

The effect of CaCl, concentrations on the SulA1 thermostability was investigated in
the same instrument using 50 uL 100 mM citrate phosphate, buffer (pH 6.03) with different
concentrations of CaCl, (0, 7, and 14 mM, at pH 6.03). In addition, all Ca-ions were chelated
using EDTA concentrations from 0 to 5 mM. For each experiment, 10 puL of each sample
was loaded in the instrument capillaries subjected to a temperature ramp from 20 °C to
90 °C, with a gradual increase of 1 °C per min. To monitor the unfolding of the protein
intrinsic fluorescence at emission, wavelengths of 330 and 350 nm were used.

4.11. Peptide Mass Fingerprinting

Peptide mass fingerprinting was performed using ESI-Orbitrap MS/MS and MAS-
COT [43] to validate the amino acid sequence of the purified SulAl. The gel fragment with
the correct molecular weight was cut from an SDS-PAGE and digested with trypsin in-
gel [44]. After in-gel digestion, peptide fragments were determined using MS/MS analysis
and compared with the deduced amino acid sequence.

4.12. Preparation of Sulfated Mono-, Di-, and Oligosaccharide Solutions from Various Resources

Different sulfated mono-, di-, and oligosaccharides were tested as substrates for SulAl:
chondroitin sulfate dp4 (1 mg; in reaction 0.4 mg/uL, shark origin; Iduron, Alderley Edge,
United Kingdom), three chondroitin-based disaccharides with different sulfation patterns;
chondroitin disaccharide sodium salts without sulfation (Adi0S), with sulfation on C4
on the N-Acetyl-D-galactosamine (GalNAc) unit (Adi4S) and with sulfation of C6 on the
GalNAc unit (Adi6) (all 5 mg; in reaction 2 mg/uL; and from Dextra laboratories Ltd, Read-
ing, United Kingdom.), the major monosaccharides units from chondroitin N-Acetyl-D-
galactosamine-4-sulfate (GalNAc4S) sodium salt and N-Acetyl-D-galactosamine-6-sulfate
sodium (GalNAc6S) salt (both from Dextra laboratories Ltd.; 5 mg and 1 mg, respectively;
in reaction 2 mg/uL and 0.4 mg/uL, respectively), a heparin disaccharide I-H sodium
salt (Img; in reaction 0.4 mg/uL; Sigma-Aldrich), and two sulfated monosaccharides;
N-Acetyl-D-glucosamine 6-sulfate sodium salt (major unit from heparin sulfate; 25 mg;
in reaction 10 mg/uL; Sigma-Aldrich), D-galactose 4-sulfate sodium salt (the sulfated
monosaccharide from k carrageenan; 1 mg; in reaction 0.4 mg/uL; Dextra laboratories
Ltd.), two k carrageenan oligosaccharides; Neocarrabiose-4-O-sulfate sodium salt (25 mg;
in reaction 10 mg/uL) and Neocarratetraose-41,43-di-O-sulfate sodium salt (5 mg; in re-
action 2 mg/uL), both from Dextra laboratories Ltd., and finally two seaweed related
sugars the L-fucose oligomers from Chorda filum cut-off <10 kDa (Fuc310; 6.25 mg/mL, in
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reaction 2.5 mg/pL), a sulfated polysaccharide, a Fucoidan sample from ProSea (Batch no.
HFI206002, Fmc BioPolymer, 12.5 mg/mL, in reaction 5 mg/uL). Each was mixed with
15 uL 1/3 diluted pure SulAl (1.1 mg/mL; 0.0165 mg in reaction), 10 uL. 100 mM acetate
buffer, pH 5.5, and 5 uL Milli-Q water. Enzyme activity was assayed after 30 min, at 40 °C.
As controls, for each reaction, 20 puL of the substrate was mixed with 10 uL. 100 mM acetate
buffer pH 5.5 and 20 uL Milli-Q water without the addition of SulA1l.

4.13. Analysis of the Degradation Product by Thin-Layer Chromatography

To verify the activity of SulAl on the different substrates, TLCs were generated.
Samples (2 pL) were taken from each reaction and spotted near the bottom of the TLC
Silica gel 60 Fas4 (10 x 20; Merck, Darmstadt, Germany). As the mobile phase, a mixture of
1-butanol, acetic acid, and Milli-Q water (2:1:1) was run for 2 h. Thereafter, the TLC plate
was dried and developed using a mixture of diphenylamine—-aniline-phosphoric acid in
acetone in accordance with the published procedure [45]. Then, the plates were dried and
heated at 120 °C, using the TLC Plate Heater IIl (CAMAG®) until bands became visible.

4.14. Determination of the Kinetic Properties and the Specific Activity of SulAl

The kinetic parameters of SulAl were attempted to be estimated by quantifying the
amount of GalNAc formed after 30 min of incubation at 40 °C with different molarities
(0-20 mM) of GalNAc4S, using purified SulAl (16.5 pg). Similarly, specific activity was
determined by quantifying the amount of GalNAc formed after 30 min incubation at 40 °C
using 20 mM GalNAc4S, with purified SulA1l (16.5 ug). The reactions were analyzed on a
Dionex ICS 5000+ (Thermo Scientific, Waltham, Massachusetts) using high-performance
anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). The
column used was the Dionex CarboPac 20 analytical column (3 x 150 mm) and guard col-
umn (Thermos fisher scientific, USA). Prior to analysis, the reaction mixtures were filtered
through 0.45 um syringe filter and diluted 4-60-fold in MiliQ water. A standard solution
containing GalNAc ranging from 3 mg/L to 53 mg/L was prepared. For the analysis, 10 pL
reaction mixture or standard was injected into the system under isocratic conditions at a
flow rate of 0.5 mL/min. Both the column and compartments were maintained at a constant
temperature of 30 °C. The eluents were (A) 200 mM sodium hydroxide and (C) MiliQ water;
to equilibrate the system, 5.0% (A) and 95.0% (C) concentrations were used. The samples
were eluted after injection under the same conditions for 14 min. Subsequently, the column
was washed with 100% (A) for 7 min.

The elution peak of GalNAc4S was investigated using the same system as above
but with a gradient elution protocol. Eluent composition was A: 200 mM NaOH, B: 1 M
Sodium Acetate in 200 mM NaOH, and C: Milli-Q water, and the flow rate was 0.4 mL/min.
To balance the system, 1.2% (A) and 98.8% (C) concentrations were used. The sample
was eluted as follows: 0-20 min 1.2% (A) and 98.8% (C); 18-30 min 50% (A) and 50% (C);
30-36.1 min 20% (A); 30% (B); and 50% (C). Subsequently, the column was washed with
50% (B) and 50% (C) for ~14 min.

The experiment was performed in duplicate, and mean values along with the standard
deviations were calculated, as well as specific activity. Likewise, the reaction rates were plotted
against the substrate concentrations of GalNAc4S in an attempt to determine the catalytic value
K}, using Michaelis-Menten nonlinear equation in GraphPad Prism (10.1.2 (324)).

4.15. Graphs and Statistics

All graphs were generated using GraphPad Prism 10.1.2 (324). All activity tests as well
as DFS were performed in triplicate and data were displayed as mean & SD. The specific
activity experiment was completed in duplicate and displayed as mean & SD.

5. Conclusions

This study included the characterization of a novel sulfatase, SulAl, derived from the
marine Arthrobacter strain MAT3885. Through bioinformatic analyses and comprehensive
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structural insights from 3D modeling, SulAl was firmly established as a member of the
sulfatase family 1. The successful expression and purification of the recombinant SulA1
facilitated a detailed examination of its biochemical properties. While SulAl was partly
characterized using the synthetic substrate pNCS, limitations were encountered regarding
pH sensitivity and the determination of the kinetic parameters.

The investigation into natural substrate specificity revealed that SulAl exhibited
high activity against the CS monosaccharide GalNAc4S, underscoring its pivotal role in
chondroitin sulfate-A degradation. Notably, the pH range was found to be broader than
initially anticipated using pNCS as the substrate, and SulA1 displayed Michaelis-Menten
behavior at pH 5.5 when GalNAc4s was used as the substrate. These findings highlight the
importance of exploring natural substrates to discover the relevant conditions for enzyme
catalysis. In essence, this research enhances our understanding of the catalytic mechanism
of CS/DS sulfatases, providing valuable insights into their functional roles and paving the
way for further investigations in this field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md22030104/s1. Figure S1: Comparison of generated AlphaFold2 and
YASARA models of SulA1; Figure S2. Complexes of SulA1 with ligands using molecular docking; Figure
S3: Determination pH optimum, temperature optimum, T », and calcium ion effects using p-nitrocatechol
sulfate dipotassium salt as substrate; Figure S4: The effect of four metal ions on SulA1 activity using
p-nitrocatechol sulfate dipotassium salt as substrate.
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This research explores the impact of structural variations in laminarins derived from seaweed on their immu-
nomodulatory properties. Laminarins from Laminaria digitata, L. hyperborea, and Saccharina latissima, were ob-
tained using a two-step water extraction protocol, followed by structural characterization by FT-IR spectroscopy,
'H NMR, and MALDI-TOF MS. The laminarin backbones were confirmed as -1,3-linked glucans with species-
specific percentages of f-1,6-linkages (~10 %, ~4 %, and ~21 %, respectively). Each polymer chain consists
of approximately 24 to 25 monomer units, while oligosaccharide fractions, produced using the enzyme LPHase,
displayed distinct DP-ranges, degrees of -1,6-branching and intrachain linkages. Laminarin from L. hyperborea
and specific oligosaccharide fractions from L. hyperborea and S. latissima influenced cytokine secretion by den-
dritic cells (DCs). L. hyperborea laminarin and the fraction LhF5 (DP5-DP8) stimulated increased IL-6 and IL-10
secretion by DCs, suggesting a dual role in promoting inflammation and regulating the immune response. In
contrast, LhF5, LhF4 (DP6-DP10), and S. latissima laminari-oligosaccharide fraction SIF3 (DP6-DP9) caused
decreased TNFa secretion, reflecting anti-inflammatory potential. Co-culturing of treated DCs and CD4 " T-cells
showed that L. hyperborea laminarin caused increased IL-17 and IL-10 secretion, whereas SIF3 caused reduced IL-
12p40 and IFN-y secretion. These findings show that DC maturation and T-cell activation are affected by lam-
inarins of certain size-distribution and branching, implying therapeutic potential for the treatment of inflam-
matory diseases or vaccine enhancement.

1. Introduction interspersed with $-1,6-linked glucose moieties [5]. The content and

positioning of $-1,6 linkages in laminarins varies depending on the

Brown seaweed, encompassing around 2000 different species, is a
potentially rich source of health promoting compounds [1]. This has
raised significant interest in studying their potential for medical pur-
poses or as functional foods. One of the compounds of interest is lami-
narin, a low-molecular-weight storage polysaccharide (2-7 kDa), with a
degree of polymerization (DP) in the range of 25-40 [2-4]. Laminarin is
a water-soluble g-glucan, consisting of a p-1,3-p-glucose backbone,

species, season, and environmental conditions [6]. The p-1,6-linkages
can be internal in the linear p-1,3-backbone (intrachain) or form
branch-points (branched g-glucan oligosaccharides) [3,7]. Furthermore,
the laminarin glucan chains are capped at the reducing end with either
mannitol or glucose moieties, referred to as M-chains and G-chains,
respectively. The content and distribution of these two variants also
varies among species [7,8].
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Laminarin polysaccharides have been associated with a range of
bioactive properties including: antioxidant, anti-inflammatory, anti-
apoptotic, immunomodulation, and potential anti-cancer properties
[4,9-13]. Due to their bioactivities, they are promising candidates for
nutraceutical and pharmaceutical applications. However, the relation
between structural features and biological functions of laminarin is not
yet fully understood. Addressing this knowledge gap is critical for
developing laminarin-based interventions, particularly for functional
foods or therapies targeting immune-related disorders, such as inflam-
matory diseases, or enhancing vaccine efficacy. The bioactive properties
of laminarin polysaccharides have been proposed to be associated with
their structural features, such as DP, degree of branching (DB), and the
ratio of f-1,3 to f-1,6-glycosidic linkages, but also affected by purity
[4,5,11,14]. Conventional extraction methods for laminarin have often
used acidic conditions, which can alter the compound's structure and
potentially lead to inconsistent bioactivity results [15]. For example,
treatment with 0.1 M hydrochloric acid has been shown to lower the DP
of oat-derived f-glucan by breaking 1,3- and 1,4-f-linkages, thereby
increasing the amounts of glucose and smaller oligosaccharides [16].
Additionally, mildly acidic conditions have been intentionally used to
produce high-value oligosaccharides from L. digitata, leading to lami-
narin oligosaccharides with modified antioxidant and prebiotic prop-
erties [17]. Methods that introduce structural changes, also introduce
challenges in relating structure to function, making it essential to
determine detailed structures in the same batch as used for the docu-
mentation of the bioactivity. Further knowledge on the native lami-
narins, is also essential for rational choices of raw-material, to improve
our understanding of which species produce relevant laminarins for
specific applications. Moreover, existence of impurities and high ash
content can result in misleading conclusions regarding bioactivities.
This was documented in a study by Smith and colleagues (2018), where
a laminarin sample was initially acting as a Dectin-1 antagonist, but
after removing low molecular weight impurities it became a Dectin-1
agonist [4,5,11,14].

Recently, enzymatic digestion methods, using laminaripentaose-
producing $-1,3-glucanases suitable for hydrolyzing laminarin into ol-
igosaccharides, have been employed to elucidate more structural details
in biomacromolecules like laminarin [5]. Liu and colleagues [5] applied
this method combined with HPAEC-PAD-MS/MS analysis to, e.g., reveal
the presence of -1,6-linkages in laminarins from L. digitata and Eisenia
bicyclis. This method can not only provide insight into the structural
intricacies of laminarin but can also help to explore structure-function
relationships of the produced oligosaccharides. Laminarin-degrading
enzymes have, therefore been used to generate laminari-
oligosaccharides to study bioactivities, including antioxidant, antidia-
betic, and to a certain extent, immuno-modulating effects [7,12,18].
However, the relation between oligosaccharide structures and immuno-
modulating activities is still underexplored, and thus far no definite
conclusions are drawn.

DCs are the key initiators of the adaptive immune response, by
activating and polarizing naive T-cell responses. In their immature state,
they reside in tissues, functioning as sentinels scanning for danger sig-
nals [19,20]. When encountering foreign antigens, such as pathogen- or
damage-associated molecular patterns (PAMPs or DAMPs), DCs activate
and undergo phenotypic and functional changes transforming them into
their mature stage. This maturation involves the up-regulation of surface
molecules vital for antigen presentation, such as major histocompati-
bility complex (MHC) molecules, as well as the co-stimulatory molecules
CD80 and CD86 [20]. Subsequently, mature DCs migrate to draining
lymph nodes where they prime naive T-cells, steering them toward
becoming effector cells, including T-helper (Th)1, Th2, and Th17 sub-
sets, or cytotoxic T-cells [21,22]. The repertoire of cytokines secreted by
the mature DCs during this process depends on the PAMPs or DAMPs
encountered [19,20].

Notably, the cytokines secreted by DCs orchestrate the downstream
immune responses, such as IL-12 and IL-6, which direct the polarization
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of naive CD4" T-cells into Thl or Th17 effector cells, respectively
[23,24]. However, IL-6 has a complex role in immune modulation, as
reviewed in [25]. It is a pro-inflammatory cytokine critical for activating
Th17 responses against extracellular pathogens and initiating acute
inflammation, whereas it can also promote production of IL-10 by T
cells, thus restricting inflammatory processes [25]. Simultaneous upre-
gulation of IL-6 and IL-10 cytokine secretion can, therefore, be linked to
anti-inflammatory responses. TNFaq, is a potent pro-inflammatory cyto-
kine, which plays a pivotal role in driving inflammation and the acti-
vation of immune cells [26,27]. However, its sustained production can
contribute to chronic inflammation and tissue damage. This is observed
in numerous autoimmune disorders, such as rheumatoid arthritis, in-
flammatory bowel disease, psoriatic arthritis and multiple sclerosis
(reviewed [28], which respond well to anti-TNF therapy. IL-10 acts as a
potent anti-inflammatory cytokine that suppresses the production of
pro-inflammatory mediators (e.g., TNFa, IL-1p, IL-6) and reduces the
expression of MHC and co-stimulatory molecules on DCs [29]. While
extended production of IL-6 and TNFa initiates the recruitment and
activation of immune effector cells, IL-10 counter-regulates these pro-
cesses to mitigate excessive immune activation and restore homeostasis
[29,30]. These mechanisms are in line with the complex effects of
laminarin and its oligosaccharides on cytokine secretion observed in this
study, reflecting both pro-inflammatory and regulatory capacities. Such
immunomodulatory properties highlight their multiple potential in
therapeutic applications, including the treatment of inflammatory dis-
eases and immune-mediated disorders.

In this study, a mild two-step water extraction protocol was used for
laminarin extraction. A temperature escalation approach was applied for
effective isolation of laminarin. This method was chosen for its
simplicity, eco-friendliness, and ability to avoid the use of residual sol-
vents or chemical modifications, which is critical for applications in
functional foods, pharmaceuticals, or nutraceuticals, where regulatory
compliance and consumer safety are paramount. This approach not only
preserves the structural integrity of laminarin but also simplifies the
purification process, avoiding the need for additional reagents or com-
plex downstream procedures. As mentioned, mildly acidic extraction
conditions can alter laminarin's structure by breaking pg-linkages,
reducing the DP, resulting in production of altered structures with
smaller oligosaccharides. In contrast, our protocol avoids such extremes,
ensuring that the laminarin's structural and functional characteristics
remain intact. Although alternative methods, such as enzymatic hy-
drolysis or ultrasound-assisted extraction, may offer higher yields or
efficiency, these techniques often require additional reagents or
specialized equipment, increasing both complexity and cost. High purity
of the laminarins was ensured by including precipitation, filtration, and
dialysis of the extracts from L. digitata, L. hyperborea, and S. latissima.
The output, purity, DP and DB of the extracted laminarins were subse-
quently evaluated by high-performance anion exchange chromatog-
raphy with pulsed amperometric detection (HPAEC-PAD), Fourier-
transform infrared spectroscopy (FT-IR), proton nuclear magnetic
resonance (‘H NMR), and Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS). Furthermore, the
laminarins extracted from the aforementioned species were subjected to
enzymatic hydrolysis to produce laminari-oligosaccharides of different
sizes and DB. The hydrolysis process was executed using the
laminaripentaose-producing endo-1,3-p-glucanase (LPHase) from
Streptomyces matensis DIC-108 [31], in an attempt to create laminari-
oligosaccharides with varied immunomodulating effect and facilitating
a systematic exploration of their structure-function relationships. Given
laminarin's structural complexity and species-specific variations, we
hypothesize that its immunomodulatory effects are associated with
distinct structural features, including DP, branching patterns, and $-1,6-
linkage content, which may influence its interactions with immune cells.
By utilizing a mild, non-degradative extraction method and precise
enzymatic hydrolysis to produce laminari-oligosaccharides, this study
aims to correlate these structural characteristics systematically with



M.D. Christensen et al.

immunomodulatory activities by exploring their impact on the matu-
ration and activation of human monocyte-derived DCs, as well as the
ability of laminarin- or laminari-oligosaccharide treated monocyte-
derived DCs to activate and differentiate allogeneic CD4" T-cells. This
is an innovative approach to bridging the existing knowledge gap con-
cerning the structure-function relationships in laminarins, offering po-
tential applications in developing laminarin-based nutraceuticals or
therapeutic agents, for the context of treating inflammatory diseases or
enhancing vaccine efficacy.

2. Material and method
2.1. Materials

Dried S. latissima was kindly provided by Annette Bruhn (Department
of Bioscience at Aarhus University, AlgeCenter, Denmark). Similarly,
dried L. hyperborea and L. digitata were provided by Islensk Blaskel og
Sjavargrodur, Iceland. The samples were harvested during summer
(2018) to assure high laminarin yields. Voucher specimens for
L. hyperborea and L. digitata were deposited and are available for refer-
ence. Unfortunately, it was not possible to deposit a voucher specimen
for S. latissima. The dried raw materials were stored in sealed bags, at
room temperature, in the dark. Purified laminarin from L. digitata
(harvested in Iceland) was also obtained from Merck (Darmstadt, Ger-
many, Lot #SLCG6449), and was stored according to the manufacturer's
instructions. The S. latissima, L. hyperborea, and the commercial
L. digitata biomasses were used to generate the laminari-
oligosaccharides fractions described in Section 2.4.2.

2.2. Laminarin extractions and purification

2.2.1. Extractions and filtration

Dried L. hyperborea and S. latissima were ground to a fine powder
(~1 mm particle size) using an IKA® A10 mill. Crude laminarin was
extracted with a two-step water protocol: 100 g of seaweed powder was
mixed with 1.5 L distilled water, initially extracted at 30 °C for 2 h with
continuous shaking (75 rpm), followed by extraction at 70 °C for 3 h.
The cooled extracts (4 °C overnight) were centrifuged (~12,000g for 20
min) to separate pellets and supernatants. The pellets were recentrifuged
to maximize yield.

Calcium chloride (CaClz) of 1 % was used at 4 °C overnight to pre-
cipitate alginate, a well-established method for isolating poly-
saccharides [32], followed by centrifugation (~12,000g for 20 min) to
separate and discard the precipitated alginate pellet from the extract.
For further purification, the clear laminarin extracts underwent filtra-
tion using the Cogent®10 M1 tangential flow filtration (TFF) system
(Merck Millipore) equipped with 10 kDa filters. Subsequently, the ex-
tracts were further purified by dialysis on the TFF-system using 1 kDa
filters. The extracts were lyophilized and stored at —20 °C until further
use.

2.2.2. Separation of L. hyperborea-derived laminarin from fucoidan
polysaccharides by anion-exchange chromatography

The extract from L. hyperborea (extracted as described in Section
2.2.1) required further purification to separate laminarin from fucoidan.
A 10 mg dried extract sample was dissolved in 1 mL of distilled water
and loaded onto a DEAE-cellulose column (1 x 20 cm; Sigma-Aldrich, St.
Louis, MO, USA), equilibrated with distilled water. Laminarin fractions
were eluted with water and lyophilized. The remaining material in the
column was fucoidan (containing sulfate as anionic functional group),
which was eluted with 1 M ammonium bicarbonate buffer.

2.3. Composition analyses and profiling of the laminarin polysaccharides

2.3.1. Total phenolic content (TPC)
Portions (100 mg) of lyophilized laminarin extracts were dissolved in
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10 mL ultrapure water (Milli-Q grade) and vortexed until all the powder
was dissolved. The total phenolic content was determined using the
method published by Singleton and Rossi [33], adapted to a microplate
format with some modifications. Briefly, 20 pL of the sample was mixed
with 100 pL of 0.2 N Folin & Ciocalteu’s phenol reagent (Sigma-Aldrich)
and incubated at room temperature for 5 min. Then, 80 pL of 7.5 %
NayCOs3 (Sigma-Aldrich) were added, and the mixture was heated for 10
s in microwave oven at 550 W. After heating, the mixture was incubated
at room temperature for 30 min under constant agitation. Absorbance
was read at 730 nm using a microplate reader (Thermo Scientific Mul-
tiSkan Sky with SkanlIt software 6.0.1). A standard curve with seven
concentrations of phloroglucinol was used, and results were expressed
as mg of phloroglucinol equivalents (PGE) per 100 g of lyophilized
laminarin extract, obtained through interpolation from regression
analysis.

2.3.2. Ash content

Ash content was measured after combusting the moisture free pow-
der at 550 °C for 10 h in a furnace [34]. All measurements were carried
out in duplicates, and quantification was done gravimetrically.

2.3.3. Carbohydrate composition quantification and laminarin profiling

The carbohydrate composition of the water-extracted laminarin
samples and the commercial sample was quantified using a two-step
sulfuric acid hydrolysis, adjusted for algal biomass [35]. An amount of
25 mg of freeze-dried extracts was mixed with 250 pL of 72 % sulfuric
acid in Pyrex tubes, and the samples were incubated at 30 °C for 1 h with
shaking (150 rpm). Then, the acid was diluted to 4 % (w/w) by adding 7
mL of distilled water to the tubes and then the samples were autoclaved
for 1 h at 121 °C (1 atm). The hydrolysates were cooled to room tem-
perature and centrifuged at 3000 xg for 5 min (Sigma 3-16PK centri-
fuge, Sigma), followed by neutralization of the supernatants with Ba
(OH)2-H20 (0.1 M). Removal of precipitated residues was done by
centrifugation at 3000 xg for 5 min (Sigma 3-16PK centrifuge, Sigma).
The neutralized hydrolysates were diluted and filtered through 0.2 ym
PTFE syringe filters (Pall) and analyzed using HPAEC-PAD (Thermo
Fisher Scientific), with a Dionex CarboPac PA-20 analytical column and
a corresponding guard column (Thermo Fisher Scientific) for mono-
saccharide separation. The separation of monosaccharides and uronic
acid was performed under isocratic conditions at a flow rate of 0.5 mL/
min. Eluents for separation of monosaccharides and mannitol were (A)
milliQ-water, (B) 2 mM NaOH, and (C) 200 mM NaOH. Separation was
done using an eluent mixture of 62.5 % (A) and 37.5 % (B) for 30 min.
For separation of uronic acids, eluent (B) was 1 M sodium acetate in 200
mM NaOH while eluents (A) and (C) were the same as for mono-
saccharide separation. The uronic acids were eluted by an eluent
mixture of 55 % (A), 15 % (B) and 30 % (C) for 18 min. The column and
the compartment temperature were kept at 30 °C. All the experiments
were performed in duplicate, and the mean value and standard deviation
were calculated. Total carbohydrates were estimated as the sum of all
individual monomeric sugars.

2.4. Enzymatic generation of laminari-oligosaccharides

2.4.1. Expression of the Iph gene and production of recombinant LPHase in
Escherichia coli

The sequence for LPHase (encoding 376 amino acids) was obtained
from Streptomyces matensis DIC-108, as previously described [31], and
was extended with a maltose-binding protein domain (MalE) in the
cloning design to enhance solubility. The gene was amplified using the
forward primer f(CCATCGTGAACAGATTGGTGGCGCCGCCGTTCCAG
CGACCATTC) and the reverse primer, r(TTAATGATGATGATGAT-
GATGGGATCCATCGAACGGGTCCAGAGTCAG). The expression vector
pHWG1106 [36] was linearized with KasI and BamHI and subsequently,
the gene was inserted into the vector using the NEBuilder® HiFi DNA
Assembly Cloning Kit (New England Biolabs Inc.). The resulting plasmid,
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pHG247, was introduced into E. coli NEB10 beta competent cells by
transformation. Expression was achieved by cultivating pHG247/NEB10
in 30 mL LB broth supplemented with ampicillin (100 pg/mL) at 37 °C
until reaching an ODggp 0.7. The culture was then moved to room
temperature and allowed to grow until reaching an ODggg of approxi-
mately 0.9. Gene expression was induced by adding 10 % (w/v) L-
rhamnose, resulting in a final concentration of 0.15 %. The culture was
incubated overnight at room temperature. Cells were harvested by
centrifugation at 3,400g for 10 min at 4 °C (~0.3 g) and resuspended in
four times the volume of lysis buffer (~1.2 mL; 50 mM sodium citrate,
pH 6, 150 mM NaCl, 15 % glycerol). Cell disruption was achieved by
sonication on ice. The cell lysate was centrifuged at 16,000g for 30 min
at 4 °C to separate the supernatant from the insoluble debris. Expression
of LPHase was confirmed by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), using Mini-PROTEAN® TGX Stain-Free™
Precast Gels (4-20 %, 15-well), in Tris-glycine-SDS (TGS) running
buffer. The supernatant was stored as a crude extract at —80 °C until use
in laminarin hydrolysis experiments.

2.4.2. Engymatic laminarin hydrolysis and purification of laminari-
oligosaccharide extracts

The enzymatic hydrolysis was conducted at 50 °C and pH 5.7, as
optimized for LPHase activity. Simultaneously, dialysis was performed
to separate the laminari-oligosaccharides from the substrate. The pro-
cedure was as follows: A 50 mL 4 % solution of lyophilized laminarin
from L. digitata, L. hyperborea and S. latissima was prepared by mixing it
with 20 mM sodium citrate buffer (pH 5.7). LPHase crude extract was
added to the laminarin solutions at a volume of 200 pL, corresponding to
approximately 1.2 mg per reaction. The mixtures were transferred into
Slide-A-Lyzer® 3.5 K Dialysis cassettes G2 (Thermo Scientific) and
placed in 1 L beakers. The beakers were filled to the 550 mL mark with
20 mM sodium citrate buffer (pH 5.7) and securely covered with plastic
wrap and aluminum foil to prevent evaporation. The sealed beakers
were incubated in a 50 °C in a heating cabinet for two days, with manual
shaking 4 to 5 times daily throughout the incubation period. Upon
completion, the surrounding buffer, containing the produced oligosac-
charides, was collected for each reaction, frozen, and subsequently
lyophilized to yield the desired product.

For the purification of the laminari-oligosaccharide mixtures, a 12 %
(w/v) solution of lyophilized laminari-oligosaccharides from each spe-
cies was prepared by mixing the extracted laminarins with milli-Q
water. The solutions were filtered through non-sterile Phenex RC
membrane (0.45 pm, 26 mm syringe filters; Phenomenex). Purification
of the laminari-oligosaccharide mixtures was executed using an AKTA
system with a size-exclusion Superdex™ 30 HiLoad 26/600 column
(Cytiva). The column was equilibrated with a low ionic strength buffer
(50 mM NacCl), and the running buffer was degassed milli-Q water. A
total of 12 mL of the 12 % oligosaccharides solution, plus additional 5
mL of milli-Q water, was loaded onto the column. Separation was
initiated by allowing 0.37 column volumes to flow into 50 mL tubes,
utilizing the running buffer at a flow rate at 2 mL/min. Subsequently,
1.7 mL fractions of laminari-oligosaccharide mixtures were collected in
a 2.2 mL V-shaped, 96 squared deep well microplate (4titude, Azenta
Life Science) using a flow rate at 2 mL/min. The sizes of the laminari-
oligosaccharides were analyzed with thin-layer chromatography
(TLC). Distinct oligosaccharide fractions were carefully collected,
lyophilized and stored at —20 °C for future utilization. The fractions
were named according to their source species as follows: L. digitata (Ld),
L. hyperborea (Lh) or S. latissima (SI), with fraction indicated by a “F” and
a number (e.g., LdF1).

2.4.3. Thin-layer chromatography (TLC)

For a comprehensive assessment of laminari-oligosaccharides dis-
tribution and approximate sizes, 0.8 pL samples from wells 1, 4, 7, and
10 of the rows A-H of each 96 square deep well microplate containing
the laminari-oligosaccharide fractions of one of three seaweed species
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(Figs. S1 and S2) were spotted near the bottom of the TLC silica gel (10
x 20; Merck). Close-up views were generated by spotting 2 pL on the
TLC plate from the end wells in row C to E12. As a mobile phase, a
mixture of 1-butanol, acetic acid, and Milli-Q water (2:1:1) was run for
1.5 h. Thereafter, the TLC plates were dried and developed using 100 mg
orcinol in 95 mL methanol and 5 mL sulfuric acid. Then, the plates were
dried and heated at 120 °C using the TLC Plate Heater III (CAMAG®)
until bands became visible.

2.5. Structural analyses of laminarin and laminari-oligosaccharide
fractions

2.5.1. Nuclear magnetic resonance (NMR) spectroscopy

1D and 2D NMR spectra were recorded on a 600 MHz Bruker Avance
Neo NMR spectrometer equipped with a 5 mm TCI Prodigy CryoProbe
(Bruker). Samples were dissolved in D20 (0.5 mL, 99.9 %; Cambridge
Isotope Laboratories, Tewksbury, MA, USA) and transferred to 5 mm
NMR tubes. All spectra were obtained using standard Bruker pulse
programs with water suppression. The 2D TOCSY spectra were recorded
using an MLEV-17 mixing sequence with spin-lock times of 150 ms. The
2D NOESY spectra were recorded with a mixing time of 300 ms. Natural
abundance 2D '3C-'H HSQC experiments were recorded without
decoupling during the acquisition of the 'H free induction decay.
Chemical shifts were expressed in parts per million (ppm) relative to
solvent HOD signal (4.84 ppm for 'H NMR, 292 K). Data were processed
using TopSpin™ software (Bruker). Line fitting (deconvolution) was
used to estimate the average degree of polymerization, branching and G:
M ratio. The expanded region (5.3-4.0 ppm) with selected peaks on the
1D 'H NMR spectrum was fitted with Lorentz/Gaussian functions, to
obtain the position of overlapping peaks, line widths, and integrals.

2.5.2. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF/TOF MS)

MALDI-TOF/TOF MS experiments were performed using a Bruker
ultrafleXtreme (Bruker Daltonics) mass spectrometer. All spectra were
recorded in reflector positive-ion mode, and the acquisition mass range
was 200-6000 Da. Samples were prepared by mixing on the target 0.5 uL
sample solutions with 0.5 pL aqueous 10 % 2,5-dihydroxybenzoic acid
as matrix solution.

2.5.3. Fourier transform infrared spectroscopy (FT-IR) analysis

Freeze-dried laminarin was analyzed to identify its functional groups
using an FT-IR spectrometer (Nicolet iS5, Thermo Scientific) with a
spectral range of 400-4000 cm .

2.6. Laminarin and laminari-oligosaccharides effect on dendritic cells and
T-cell activation

2.6.1. Sample preparation for DC-model

Lyophilized laminarin and the laminari-oligosaccharide fractions
were diluted in RPMI cell culture medium (Gibco, Invitrogen, Paisley,
UK), supplemented with 10 % (v/v) fetal calf serum (FCS; Gibco) and 1
% (v/v) penicillin/streptomycin (Gibco) to a stock concentration at 5
mg/mL.

2.6.2. Maturation and activation of monocyte-derived DCs

Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats of healthy donors by Ficoll Histopaque density-gradient
(Sigma-Aldrich). CD14" monocytes were isolated using CD14
Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The CD14"
monocytes were cultured in 48-well plates (Nunc) at concentration of
0.5 x 10° cells/mL for seven days in RPMI medium supplemented with
FCS and antibiotics. The differentiation into immature DCs was induced
with IL-4 at 12.5 ng/mL, and GM-CSF at 25 ng/mL (both from R&D
Systems, Bio-Techne, Abingdon, England). Maturation of the immature
DCs into mature DCs was achieved by culturing the immature DCs for 24
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h in RPMI medium supplemented with FCS and antibiotics in 48-well
plates at concentration of 2.5 x 10° cells/mL in the presence of IL-14
(10 ng/mL), TNFa (50 ng/mL; both from R&D Systems) and lipopoly-
saccharide (LPS) from E. coli, serotype 055:B5 (0.5 pg/mL, Sigma-
Aldrich). The stock solution of 5 mg/mL of each laminarin sample was
diluted in RPMI medium and added to the maturing DCs at a concen-
tration of 100 pg/mL together with cytokines and LPS. Cells cultured
with cytokines and LPS but in the absence of sample were used as
negative control (Neg-DCs). After 24 h, the matured DCs were harvested
and the effect of laminarin and the laminari-oligosaccharide fractions on
their maturation was evaluated by measuring cytokine secretion by
ELISA and expression of surface molecules by flow cytometry.

2.6.3. Co-culture of DCs and allogeneic CD4™ T-cells

Allogeneic CD4™ T cells were obtained from PBMCs using CD4
microbeads (Miltenyi Biotec) following the same procedure as for the
isolation of CD14% monocytes described above. DCs which were
matured and activated with LPS, TNFa, and IL-1 [in presence or
absence of either laminarin from L. hyperborea, L. hyperborea oligosac-
charide fraction LhF5 or S. latissima oligosaccharide fraction SIF3 (all at
100 pg/mL)] were co-cultured at 2 x 10° cell/mL with allogeneic CD4*
T-cells at 2 x 10° cells/mL in 96-well round bottom culture plates for six
days. The effects of the fractions on the ability of DCs to activate and
differentiate the CD4™ T-cells were determined by measuring cytokine
concentrations in the co-cultures by ELISA.

2.6.4. Determination of cytokine concentrations by ELISA

The concentrations of TNFq, IL-6, IL-12p40 and IL-10 in culture su-
pernatants from DCs and IFNy, IL-17, IL-12p40, and IL-10 in culture
supernatants from co-cultured DCs and CD4™ T-cells were measured by
sandwich ELISA using DuoSets from R&D Systems according to the
manufacturer's protocols. To minimize the effect of variance between
individuals in cytokine secretion by cultured DCs and by DCs and CD4 "
T-cells in co-cultures, the results are expressed as secretion index (SI).
The calculations were performed by dividing the cytokine concentration
(pg/mL) in the supernatant from DCs matured in the presence of a
laminarin sample or in co-cultures of these DCs with CD4 ™ T-cells, by the
cytokine concentration (pg/mL) in supernatants from Neg-DCs or in co-
cultures of the Neg-DCs with CD4 " T-cells. Proportional index (PI) was
used to evaluate the overall effect of the samples on the IL-12p40 and IL-
10 cytokine secretion, calculated by dividing the SI for IL-12p40 with SI
for IL-10, where PI > 1 was indicative of a pro-inflammatory effect and
PI<1 of an anti-inflammatory effect.

2.6.5. Expression of surface molecules by flow cytometry

To investigate whether laminarin and the laminari-oligosaccharide
had an impact on the activation status and functional capacity of the
DCs, DCs were stained with mouse monoclonal antibodies against
Human Leukocyte Antigen-DR (HLA-DR; clone L243), Cluster of Dif-
ferentiation (CD)40 (clone 5C3), CD14 (clone M5E2), programmed
death-ligand 1 (PD-L1; CD274) (clone 5C3), and CD1c (clone L161) (all
from BioLegend, Nordic Biosite, Sweden), CD141 (clone 501733; from
R&D Systems), and CD86 (clone Bu63; from Bio-Rad, Watford, United
Kingdom). Approximately 10,000 events gated as DCs were collected
using a Sony SH800S flow cytometer (Sony Biotechnologies, UK), and
the data were analyzed using Kaluza analysis software (Beckman
Coulter, California, USA). Appropriate isotypic antibodies were used to
evaluate background staining and set positive gates. The results are
presented as percentage positive cells.

2.6.6. Viability assessment of dendritic cells

The viability of DCs exposed and not exposed to laminarin samples
was analyzed by Trypan blue staining and counted by C-Chip Neubauer
improved counting chamber. The percentage of viable cells was calcu-
lated by the formula provided in Eq. (1)
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Cell viability (%) = (Number of viable cells) /(Total number of cells) x 100
(€3]

2.7. Statistical analysis

Data were expressed as mean =+ standard error of the mean (SEM),
and statistical analysis was performed using GraphPad Prism version
10.2.1 (395) (GraphPad Software, San Diego, California, USA, www.gra
phpad.com). One-way ANOVA was used to compare the treated DCs
with DC-Neg (n > 3) and unpaired t-test was used to compare co-culture
experiments (n = 6). An asterisk indicates p < 0.033 (*), p < 0.002 (**),
and p < 0.001 (***).

3. Results and discussion
3.1. Extraction, purification, composition analysis and capping

Laminarins from S. latissima and L. hyperborea were successfully
extracted by a two-step water extraction protocol and were subsequently
purified to apparent homogeneity. Firstly, the extract was treated with
CaCl; to precipitate traces of alginate, then filtered through a 10 kDa
membrane to remove larger molecules like fucoidan, and finally passed
through a 1 kDa filter to remove smaller (degradation) products and
minerals (Table 1). The laminarin % yield was 10 % and 12 % of the
L. hyperborea and S. latissima biomass, respectively. In contrast, lami-
narin extracted from a locally sourced L. digitata, resulted in a low yield,
likely due to a low laminarin-content present in the raw material
(Table S1), while mannitol and ash content remained high after purifi-
cation. To obtain L. digitata laminarin of good purity, commercially
available laminarin (Merck) was used instead for structural analyses and

Table 1
Composition analyses of pure laminarin from L. digitata, L. hyperborea and
S. latissima.

L. digitata L. hyperborea  S. latissima
Ash [% dw'] 3.90 + 15.33 £0.18 15.45 £
0.60 0.55*
TPC” [mg PGE/100 g lyophilized - - 1.03 £+ 0.50
laminarin extract] nd‘ with nd with nd with
NMR NMR NMR
M haride composition [% dw]
Mannitol 0.42 + 2.25 4+ 0.20 4.68 + 0.26
0.06
Fucose 0.24 + 2.51 + 0.02 nd
0.02
Arabinose nd nd nd
Galactose nd 0.95 + 0.02 nd
Glucose 78.36 + 52.86 +0.11 74.63 +
217 4.29
Xylose 0.88 + 0.54 nd
0.02
Mannose 1.73 + 0.33 +0.07 nd
0.03
Mannuronic acid nd 5.57 + 0.57 nd
Guluronic acid nd 2.19 +0.25 nd
Glucuronic acid nd 0.63 + 0.08 nd
Total uronic acids nd 8.39 + 0.90 nd
Total carbohydrates* 81.63 + 67.83 +£2.22  79.31 £
2.30 4.55

The data are presented as mean value + standard deviation (for TPC, n = 3 for
ash, n = 2, and for monosaccharides, n = 2).

* The sample size of S. latissima was very low causing high standard deviation.

# dw means dry weight.

> TPC means Total Polyphenol Content.

¢ nd means not detected.

4 Total carbohydrate is the combined amounts of neutral sugars and uronic
acids.
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immunomodulation tests. This laminarin product from L. digitata con-
tained 78 % glucose (w/dw), and low levels of mannitol and ash
(Table 1).

Monosugar analysis of the extracted L. hyperborea and S. latissima
laminarins showed that both extracts primarily contained glucose and
mannitol (Table 1). In the S. latissima extract, glucose constituted 75 %
of the dry weight (dw), and mannitol made up 5 % of the dw, resulting in
a total carbohydrate content of 80 %, with a high purity of the extracted
laminarin. The extract from L. hyperborea was also predominantly
composed of glucose (53 % w/dw) and mannitol (2 % w/dw), with minor
amounts of fucose, galactose, and xylose (Table 1), implying fucoidan
contamination, which was confirmed by H NMR analysis (Fig. S3).
Fucoidan was successfully removed from this sample using DEAE-
cellulose anion-exchange chromatography (Fig. S3), facilitating
further characterization by 'H NMR and enzymatic preparation of
laminari-oligosaccharides (Section 3.3).

'H NMR characterization of the three chosen laminarin samples
revealed coexistence of M- and G-type laminarin, with variations in the
M:G ratio between the seaweed species (Fig. 1 and Table 2), consistent
with existing literature [8,37]. This was observed as a chemical shift at
4.18 ppm for mannitol connected to glucose or as glucose in its a or g
configuration at the reducing end (Ga/p) [(1 — 3) -f-D-Glcp] at § 5.22/
4.67 ppm (Fig. 1). The ratio was estimated to be 2.5:1 for the laminarins
from both L. digitata and S. latissima and to be 1:1 for laminarin from
L. hyperborea (Table 2). The M:G ratio, along with the observed mannitol
content, harmonizes with literature data [8,38,39]. Comparison with
the composition analysis (above) indicates that free mannitol is present
in the S. latissima sample. Such coexistence of free mannitol has been
previously reported [3,7,8], and cannot be ruled out for this study.

The total phenolic content was quantified using the TPC-assay.
Phenolic content in the L. digitata and the L. hyperborea laminarin ex-
tracts was below detection levels, while S. latissima laminarin extract
had a phenolic content of 1.03 & 0.05 mg PGE/100 g lyophilized extract
(Table 1). Although detectable, the quantity of phenolic compounds in
the S. latissima sample was low compared to findings in other studies
(5-8 g PGE/100 g lyophilized extract) [4,40].

Laminarin from L. digitata

Ga H-1
|

Laminarin from L. hyperborea |

Laminarin from S. latissima

I
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3.2. Degree of polymerization, linkage types and branching

3.2.1. FT-IR spectroscopy for estimation of components and bond-types

FT-IR spectra of laminarin extracted from each of the three species
(Fig. 2) consistently displayed characteristic absorption peaks associated
with the stretching vibration of —OH groups, appearing at 3347 cm ™!
for L. digitata, 3361 em! for L. hyperborea, and 3314 em™! for
S. latissima, respectively. The C—H stretching vibrations in —CHj or
—CH, groups, characteristic of sugars, were observed at 2917 cm ™! for
L. digitata and L. hyperborea, and at 2887 cm ™ for S. latissima, probably a
result of variations in the laminarin structure across the species (as
further described below). The pyranose absorption peak, associated with
the C—H weak scissor vibration around 890 cm ™, confirmed the exis-
tence of f-type glycosidic bonds for all three species. The peaks observed
between 1000 and 1200 cm ™! were attributed to the stretching vibra-
tions of C—C and C—O bonds in the pyranose rings, indicating poly-
saccharides as dominant components in the extracts. These observations
agree with previously reported data [13,41].

3.2.2. Estimation of the degree of polymerization

MALDI-TOF MS analysis of the laminarins from L. digitata,
L. hyperborea and S. latissima showed that the extracts constituted a
mixture of poly- and oligosaccharides of varying sizes (Fig. 3 and
Table 2). The laminarin from L. digitata displayed a range from DP10 to
DP36, with DP25 being the dominant signal (Fig. 3). Laminarin from
L. hyperborea exhibited a size range from DP8 to DP33, with DP24 being
the dominant signal (Fig. 3), and S. latissima laminarin had a DP range
from DP7 to DP36, with DP24 being the dominant signal (Fig. 3). This
suggests an average molecular weight of approximately 5 kDa, in line
with previous reported data [2-4].

3.2.3. Structural analysis of the laminarins by 1D/2D 'H NMR
spectroscopy

In the 1D 'H NMR spectra of laminarin from L. digitata, L. hyperborea,
and S. latissima (Fig. 1), the anomeric signals are detected at positions
that correspond to the occurrence of -1,3 and $-1,6 linkages. For the
assignment of the various signals, our previously developed library of

GD H-6a

1

W{J‘f 1/L\m N:L%i

4.0 35 [ppm]

Fig. 1. 'H NMR spectra of laminarin from L. digitata, L. hyperborea, and S. latissima highlighting possible linkages. The spectra were recorded in D50 at 292 K. The
possible linkages are shown as Gt [p-D-Glep-(1 — 3)-1; Gi [-(1 — 3)-p-D-Glep-(1 — 3)-1; GD [-(1 — 3,6)-B-D-Glep-(1 — 3)-1; GB [—(1 — 6)-p-D-Glep-(1 — 3)-]; GC
[-(1 - 3)-p-D-Glep-(1 — 6)-1; GA [B-D-Glep-(1 — 6)-1; Ga/p (reducing end) [—(1 — 3)-B-D-Glep] and M-ol [—(1 — 1)-M-ol].
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Table 2

Sample overview of laminarin and laminari-oligosaccharide samples including
degree of polymerization range determined by MALDI-TOF-MS, branching
content, and mannitol:glucose (M:G) ratio determined with 1H NMR.

Sample Degree of Branching M:G
polymerization chains
L. digitata DP10-DP36, highest ~10 % p-1,6-linkages ~2.5:1
laminarin signal DP25 (6.5 % branching, 3.5
% intrachain)
Residues ratio GD:GB*
~2:1
LdF1 (well: C10- DP-12-DP15 10 % p-1,6-linkage
D2)” Residues ratio GD:GB
2:1
LdF2 (well: D3- DP9-DP12 7 % p-1,6-linkage
D8) Residues ratio GD:GB
2:1
LdF3 (well: D9- DP8-DP10 3 % p-1,6-branching
El) GB residue not detected
LdF4 (well: E2- DP6-DP8 3 % p-1,6-branching
E5) GB residue not detected
L. hyperborea DP8-DP33, highest ~4 % p-1,6-branching,  ~1:1
laminarin signal at DP24 GB traces
LhF1 (well: C10- DP12-DP15 11 % p-1,6-branching
C12)
NB: contamination
with fucoidan
LhF2 (well: D1- DP10-DP13 7 % p-1,6-branching
D5)
NB: contamination
with fucoidan
LhF3 (well: D6- DP8-DP11 3 % p-1,6-branching
D10)
LhF4 (well: D11- DP6-DP10 3 % p-1,6-branching
E5)
LhF5 (well: E6- DP5-DP8 7 % p-1,6-branching
E7)
S. latissima DP7-DP36 ~21 % p-1,6-linkages ~2.5:1
laminarin highest signal (~15 % branching, ~6

detected at DP24 % intrachain)

Residues ratio

GD:GB ~ 2:1
SIF1 (well: C10- DP10-DP14 20 % p-1,6-linkages
D2) (~15 % branching, ~5
% interchain)
Residues ratio
GD:GB ~2:1
SIF2 (well: D9- DP9-DP11 16 % p-1,6-linkages
E1) (~11 % branching, ~5
% interchain)
Residues ratio
GD:GB ~2:1
SIF3 (well: E2- DP6-DP9 11 % p-1,6-linkages
E5) (~7 % branching, ~4

% interchain)
Residues ratio
GD:GB ~2:1

2 Wells merged in Fig. S2.
* The GD:GB ratio reflects the p1,6-branch to p1,6-intrachain ratio.

NMR data for laminari-oligosaccharides was used (Table 3) [42,43].
Additionally, 2D '3C — 'H HSQC spectra were recorded confirming the
assignment of chemical shifts, particularly in the bulk region, where
significant overlap of signals was observed in the 1D spectrum (Fig. S4).
In the 1D 'H NMR spectrum, terminal $-D-Glcp-(1 — 3)-units are re-
flected by Gt H-1 at § 4.75, internal -(1 — 3)-4-D-Glcp-(1 — 3)- units by
Gi H-1 at § 4.79, branching -(1 - 3,6)-$-D-Glcp-(1 — 3)- units by GD H-1
at § 4.77, —(1 — 6)-5-D-Glcp-(1 — 3)- units by GB at § 4.72, —(1 — 3)-
p-D-Glep-(1 — 6)- units by GC H-1 at § 4.55, terminal f-D-Glep-(1 — 6)-
units by GA H-1 at § 4.52, Ga/f (reducing end) [—(1 — 3)-5-D-Glcp] at §
5.22/4.67, respectively, and mannitol itself, which gives a M-ol H-1a
signal outside the bulk region at § 4.18 (Fig. 1). Due to strong overlap of
the signals, line fitting (deconvolution) was used to estimate the average
DP, branching and mannitol to glucose (M:G) ratio (Table 3). The
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percentage of the -1,6-intrachain/branching in laminarin samples was
estimated after integration of the GB/GD H-6a at § 4.21; reducing ends:
Ga/pH-1 at §5.22/4.67, respectively, M-ol H-1a at 5 4.18 and remaining
overlapping anomeric signals: Gt, Gi, GD, GC, GB, GA, respectively. The
peak area of well-resolved GB H-1 signal was subtracted from the GB/GD
H-6a signal, giving the percentage of GB:GD ratio. Average DP was
determined by comparing the integrals of reducing ends: Ga/p, M-ol
signals and the integrals of overlapping anomeric signals: Gt, Gi, GD, GC,
GB, GA, respectively.

The analysis highlighted distinct structural features in the laminarins
from the three species. Specifically, laminarin from S. latissima exhibited
a notable degree of branching, constituting 21 % of -1,6-linkages, of
which 15 % was assigned to branching and 6 % formed intrachain links,
including a 1,6-branch point on the non-reducing glucose forming a
kinked-linear structure (Fig. 1 and Table 2). In contrast, laminarin from
L. digitata displayed fewer -1,6-linkages compared with laminarin from
S. latissima, with 6.5 % allocated to branching, and 3.5 % to intrachain
links (Fig. 1 and Table 2). Importantly, both types of laminarin con-
tained both longer and shorter sidechains of glucose. In contrast, lami-
narin from L. hyperborea predominantly featured a linear $-1,3-linked
backbone with minimal branching, approximately 4 %, and lacked
intrachain links (Fig. 1 and Table 2). The existing branches in
L. hyperborea laminarin consisted solely of single glucose units, a feature
that may also be influenced by various factors such as the habitats and
environmental factors of the seaweed species. These results collectively
affirm structural distinctions of laminarins from different brown
seaweed species.

3.3. Engymatically produced laminari-oligosaccharides

3.3.1. Structural analysis of laminari-oligosaccharides generated by
LPHase

The relatively diverse bioactivities previously reported for laminarin
may, partially, be attributed to distinct structural differences across
brown seaweed species. These differences include elements such as
branch points, intrachain links, and the distribution of $-1,6-linkages
[44]. However, the specific structural elements responsible driving
specific activities remain unclear. To address this knowledge gap,
several laminari-oligosaccharide fractions from the three laminarin
types, extracted and characterized above, were produced using the
laminaripentaose-producing endo-1,3-f-glucanase, LPHase, a glycoside
hydrolase family 64 enzyme. This approach enabled the creation of
laminari-oligosaccharides with similar DP but with varying branching
and intrachain linkage content. MALDI-TOF MS was used to determine
the DP range of the laminari-oligosaccharides (Table 2), while 1D/2D
1H-1%C NMR analyses were used to explore structural differences
(Tables 2 and 3).

Laminari-oligosaccharide fractions derived from L. hyperborea
showed an increase in f-1,6-branching compared to the laminarin
polymer. Specifically, the oligosaccharide fraction LhF1, eluting with a
retention time corresponding to a higher apparent molecular weight and
lower mobility on TLC (Fig. S2), contained 11 % p-1,6-branching,
compared to 4 % in undigested laminarin. Fraction LhF2 contained ol-
igosaccharides with a somewhat lower apparent molecular weight, and
showed 7 % p-1,6-branching (Table 2). Unfortunately, both LhF1 and
LhF2 were contaminated with fucoidan, leading to their exclusion from
immunological analysis. The two fractions, which, based on mobility,
comprised intermediate-sized (LhF3) and intermediate to small-sized
oligosaccharides (LhF4), exhibited 3 % p-1,6-branching, while the
apparent smaller oligosaccharide fraction (LhF5) contained 7 % $-1,6-
branching, indicating an uneven distribution of the branches (Table 2).
No intrachain links were observed in any of the above fractions, nor
were they present in the laminarin polymer (above). The increase in
branching in the oligosaccharides indicates that the short single-residue
branches in L. hyperborea laminarin may be well accommodated in the
active site of the LPHase. The enzyme is shown to have an unusually
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Fig. 2. FT-IR spectra of purified laminarin from L. digitata, L. hyperborea and S. latissima. The infrared spectra were recorded in the 400-4000 cm ™ region using a FT-
IR system. The spectra for laminarin from L. digitata, L. hyperborea and S. latissima are highlighted in black, red and blue, respectively.

wide groove around the active site [45], a feature that may allow ac-
commodation of substrates with a certain degree of branching.

In contrast, the laminarin fractions from L. digitata and S. latissima
showed a gradual reduction in the percentage of 5-1,6-linkages as the
oligosaccharide mixtures decreased in their DP range (Table 2). This
could suggest that the branching points occur irregularly in the polymer
and that the longer branches in the polymers from these species are less
accessible for substrate binding by the enzyme. For L. digitata laminarin,
the larger oligosaccharide fractions (LdF1 and LdF2) contained 10 % and
7 % of the -1,6-linkages, including both intrachain links and branched
structures. In contrast, the intermediate and smaller oligosaccharide
fractions (LdF3 and LdF4) each contained 3 % f-1,6-linkages with short
side chains but without the intrachain links, indicating that these may
have been hydrolyzed during the enzymatic treatment.

The S. latissima oligosaccharide fractions (SIF1, SIF2 and SIF3) dis-
played a higher percentage of f-1,6-linkages (20 %, 16 %, and 11 %,
respectively), reflecting the greater branching and intrachain links (21
%) of the S. latissima laminarin, and in SIF1, maintaining the proportion
found in the laminarin polymer (Table 2). Interestingly, all fractions
derived from S. latissima contained intrachain links, indicating a higher
abundance in this species [this feature was not found in the smaller
oligosaccharide fractions of similar DP from L. digitata (LdF3 and LdF4)].
This indicates that the intrachain links are located closer to each other in
S. latissima, prohibiting cleavage in the active site of LPHase.

Notably, similar to the 'H NMR data from the laminarin polymer
sample of L. digitata, citric acid was observed in all fractions from the
three different species, originating from the hydrolysis with LPHase
carried out using a sodium citrate buffer (data not shown). However,
only traces were observed in the laminari-oligosaccharide fractions
derived from L. hyperborea, likely due to the less branched structure of its
laminarin, which results in reduced interaction with the sodium citrate
buffer and the laminarin, leading to more efficient purification on the
size-exclusion Superdex™ 30 HiLoad 26/600 column.

3.4. Effect of laminarin and laminari-oligosaccharide fractions on
immunomodulation

3.4.1. Effect on DC maturation, cell viability and cytokine secretion

No impact on the appearance or viability of the DCs treated with
laminarin or laminari-oligosaccharides for 24 h was observed compared
to the non-treated control (Neg-DCs), as evidenced by their unchanged
appearance under a light microscope (Fig. 4a) and viability counts
exceeding 80 % in most cases (Table S2).

Maturation of the immature DCs into mature DCs was confirmed by
the absence of expression of the CD14 monocyte marker and by the
higher percentage of DCs expressing the antigen-presenting molecule
HLA-DR, along with the co-stimulatory molecules CD40 and CD86. The
expression of these molecules was not affected by treatment with any of
the laminarins (Fig. 4b). In addition, laminarin treatment did not affect
the expression of CD1c and CD141 on the DCs, molecules commonly
used to distinguish between the DC1 and DC2 subsets [46,47], with a
higher percentage of DCs expressing CDlc than CD141 (Fig. 4b).
Moreover, a high percentage of DCs that expressed PD-L1 was observed,
a ligand known to be upregulated upon activation (e.g., by LPS) to
prevent excessive inflammation [48] (Fig. 4b), but this was not different
from Neg-DCs. In summary, these results demonstrate that none of the
laminarin extracts affected the maturation of the immature DCs into
mature DCs.

No impact on the secretion of any of the investigated cytokines was
observed when the DCs were treated with samples derived from
L. digitata (Fig. 5a-e, light grey graphs), implying that laminarin and
laminari-oligosaccharides from L. digitata do not promote pro- or anti-
inflammatory responses in this model.

The L. hyperborea laminarin polymer did not affect the TNFa secre-
tion by DCs compared to Neg-DCs, whereas DCs treated with the
laminari-oligosaccharide fractions LhF4 and LhF5 secreted decreased
levels of TNFa (35 % and 32 %, respectively; Fig. 5a, middle grey). This
suggests size-dependent effect on decrease in TNFa secretion by the
L. hyperborea laminari-oligosaccharide fractions. DCs treated with
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Fig. 3. MALDI-TOF MS spectra of laminarin from L. digitata, L. hyperborea and S. latissima. The MALDI-TOF MS spectra display the degree of polymerization
composition of each extract. The dominant peaks correspond to DP25 for L. digitata, and DP24 for L. hyperborea and S. latissima are highlighted. These findings are
consistent with the reported ranges of DP25-DP40, corresponding to molecular weights of 4.2-7.2 kDa.

laminarin from L. hyperborea secreted higher levels of IL-6 compared to
Neg-DCs (24 %) and this was also observed for DCs treated with LhF5
(34 %) (Fig. 5b, middle grey). Laminarin and laminari-oligosaccharides
from L. hyperborea did not affect secretion of IL-12p40 (Fig. 5c, middle
grey), while DCs treated with the L. hyperborea laminarin polymer
secreted significantly higher levels of the anti-inflammatory cytokine IL-
10 as compared to Neg-DCs (Fig. 5d, middle grey), resulting in a non-
significant decrease in the PI by 26 % (PI < 1; Fig. 5e middle grey).
Although IL-6 can induce inflammatory responses, it can, in combina-
tion with IL-10 secretion, induce anti-inflammatory response, suggest-
ing an overall anti-inflammatory effect associated with L. hyperborea
laminarin polymer treatment of DCs.

An 18 % decrease in TNFa secretion was observed when the DCs
were treated with SIF3, the smallest laminari-oligosaccharide fraction
from S. latissima (Fig. 5a, dark grey). Treatment of DCs with laminarin
and laminari-oligosaccharides from S. latissima did not affect the
secretion of other cytokines analyzed, i.e. IL-6, IL-12p40, and IL-10, by
the DCs (Fig. 5a, ¢ and d, dark grey).

The decreased TNFa secretion by DCs is associated with the smaller
fractions of laminari-oligosaccharides derived from L. hyperborea (LhF4
and LhF5) and S. latissima (SIF3). However, it is evident that factors
beyond size (DP range) may also play a role in down-regulating TNFo
secretion by the DCs. This is highlighted by the observation that neither
of the small laminari-oligosaccharide fractions derived from L. digitata
(LdF3 and LdF4) exhibited any effect on the TNFa secretion by the DCs
compared to Neg-DCs.

Results from 'H NMR (Table 2) provided more detailed insights into
the structural composition of the laminari-oligosaccharides.

Specifically, the SIF3 oligosaccharide displayed a mixture of branched
and linear structures, including linear intrachain links located at the
non-reducing end (Fig. S5), exhibiting a total of 11 % f-1,6-linkages.
Conversely, the LhF5 oligosaccharide primarily had linear structures
with short side chains and lacked intrachain links, with an overall -1,6-
linkage content of 7 %. Structures similar to LhF5 were found in LdF3
and LdF4; however, only LhF5 affected TNFa secretion by the DCs. A
plausible explanation for this difference in secretion is that a specific
percentage of f-1,6-linkages may be necessary to influence TNFu
secretion by the DCs, as the laminari-oligosaccharide fractions LdF3 and
LdF4, which had no effect, only contained 3 % f-1,6-linkages. Both SIF3
and LhF5 affected TNFa secretion by the DCs, but while SIF3 included
both branches and intrachain links, LhF5 was lacking the latter, poten-
tially linking the effect on TNFa secretion to the f-1,6-branching rather
than intrachain links in the laminari-oligosaccharides.

The absence of intrachain links, combined with the presence of small
branches may also affect the IL-10 secretion by DCs. The L. hyperborea
laminarin polymer, characterized by approximately 4 % $-1,6-linkages
(Table 2), is devoid of intrachain links, but caused an increase in IL-10
secretion by the DCs, a phenomenon not observed with the other two
laminarin polymers that contain the intrachain structures (Fig. S5).
Thus, the simple branching pattern, primarily consisting of short side
chains, of laminarin from L. hyperborea may play a significant role in its
effect on IL-10 secretion by DCs.

The 'H NMR data revealed the presence of citric acid in all fraction
samples, likely originating from the LPHase digestion method. There-
fore, the effect of sodium citrate buffer on cytokine secretion by DCs was
assessed. No significant effects were observed on TNFa, IL-6, IL-12p40,
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Table 3
'H and '®C NMR chemical shifts (5) of L. digitata, L. hyperborea, S. latissima,
recorded in D50 at 292 K.

Residue H-la/ H-2 H-3 H-4 H-5 H-6a/
1b C-2 C-3 C-4 C-5 6b
C-1 C-6

Ga -(1 — 3)-a-D-Glcp 5.22 3.73 3.92 3.52 3.86 3.83/
93.0 72.0 833 70.0 722 3.79
61.6

Gp -(1 — 3)-p-D-Glcp 4.67 3.44 3.74 3.52 3.49 3.90/
96.6 74.9 85.7 69.2 76.6 3.74
61.6

G2 -(1 - 3)-p-D-Glep- 4.76 3.56 3.78 3.54 3.52 3.93/
1 - 3)- 103.7 74.3 85.3 69.1 76.7 3.74
a-D-Glep 61.7

G2p -(1 - 3)-p-D-Glep- 4.77 3.56 3.78 3.53 3.53 3.93/
a - 3)- 103.7 743 853 69.1 76.7 3.74
$-D-Glep 61.7

G2 -(1 - 3)-p-D-Glep- 4.54 3.56 3.74 3.54 3.52 3.92/
a-1- 103.6 73.9 853 69.1 76.6 3.76
D-Man-ol 61.7

Gi -(1 — 3)-p-D-Glep- 4.79 3.56 3.77 3.54 3.52 3.92/
a - 3)- 103.4 73.9 855 69.1 76.6 3.76
61.7

Gt B-D-Glep-(1 — 3)- 4.75 3.37 3.53 3.42 3.48 3.92/
103.7 74.4 76.6 70.6 76.8 3.72
61.7

GA p-D-Glep-(1 - 6)- 4.52 3.32 351 3.41 3.46 3.92/
103.7 74.0  76.0 70.6  76.7 3.74
61.6

GB -(1 - 6)-p-D-Glep- 4.72 3.38 3.53 3.48 3.67 4.21/
a - 3)- 103.8 74.4  76.5 70.5 756 3.87
69.7

GC -(1 — 3)-p-D-Glep- 4.55 3.52 3.74 3.51 3.50 3.92/
a1 - 6)- 103.6 73.6  85.6 69.1 76.6 3.75
61.6

GD -(1 — 3,6)-p-D- 4.77 3.60 3.79 3.58  3.69 4.21/
Glep-(1 — 3)- 103.8 74.0 85.4 69.1 75.4 3.89
69.7

M- -(1 - 1)-D-Man-ol 4.18/ 3.87 3.85 375 379 3.86/
ol 3.84 70.6 n.d. 71.7  70.0 3.67
72.6 64.0

n.d. = not determine.

or IL-10 (Fig. S6), confirming that the alterations in cytokine secretion
by DCs treated with laminarins can be attributed to the polymer or
oligomers of the laminarins rather than by the buffer.

As TNFq is a key pro-inflammatory cytokine involved in the initia-
tion and progression of acute inflammatory responses, important in
protecting the body against harmful effects of pathogens and damaged
tissues [26]. However, in autoimmune diseases, such as inflammatory
bowel disease, rheumatoid arthritis, and psoriasis [49,50], dysregulated
TNFa production becomes a hallmark of pathogenesis, driving chronic
inflammation and exacerbating tissue injury [27,51]. Thus, treatments
that decrease TNFa secretion by DCs, such as by LhF5 and SIF3, could
potentially ameliorate inflammatory conditions and autoimmune dis-
eases by reducing TNFa secretion, minimizing tissue damage and
inflammation [53]. Similarly, the increase in IL-10 secretion by DCs
treated with the laminarin polymer from L. hyperborea indicates anti-
inflammatory properties, as IL-10 plays an important role in limiting
excessive immune responses [52]. In summary, these data suggest that
the laminarin polymer from L. hyperborea and the small oligosaccharide
fractions LhF5 and SIF3 may be beneficial as treatment of excessive
inflammation as observed in many chronic inflammatory diseases.

3.4.2. Effect on DCs and T-cell crosstalk

Given the key role of DCs in not only activating naive T cells but also
in directing their differentiation, the impact of DCs matured for 24 h in
the presence of laminarin from L. hyperborea, and the laminari-
oligosaccharides LhF5 or SIF3 on cytokine secretion when co-cultured
with allogeneic CD4™ T-cells was investigated. Secretion of IFN-y and
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IL-17 was examined as indicators of Th1l and Th17 responses, respec-
tively, while IL-10 can be secreted by both the DCs, to stimulate T-reg-
ulatory (Treg) cells [52,53], or by the CD4" T-cells themselves,
suggesting a Treg cell response (as reviewed [54,55]). IL-12p40 is re-
ported to be secreted only by DCs in the co-culture [56].

When DCs were matured in the presence of laminarin from
L. hyperborea and subsequently co-cultured with allogeneic CD4" T-
cells, a significant increase in both IL-17 and IL-10 secretion was
observed (Fig. 6a). This indicates a complex interplay between
L. hyperborea laminarin-treated DCs and allogeneic CD4" T-cells in
modulating the immune response. The increased IL-17 concentration in
the co-culture supernatant may result from the increased IL-6 secretion
by laminarin-treated DCs (Fig. 5b), as IL-6 is one of the main cytokines
inducing Th17 differentiation of naive T cells [57]. This suggests that
laminarin from L. hyperborea may play a role in type 3 immune response,
which is characteristic of immunity against extracellular bacteria and
fungi [58,59]. The increase in IL-10 was similar to what was observed
when DCs were cultured in the presence of laminarin from L. hyperborea
(Fig. 5d, middle grey). The increase in IL-10 secretion in the co-culture
supernatant might result from DC secretion, as DCs treated with lami-
narin from L. hyperborea secreted elevated levels of IL-10; however, it
can also be derived from the CD4™ T-cells. In either case, the high levels
of IL-10 secretion suggest a regulatory role of laminarin, most likely
within the adaptive immune system.

When LhF5-treated DCs were co-cultured with allogeneic CD4" T-
cells, a non-significant decrease in IFN-y secretion and IL-12p40 secre-
tion was observed compared to untreated DCs co-cultured with alloge-
neic CD4" T-cells (Fig. 6b). In contrast, when DCs matured in the
presence of SIF3 were co-cultured with allogeneic CD4" T-cells, a sig-
nificant decrease in IFN-y, IL-12p40, and IL-10 secretions by 26 %, 16 %,
and 38 %, respectively, was observed (Fig. 6¢). The decrease in IL-12p40
and IFN-y secretion observed in response to SIF3 treatment suggests a
decrease in type 1 immune response, as IL-12 is the main cytokine
inducing Th1 differentiation of naive T cells [60], which is characteristic
of immunity against intracellular bacteria [58,59]. Although decreased
IL-10 secretion on its own may point toward a pro-inflammatory
response, the data was in line with previous results that have shown
that reduction in IL-10 secretion in combination with decreased IL-
12p40 secretion leads to lower IFN-y secretion [61,62].

4. Conclusions

In this study, laminarins were isolated and purified from two species
of brown seaweed, L. hyperborea and S. latissima, using a two-step water
extraction process, while laminarin from L. digitata was sourced
commercially. Laminari-oligosaccharides were generated from the pu-
rified laminarins through digestion with LPHase, enabling structural
analysis that revealed differences and similarities among the laminarins
and their laminari-oligosaccharide fractions in $-1,3(1,6)-linkages and
DP.

Treating DCs with laminarin from L. hyperborea increased IL-6
secretion and resulted in elevated IL-17 secretion when the treated
DCs were co-cultured with allogeneic CD4" T-cells, suggesting a pro-
motion of type 3 immune responses, which may be beneficial against
extracellular pathogens. Furthermore, DCs treated with small, simply
branched oligosaccharides without intrachain links from L. hyperborea
(LhF4 and LhF5) and the more complex-structured small oligosaccha-
rides fraction from S. latissima (SIF3) secreted reduced levels of TNFa
without affecting their IL-12p40 secretion. When the DCs treated with
LhFS or SIF3 were co-cultured with allogeneic CD4™ T-cells effects were
observed on type 1 immune response. The effects were marked for SIF3.
As type 1 immune response is linked to chronic inflammation, these data
suggest that the small oligosaccharides fractions from L. hyperborea
(LhF5) and S. latissima (SIF3) might be useful as therapeutics against
chronic inflammatory diseases.

However, these promising data also highlight challenges to be
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Fig. 4. The impact of laminarin on dendritic cell (DC) maturation and activation. The maturation and activation of DCs were assessed through light microscopy and
flow cytometry analysis. (a) Representative images of mature DCs in the absence (Neg Ctr) or presence of laminarin from L. digitata, L. hyperborea or S. latissima after
24 h incubation. Arrows indicate mature DCs. Images were captured using a Leica DMLS light microscope equipped with a Cplan 10x/0.22 objective. (b) Expression
of surface molecules crucial for mature DC function following laminarin supplementation is displayed. Results are presented as mean + SEM of percentage positive
cells, with individual data points shown (n = 4). The DCs were treated for 24 h without (Neg-DCs) or with laminarin from L. digitata, L. hyperborea and S. latissimi.
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Fig. 5. Effect of laminarin and laminari-oligosaccharides on cytokine secretion by mature dendritic cells (DCs). Cytokine secretion indexes (SI) of TNFa (a), IL-6 (b),
IL-12p40 (c), and IL-10 (d), as well as the proportional indexes (PI) between IL-12p40 and IL-10 (e), are shown for mature DCs treated with of laminarin or laminari-
oligosaccharides fractions from L. digitata (Light grey), L. hyperborea (middle grey) and S. latissima (dark grey), respectively, compared to the mature DCs without
experimental treatment (Neg-DCs). In each graph, treatments labeled as “laminarin” represent laminarin derived from the species specified on top of the images,
while the respective oligosaccharide fractions are marked with an “F” followed by a number. All samples were given in a concentration at 100 pg/mL. Experimental
treatments were compared to the Neg-DCs using one-way ANOVA with Dunnett's post hoc test in GraphPad Prism version 10.2.1 (395) Significance markers in the
results are denoted as follows: * for p < 0.033, ** for p < 0.002, and *** for p < 0.001. Sample sizes ranged from n = 3-8.
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Fig. 6. Cytokine secretion indexes in cultures of dendritic cell (DCs) co-cultured with allogeneic CD4" T-cells after treatment with laminarin or laminari-
oligosaccharides. The cytokine secretion of IFNy, IL-17, IL-10 and IL-12p40 in supernatants of DCs co-cultured with allogeneic CD4" T-cells (CD4"T) were
measured and presented in as secretion indexes (SI). The DCs were matured either without or with laminarin from L. hyperborea, or with the fractions LhF5 or SIF3, at
a concentration of 100 pg/mL for 24 h, before being co-cultured with allogeneic CD4" T cells. The label DC + CD4" T refers to DCs without treatment co-cultured
with allogeneic CD4" T cells and DC + Laminarin (a), LhF5 (b), or SIF3 (c) indicate DCs treated with one of the samples for 24 h. The DC:CD4 " T cell ratio was 1:10.
Cytokine secretion was quantified by ELISA. Results are presented as mean + SEM of secretion indexes (SI) of IFNy, IL-17, IL-10 and IL-12p40 (n = 5-6). Experi-
mental treatments were compared to the DC + CD4" T by unpaired t-test in GraphPad Prism version 10.2.1 (395). Significance markers in the results are denoted as

follows: * for p < 0.033, ** for p < 0.002, and *** for p < 0.001, n = 5-6.

addressed in future research. The variability in laminarin yield and
purity from different seaweed species underscores the need for stan-
dardized extraction and purification protocols, as the structural features
resulting in biological activity may need fine-tuning, as was found for
S. latissima laminarin, where only certain oligosaccharides resulted in
bioactivity. This calls for further work, to fully elucidate the bioactivity
mechanisms. This study also provided detailed data on structural anal-
ysis and immunomodulatory effects of laminarins and their oligosac-
charides, with the observed effects on DCs and T-cell interactions
assessed in a controlled in vitro environment. This may, however, not
completely reflect the complexities of in vivo immune responses, or the
influence of other biological factors present in a living organism. Thus,
investigations of the bioavailability, metabolism, and safety of lami-
narins and their oligosaccharide derivatives in animal models are also
necessary to confirm their therapeutic potential and address possible
adverse effects.

This work shows that laminarins from brown seaweeds have poten-
tial as immune-modulating compounds, both in fighting infections and
treating chronic inflammation but that detailed selection of the structure
is necessary to obtain the desired effect.

Supplementary data to this article can be found online at https://doi.

13

0rg/10.1016/j.ijbiomac.2025.141287.
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ARTICLE INFO ABSTRACT

Keywords: Bioactive sulfated fucoidans have high fucose content and are derived from brown seaweeds. Here we report the
Psychrophilic endo-o-1,3-fucoidanase discovery of the first cold-adapted endo-a(1 — 3)-fucoidanase (EC 3.2.1.211), Psf1. The psfl gene was found in
GH107

the genome of Pseudoalteromonas sp. $3178, a bacterium isolated from a shrimp near Antarctica. Phylogenetic
analyses designated Psf1 as a putative member of glycoside hydrolase family 107 (GH107). Substrate selectivity
analysis confirmed Psfl as being endo-acting and indicated that the enzyme catalyzes hydrolysis of a(1 - 3)-
glycosidic fucoidan linkages. Psfl had temperature optimum of 10-30 °C but retained activity at 1 °C. Structural
modeling indicated similarity to the crystal structure of PSA_FcnA (Psychromonas sp. SW5A), yet distinct high
variability regions were identified by RMSF. Psf1 released low molecular weight fucoidan oligosaccharides from
Saccharina latissima fucoidan that dose-dependently reduced IL-12p40 secretion in dendritic cells, and lowered
IFN-y and IL-10 levels in dendritic cells co-cultured with allogeneic CD4" T-cells, without affecting IL-17
secretion, indicating a suppression of Thl-mediated immune response. Treatment of dendritic cells with
native fucoidan from S. latissima did not affect cell viability or cytokine secretion. These findings have potential
to enable new enzyme-assisted production, at low temperatures, of bioactive fucoidan oligosaccharides from
S. latissima grown in the Northern Hemisphere.

Immune modulation

1. Introduction low temperatures can save energy, which is relevant in various processes

where, for example, heat-sensitive compounds must be conserved dur-

Approximately 75-80 % of the Earth's biosphere, including the polar
regions, deep-sea waters, and glaciers, is constantly cold with temper-
atures below 5 °C [1]. In spite of the low temperatures and limited
nutrients, a wide variety of microorganisms have been identified and
isolated from these environments [1,2]. A particular feature of these
psychrotolerant or psychrophilic microorganisms is that they have
evolved cold-adapted enzymes to survive. Cold-adapted enzymes are of
interest in a wide range of industrial processes [2]. Catalytic activity at

* Corresponding author.
E-mail address: asme@dtu.dk (A.S. Meyer).

https://doi.org/10.1016/j.ijbiomac.2025.145930

ing the process [3].

Fucoidans are fucose-rich, sulfated polysaccharides primarily found
in the cell walls of brown seaweeds, but which are also present in e.g. sea
cucumbers [4]. Fucoidans are classified into three main groups depen-
dent on the backbone linkages, group 1: a(1 — 3)-fucosyl linkages;
group 2: alternating a(1 — 3) and a(1 — 4)-linked fucosyl units and
group 3 a(1 — 3)-, a(1 — 4)-linked fucosyls and p-D-galactose units [5].

The structural variability of fucoidans is vast and the degree and
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patterns of for instance sulfation differ between different fucoidans
[6,7]. Fucoidans are known to exert a range of bioactivities including
anti-inflammatory, anticoagulant and antitumor effects [8-14],
although the structural heterogeneity and enhanced viscosity in solution
limits the therapeutic applications. A prerequisite for unlocking the full
potential of the fucoidan bioactivity is a mild and preserving extraction
technique followed by separation of native fucoidan populations [15].
Then, a selective depolymerization process to obtain homogeneous
bioactive fucoidans with low viscosity can be achieved using specific
fucoidanases [11-13].

Currently, endo-fucoidanases that cleave the a(1 — 4) linkages are
classified to Glycoside Hydrolase (GH) family 107 (EC 3.2.1.212) in the
CAZy database [17]. Although three a(1 — 3) specific fucoidanases are
also found in GH107, including Mef2 [16], the endo-fucoidanases that
attack a(l — 3) linkages in fucoidans are otherwise categorized into
GH168 (EC 3.2.1.211), GH174, or GH187 [9]. Most fucoidanases
characterized to date, belong to the GH107 family [16,18-25]. So far,
these fucoidanases have been reported to have optimal temperatures
from 25 to 37 °C, and reduced activity at lower temperatures
[16,18-25].

One particularly unique activity is the potential immune-regulatory
effect of fucoidans as well as presumably fucoidan oligosaccharides
[9,101, which can be investigated by analyzing DCs and T-cell responses
in an in vitro dendritic cell system. Dendritic cells (DCs) are specialized
in antigen presentation and can directly activate naive T-cells. They
reside in tissues in their immature state, where they act as sentinels on
the lookout for foreign antigens [26,27]. Upon encountering a foreign
antigen, DCs activate by undergoing phenotypic and functional changes
to develop into their mature stage, resulting in up-regulation of surface
molecules specific for antigen presentation [27]. Mature DCs then
migrate to the lymph nodes where they prime naive T-cells, directing
them to become effector cells. The cytokines that DCs secrete during this
process depend on the antigen encountered (e.g., microbial, viral or
parasitic) and tissue-environmental factors, which determine the
appropriate T-cell response [28]. For example, during the generation of
Th1 or Th17 responses, DCs secrete either IL-12 or IL-6, respectively,
which polarize naive T-cells into Th1 of Th17 effector cells [29,30].

As part of our quest for identifying endo-fucoidanases that modify
fucoidan to novel bioactive products we investigated the psfl gene
encoding a putative GH107 protein, Psfl, which had been identified in
the genome of the arctic bacterial strain Pseudoalteromonas sp. 3178.
This strain of bacteria was extracted from a surface swab of a shrimp
retrieved from the Arctic Ocean vicinity by the Danish marine expedi-
tion known as Galathea 3 [31,32].

Dendritic cell signalling studies in vitro using Psfl degraded fucoi-
dan, suggest that this enzyme exhibits unique properties for production
of potentially immune regulative fucoidan oligosaccharides in low
temperature processes.

2. Materials and methods
2.1. Fucoidan substrates

Fucoidans from Fucus evanescens (Fe) and Saccharina latissima (SI)
were extracted using an enzyme-assisted extraction method followed by
purification by ion-exchange chromatography (IEX) as described in [15]
using an anion exchange DEAE-Macroprep resin material (Bio-Rad, CA,
USA). The Sl fucoidan used in this study, was the third elution fraction
obtained after IEX and is referred to here as Sl native.

Crude fucoidans were extracted as previously described from the
Vietnamese brown seaweeds Turbinaria ornata (To) [33], Sargassum
mecclurei (Sm) [34], Sargassum oligocystum (So) [35], and Sargassum
polycystum (Sp) [36], and further separated by anion-exchange chro-
matography. Fucoidan from Undaria pinnatifida (Up) was isolated by the
Pacific Institute of Bioorganic Chemistry (PIBOC, Russia) as described
previously [37].
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Fucoidan from Fucus vesiculosus F8190 (Fv) was purchased from
Sigma-Aldrich (Steinheim, Germany).

Table S1 details the reported branches, glycosidic linkages, and de-
gree of sulfation of the structural moieties of the fucoidan substrates.

2.2. Identification of the psfl gene and sequence analysis

The putative fucoidanase-encoding psflI gene (Genbank
WP_138682449.1) was discovered in the genome of Pseudoalteromonas
sp. S3178 (GenBank assembly accession GCA_005886985.1) by
sequence alignment. An N-terminal signal peptide was predicted in the
Psf1 protein using SignalP 5.0 (https://services.healthtech.dtu.dk/servi
ce.php/SignalP-5.0). Conserved domains in Psfl were predicted using
InterProScan (https://www.ebi.ac.uk/interpro/search/sequence/).
Multiple sequence alignment was carried out by using CLUSTALW (http
s://www.genome.jp/tools-bin/clustalw). A phylogenetic tree was con-
structed by maximum likelihood using Phylogeny.fr (http://www.phy
logeny.fr/index.cgi). ESPript 3.0  https://espript.ibcp.fr/ESPript
/ESPript/ was used to visualize the alignment [38].

Selected and previously characterized GH107 fucoidanases in the
CAZy database (http://www.cazy.org) were used for sequence com-
parisons and include Fhfl (Genbank: WP_006217780.1), Fhf2
(WP_006217784.1) from Formosa haliotis; FFA1 (WP_057784217.1),
FFA2 (WP057784219.1) from Formosa algae KMM 3553"; MfFcnA
(CAI47003.1) from Mariniflexile fucanivorans SW5; P5A _FcnA
(AYF59291.1) from Psychromonas sp. SW5A; P19D_FcnA (AYF59292.1)
from Psychromonas sp. SW19D; Fdal (AA000508.1), Fda2
(AAO00509.1) from Alteromonas sp. SN-1009; FWfl (ANW96097.1),
FWf2 (ANW96098.1), FWf3 (ANW96115.1) and FWf4 (ANW96116.1)
from Wenyingzhuangia fucanilytica CZ1127%; SVI.0379 (BAJ00350.1)
from Shewanella violacea DSS12; Fp273 (AYC81240.1), Fp277
(AYC81238.1), Fp279 (AYC81239.1) from an uncultured bacterium;
Mefl (0Q831695), Mef2 (URS64324.1) from Muricauda eckloniae.

2.3. Cloning of the psf1 gene

The psfl gene without the predicted N-terminal signal peptide but
with an N-terminal 10x histidine tag was codon optimized for Escher-
ichia coli expression, synthesized by GenScript (Piscataway, NJ, USA),
and cloned into the pET-28b(+) using the Ncol and Xhol restriction sites
(Thermo Fisher Scientific, Waltham, MA, USA). The psfI construct was
confirmed by DNA sequencing (Macrogen Europe, Amsterdam,
Netherlands).

The plasmid was transformed into E. coli DH5a for plasmid ampli-
fication and into E. coli BL21 (DE3) for protein expression (Invitrogen®
Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA). The
theoretical molecular weight (MW) of the recombinant Psf1 protein was
calculated using the protein molecular weight tool (https://www.bio
informatics.org/sms/prot_ mw.html).

2.4. Expression and purification of the recombinant Psfl fucoidanase

The recombinant Psfl protein was expressed under isopropylf-D-1-
thiogalactopyranoside (IPTG) induction. A colony was used to inoculate
5 mL of lysogeny broth (LB) medium containing kanamycin (50 pg/mL)
followed by incubation at 37 °C with shaking (180 rpm) overnight. The
culture was then transferred to 500 mL LB medium with kanamycin (50
pg/mL) and incubated similarly at 37 °C (180 rpm). When ODgq of the
culture reached 0.8-1.0, IPTG was added to a final concentration of 1
mM to induce expression, and the culture was incubated for 20 h at 20 °C
(180 rpm). The cells were harvested by centrifugation at 5000 gand 4 °C
for 30 min and stored at —80 °C. Purification of Psfl was performed by
immunoaffinity his-tag purification following resuspension and soni-
cation of the cells, cell debris removal by centrifugation, and the filtering
of the supernatant as previously described [20].


https://services.healthtech.dtu.dk/service.php/SignalP-5.0
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2.5. General protein analysis

Protein concentration was quantified by the Bradford method with
bovine serum albumin (BSA) (Thermo Scientific™ Pierce™ pre-diluted
standard set (calibrated to purified BSA fraction V), Product #23208,
Thermo Scientific, Rockford, IL, USA) as the standard in concentrations
from 0.1 to 1.0 pg/mL [39]. Molecular weight and purity of purified
proteins were estimated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and western blotting, using monoclonal
anti-poly histidine-peroxidase conjugated antibodies (Sigma-Aldrich,
Steinheim, Germany) as previously described [20]. The protein markers
used were precision plus protein standard for SDS-PAGE, and precision
plus protein dual colour standard for the western blots (Bio-Rad, Her-
cules, CA, USA).

2.6. Carbohydrate polyacrylamide gel electrophoresis (C-PAGE)

Fucoidanase activity of Psfl was detected using Carbohydrate
Polyacrylamide Gel Electrophoresis (C-PAGE) as described previously
[19,20]. In short, one volume of assay reaction was mixed with one
volume of loading buffer (0.02 % phenol red in 20 % glycerol). Samples
were then loaded on a 20 % (w/v) 1 mm thick polyacrylamide gel and
oligosaccharides were separated at 30 mA for 90 min, in running buffer
(100 mM Tris-borate buffer pH 8.3). The gel was stained with 0.5 %
alcian blue 8 GX (Panreac, Barcelona, Spain) in 2 % acetic acid and 0.02
% O-toluidine (Sigma-Aldrich, Steinheim, Germany) in ethanol, for 1 h
at room temperature. The gel was washed with distilled water until
bands were visible.

The oligosaccharide standard (St) was obtained after enzymatic re-
action of 0.9 % (w/v) native F. evanescens fucoidan and 0.3 mg/mL Fhfl
fucoidanase from Formosa haliotis, 10 mM Tris-HCl buffer pH 7.4, 125
mM NaCl, 10 mM CaCl,. The furthest migrating band of the standard
corresponds to a tetra-saccharide sulfated at C2 of all fucose residues
and acetylated at C3 on the fucose residue adjacent to the reducing end
a-L-Fucp2S-(1 — 3)-a-L-Fucp2S-(1 — 4)-a-L-Fucp2S,30Ac-(1 — 3)-a-L-
Fucp2S.

2.7. Psf1 assay and thermal stability assessment

For substrate specificity assessments, enzymatic hydrolysis was
conducted using 0.9 % (w/v) substrate (the concentration of fucoidan
substrate is limited to this concentration to enable visualization and
proper separation in the C-PAGE-gel), 0.3 mg/mL enzyme, 10 mM Tris-
HCI buffer pH 7.4, 125 mM NaCl, 10 mM CaCl,. These assays were
performed at 25 °C for 18 h. The reactions were halted by heating at
85 °C for 10 min. Fucoidanase activity was determined by C-PAGE (as
outlined in section 2.6.). For determination of optimal conditions for the
Psfl fucoidanase, assays were performed as above unless stated other-
wise. The optimal temperature of Psfl was evaluated at temperatures
from 1 to 37 °C. The reaction time was determined for the different time-
durations 0, 10, 30, 60 min and 2, 4, 8, 12, 24 and 48 h.

The optimal pH was investigated in 10 mM of different buffers with
varying pH ranges including Universal buffer-UB4 buffer pH 2-8, Tris-
HCI buffer pH 7-9, and borate buffer pH 7-11. Psfl was treated with
10 mM EDTA to remove all divalent cations in the protein solution,
followed by PD10 desalting and the effects of various divalent metal ions
were investigated by adding 10 mM CaCly, NiCly, MgCly, CuSO4, MnSOy4,
ZnCly, FeCly, or CoCly solution to the reaction. The optimal CaCl, and
NaCl concentrations were investigated using concentrations ranging
from 1 to 100 mM, and from O to 400 mM, respectively.

Determination of thermostability of Psfl was investigated by pre-
incubation of enzyme without substrate at different temperatures (4,
20, 25, 30, 35 and 37 °C) before assaying by addition of substrate under
optimal assay conditions: 0.9 % fucoidan from S. latissima, 0.3 mg/mL
enzyme, 10 mM Tris buffer at pH 7, 10 mM CacCl,, and 80 mM NaCl at
25 °C for 8 h.
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2.8. Preparation and isolation of fucoidan oligosaccharides

The enzymatic reaction using 0.3 mg/mL Psf1 fucoidanase and 0.9 %
fucoidan from S. latissima (total weight 180 mg fucoidan) was incubated
in 10 mM Tris-HCI pH 7, 100 mM NacCl, 10 mM CacCl; at 25 °C for 24 h.
The medium molecular weight products (MMW) and low molecular
weight products (LMW) were separated by ethanol precipitation as re-
ported previously [20]. The reaction mixture and the separated fractions
were analyzed by C-PAGE.

2.9. NMR spectroscopy

Fucoidan samples were freeze dried and analyzed with NMR spec-
troscopy. The samples consisted of 6.6 mg of intact fucoidan from
S. latissima, 6.5 mg of deacetylated fucoidan from S. latissima and 17.0
mg of a reaction of Psfl on intact substrate in 10 mM Tris-HCl, 50 mM
NaCl, 10 mM CaCl,. These samples were dissolved in DoO and were
transferred to 3 mm NMR sample tubes. All NMR spectra were collected
at 323 K on an 800 MHz Bruker Avance III instrument equipped with an
Oxford magnet and a TCI cryoprobe. The NMR spectra included one-
dimensional 'H NMR spectra (acquiring 16,384 complex data point
that sampled 1.7 s in the FID), and 2D 'H—'H TOCSY (2048 x 256
complex data points that sampled 128 ms and 16 ms in the direct and
indirect dimension of the 2D spectrum, respectively), 1H—!H cosy
(2048 x 256 complex data points that sampled 128 ms and 16 ms in the
direct and indirect dimensions, respectively), 1H—13C HMBC (2048 x
128 complex data points sampling 256 ms and 6.3 ms, respectively) and
1H—13C HSQC (2048 x 512 complex data points sampling 160 ms and
21.2 ms, respectively) spectra. These NMR spectra were processed with
zero filling to twice the number of acquired data pointed in all di-
mensions. All NMR spectra were baseline corrected and analyzed using
Bruker Topspin 3.5 pl7 software.

2.10. Assessment of molecular weight distribution of fucoidan structures

The molecular weight distribution of native and hydrolyzed fucoidan
was estimated by High Performance Size Exclusion Chromatography
(HPSEC) using an Ultimate iso-3100 SD pump with a WPS-3000 sampler
(Thermo Scientific, Waltham, MA, USA) connected to an ERC Refrac-
toMax 520 refractive index detector (Thermo Scientific, Waltham, MA,
USA). 100 pL of sample was loaded on a Shodex SB-806 HQ column
(300 x 8 mm) equipped with a Shodex SB-G guard column (50 mm x 6
mm) (Showa Denko K.K., Tokyo, Japan).

Elution was performed with 100 mM sodium acetate pH 6 at a flow
rate of 0.5 mL/min at 40 °C. External pullulan standards (PSS Polymer
Standards Service GmbH, Maiz, Germany) were applied to establish a
polynomial relationship between the logarithmic molecular weight and
the corresponding retention time to convert the retention times of the
samples to molecular weights. Molecular weights above and below the
applied standard range are estimates based on extrapolation of the
polynomial expression [40].

2.11. 3D structural AlphaFold model of Psf1

A 3D structural model of the Psfl was generated by AlphaFold and
structurally aligned with P5A FcnA (PDB:6MS8N), originating from
Psychromonas species SW5A based on the crystal structure of the GH107
endo-fucoidanase [24]. The predicted structure of Psfl was generated
via AlphaFold (v2.1.0) [41].

MSA generation was done against the reduced database (db_preset =
reduced_dbs). All 5 relaxed structures were manually inspected for de-
fects and the highest scoring structure (ranked_0.pdb, pLDDT = 92.95)
was chosen for further analysis.
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2.12. Molecular dynamics simulation

A molecular dynamics (MD) simulation of both Psfl and P5A_FcnA
(PDB:6M8N) was conducted using GROMACS using the CHARM36-
jul2021 FF. A Calcium ion was inserted into Psfl at the proposed Ca%*
binding site of 6M8N. Each structure was surrounded in a periodic
dodecahedral system of ~130 A and solvated with TIP3P water mole-
cules. The system was equilibrated with Na™ or Cl~ as needed. MD
simulations were performed with 2 fs time step for a total of 50 ns at 300
Kand 1 bar with additional equilibration and heating steps. Simulations
were visualized using PyMol and analyzed using GROMACS functions
rms and rmsf for calculation of root mean square deviation (RMSD) and
root mean square fluctuation (RMSF). A mid simulation (25 ns) structure
for both Psfl and P5A _FcnA was selected for structural analysis. Hy-
drophobic centers, salt bridges and hydrogen bonding networks were
investigated using ProteinTools and visualized using PyMol. The elec-
trostatic potential was calculated using the APBS plugin in PyMol with
the monovalent salt concentration set to 0.5 M. The backbone RMSD of
Psfl and P5A FcnA was assessed during the full 50 ns simulation.
P5A _FcnA (PDB:6M8N) appeared very stable after ~15 ns, while Psfl
appeared stable between 10 and 40 ns, followed by a decrease in RMSD
from 0.21 to 0.15 nm. The stable region between 15 and 40 ns was used
in the calculation of RMSF.

2.13. Maturation and activation of DCs

Buffy coats were obtained from healthy blood donors (ethical
approval #06-68-V1 by the National Bioethics Committee). Peripheral
blood mononuclear cells (PBMCs) were isolated from the buffy coats by
Ficoll Histopaque density-gradient (Sigma-Aldrich). CD14" monocytes
were isolated using CD14 Microbeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany). The CD14" monocytes were cultured in 48-well plates
(Nunc, Thermo Fisher Scientific, Paisley, UK) at a concentration of 0.5 x
108 cells/mL for seven days in complete cell medium (RPMI medium
(Gibco®, Thermo Fisher Scientific), supplemented with 10 % fetal calf
serum (Gibco®) and 1 % penicillin/streptomycin (Gibco®)). The dif-
ferentiation into immature DCs was induced with IL-4 at 12.5 ng/mL,
and granulocyte-macrophage colony-stimulating factor at 25 ng/mL
(both from R&D Systems, Bio-Techne, Abingdon, England). Maturation
of immature DCs was performed by culturing them for 24 h in complete
cell medium in 48-well plates at a concentration of 2.5 x 10° cells/mL in
the presence of IL-1p (10 ng/mL), TNF-a (50 ng/mL) (both from R&D
Systems) and lipopolysaccharide (LPS) from E. coli, serotype 055:B5
(0.5 pg/mL, Sigma-Aldrich). A stock solution of 5 mg/mL of each
fucoidan sample was diluted in complete cell medium and added to the
maturing DCs to a final concentration of 100 pg/mL, except for the Sl
Psfl LMW sample, which was investigated at 1, 10 and 100 pg/mL. Cells
cultured with cytokines and LPS alone or in the presence of 1a,25
dihydroxyvitamin D3 (VitD3; Biomol International, Plymouth Meeting,
PA) at final concentration of 4 x 108 M, were used as the negative
(Neg-DCs) and positive (VitD3-DCs) controls. After 24 h, the matured
DCs were harvested and the effect of the fucoidan samples on their
maturation was evaluated by measuring cytokine secretion by ELISA
and expression of surface molecules by flow cytometry (for the SI Psfl
LMW sample only). Additionally, the effect of reaction buffer, in the
presence or absence of deactivated Psfl, on cytokine secretion using
ELISA was determined.

2.14. Co-culture of DCs and allogeneic CD4" T-cells

Allogeneic CD4" T-cells were obtained from PBMCs using CD4
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany) using the
same procedure as for the isolation of CD14" monocytes described
above. DCs matured and activated with LPS, TNF-a, and IL-1f in the
presence or absence of the Sl Psfl LMW sample (100 pg/mL) were co-
cultured at 2 x 10° cell/mL with allogeneic CD4" T-cells at 2 x 10°
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cells/mL in 96-well round bottom culture plates (Nunc) for 6 days. The
effect of the Sl Psfl LMW sample on the ability of DCs to activate the
allogeneic CD4™ T-cells was determined by measuring cytokine con-
centrations in the co-culture supernatants by ELISA.

2.15. Determination of cytokine concentrations by ELISA

The concentrations of pro-inflammatory cytokine IL-12p40 and anti-
inflammatory cytokine IL-10 in the supernatants from DCs matured in
the presence or absence of fucoidan samples and IFN-y, IL-17 and IL-10
in supernatants from co-cultured DCs and allogeneic CD4 " T-cells were
measured by sandwich ELISA using DuoSets from R&D Systems ac-
cording to the protocol from the manufacturer. To minimize the effect of
variance in cytokine secretion by DCs obtained from different in-
dividuals, the results are expressed as secretion index (SI), calculated by
dividing the concentration of cytokines (pg/mL) in the supernatant from
DCs matured in the absence of a sample (and co-cultured with allogeneic
CD4" T-cells) into the concentration of cytokines (pg/mL) in the su-
pernatant of DCs matured in the presence of the sample or VitD3 (and
co-cultured with allogeneic CD4™ T-cells). Proportional index (PI) was
used to evaluate the overall effect of the samples on the IL-12p40 and IL-
10 cytokine secretion from the DCs matured in the presence or absence
of fucoidan samples, calculated by dividing the SI for IL-12p40 with SI
for IL-10. PI >1.0 indicates an increased secretion of IL-12p40 and/or
decreased secretion of IL-10, which is more likely to promote an in-
flammatory response. Conversely, PI <1.0 indicates a decreased secre-
tion of IL-12p40 and/or increased secretion of IL-10, which is more
likely to induce an anti-inflammatory response.

2.16. Expression of surface molecules by flow cytometry

In this study, mature monocyte-derived DCs were defined by their
phenotype as HLA-DR, CD40, CD86, CD1c, CD141 and PD-L1 positive,
and CD14 negative by flow cytometry. The DCs were stained with
fluorochrome-labelled mouse monoclonal antibodies against human
HLA-DR (clone 1.243), CD40 (clone 5C3), CD14 (clone M5E2), PD-L1
(CD274) (clone 5C3), and CD1c (clone L161) (all from BioLegend),
CD141 (clone 501,733) (R&D Systems), and CD86 (clone Bu63) (Bio-
Rad). The data were collected using Sony SH800S flow cytometer (Sony
Biotechnologies, UK), using a 10,000 events gate of mDCs. The data
were analyzed using Kaluza analysis software (Beckman Coulter, Cali-
fornia, USA). Appropriate isotypic antibodies were used to evaluate
background staining. The results are given as percentage of positive cells
and mean fluorescent intensity.

The gating strategy (Fig. S1) involved initial selection of singlet cells
based on FSC-A against FSC-H to exclude doublets. Viable, intact cells
were subsequently gated using FSC-A versus SSC-A to eliminate debris
and dead cells. Appropriate isotypic antibodies were used to evaluate
background staining, and staining with specific antibodies was used to
define the percentage of positive cells.

2.17. Statistical analysis

Results are presented as means + standard error of the mean (SEM).
Reported n-values indicate the number of individual donors. As the same
donors were used across all treatment conditions, a repeated-measures
design was applied. Prior to analysis, normality of data distribution
was assessed using the Shapiro-Wilk test. For comparisons involving
three or more treatments, a repeated-measures one-way ANOVA was
conducted (employing the Geisser-Greenhouse correction function in
GraphPad Prism when sphericity was not met), followed by Dunnett's
multiple comparisons post-hoc test to compare each treatment group to
the negative control. All statistical analyses were performed using
GraphPad Prism (10.3.1(509)) (GraphPad Software, San Diego, Cali-
fornia, USA).
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3. Results
3.1. Gene identification and amino acid sequence analysis

From a surface swap of a shrimp caught in the Arctic Ocean region by
The Danish marine expedition, Galathea 3, a Pseudoalteromonas sp.
S$3178 bacterium was isolated and the whole genome was sequenced
(GenBank: PNCW00000000.1) [31]. In a general search for glycosyl
hydrolases, a putative GH107 fucoidanase encoding gene (Genbank
WP_138682449.1; protein ID: TMP05905.1) was identified in the Pseu-
doalteromonas sp. S3178 genome and named psf1 for Pseudoalteromonas
sp. fucoidanase 1. Psfl is a 402 amino acid long predicted protein con-
taining an N-terminal signal peptide of 22 amino acids and a 380 amino
acid long catalytic D1 domain, predicted through alignment with other
fucoidanases, but without any additional predicted domains when using
InterProScan (Fig. 1A and Fig. S2).

Most GH107 fucoidanases contain various predicted domains of

A
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unknown functions in their C-termini [16,18-25]. Truncation of the C-
termini is often required for heterologous expression without degrada-
tion [42], as exemplified for the Fhf2 fucoidanase [19]. However, the
modular construction of Psfl, consisting almost exclusively of the D1
domain, has previously been observed for other characterized marine
bacterial fucoidanases including Mef1 [18] from Muricauda eckloniae as
well as P19D _FcnA and P5A _FcnA from Psychromonas sp. [24].

The highest identity to Psfl when using BLASTp was a hypothetical
protein from Pseudoalteromonas fuliginea (WP_149613817.1), with 90 %
identity on 99 % of the query sequence, while the most similar char-
acterized fucoidanase was P5SA_FcnA with 63 % identity on 90 % of the
query sequence. The enzyme specificity of P5A _FcnA and P19D_FcnA
has not yet been determined, but the crystal structure was previously
solved for P5A_FcnA [24].

A phylogenetic tree was constructed from the multiple alignment of
the D1 catalytic domain of Psfl and 19 GH107 fucoidanases (Fig. S2 and
Fig. 1B). Psfl clustered closely to P5A_FcnA and P19D_FcnA, as expected

Psf1 402
Mef1 399
P5A_FcnA 403
PID_FcnA 403
MfFcnA (] D1 Ig-like Ig-like Ig-like L 1007
B o2 Mef1/24-394
0.001 Mef2/22-383
o5t P19D_FcnA/31-393
2> L PSA_FcnA/36-393
0.98 - Psf1/24-400
) SVI_0379/26-367
=1 o Fdal/23-372
Fda2/84-439
Fhf1/29-447
0.62 MfFcnA/34-418
os3) FEA2/41-433
i Fhf2/31-439
~ FWf1/15-439
o 1 oor FWf3/213-589
089 L Fp273/234-617
FW{2/243-679
T oo Fp279/40-449
Fp277/26-435
f FWf4/37-421
FFA1/31-415
0.4

Fig. 1. The modular structures and phylogenetic tree of Psfl and other characterized GH107 endo-fucoidanases. (A) The domain prediction of Psfl, Mef1, P5A_FcnA,
P19D_FcnA and MfFcnA; Yellow: signal peptide; Blue: D1 catalytic domain; Purple: Ig-like domain (IPR0O3343); Green: C-terminal module of secretion system IX
(IPRO26444). (B) A phylogenetic tree of Psf1 (green) and 19 fucoidanases with known amino acids sequences belonging to GH107 family based on the D1 multiple
alignment sequences with maximum likelihood numbers indicated branch support values. The specific a-(1 — 3) fucoidanases are shown in blue, while the specific
a-(1 — 4) fucoidanases are shown in orange. Fucoidanases without determined specificity are shown in black. Accession numbers are listed in the Methods section.



V.T.D. Trang et al.

but also clustered closely to the endo-a(1 — 3)-fucoidanases Mef2 [16],
Fdal and Fda2 [43,44], suggesting that Psf1 could be an endo-a(1 — 3)-
specific fucoidanase.

The previously identified catalytic amino acids in MfFcnA, predicted
to act as nucleophile (D226) and as acid base catalyst (H294), were
identified in the Psf1 sequence at positions D203 and H278, respectively
(Table 1).

Furthermore, three of the four amino acids residues predicted to be
important for the catalytic —1 subsite of MfFcnA, including Y147, N149,
and W351, were predicted at positions Y142, N144, and W327 in Psf1 in
the alignment. However, the last —1 subsite amino acid of MfFcnA is an
N270, which is changed to a $231 in Psfl.

Notably, two asparagine residues of the —1 subsite at position N149
and N270 in MfFcnA were not conserved in all sequences analyzed
(Table 1 and Fig. S2). N149 in MfFcnA was an alanine in Mefl, Fdal, and
Fda2 and a serine in Mef2, while N270 in MfFcnA was changed to
Ser231 in Psfl and Q267 in FWf1 (Table 1). Whether these changes in
the —1 subsite in GH107 enzymes are important for the substrate linkage
specificity or sulfate positioning, remains however to be elucidated.

3.2. AlphaFold 3D prediction revealed high structural conservation of
Psf1

An AlphaFold prediction of the Psfl structure was generated,
revealing, as expected, an irregular (p/a)g-barrel structure (Fig. 2) as

previously determined for the solved crystal structures of the three

Table 1
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GH107 fucoidanases MfFcnA, P5A _FenA [24] and Mefl [18]. The
AlphaFold prediction was of overall good quality, including 354 amino
acids out of the 402 amino acids with a pLDDT score > 90. The N-ter-
minal 30 amino acids were, as anticipated, not well predicted.
Furthermore, a stretch of four amino acids (D310, G311, K312, and
N313) and three amino acids (N253, D254 and K232) were predicted
with a lower score (>84). This prediction corresponds to an overall good
AlphaFold prediction of the 3D structure of Psfl. The AlphaFold pre-
diction was aligned with the crystal structure of PSA_FcnA (PDB 6M8N),
showing that the two enzymes had highly similar structures (Fig. 2A).
The active site amino acids predicted from the multiple sequence
alignment superimposed well to the active site amino acids of PSA_FcnA
(Fig. 2A and B). In agreement with the sequence alignment the —1
subsite N229 in PSA_FcnA was the $231 Psf1 in the structural alignment.

A number of factors were investigated to determine and explain a
possible cold adaptation of Psfl. This included comparisons of surface
charge, RMSF and RMSD of Psfl and P5A _FcnA via an MD simulation,
analysis of hydrogen bonding networks, hydrophobic clusters and sol-
vent accessible electrostatic potential. All factors that have been
accredited to psychrophilic enzymes [45]. A surface charge plot was
generated for Psfl and compared with a surface plot for PSA FcnA
(Fig. 2C). A pronounced shift to a more neutral/positive electrostatic
surface charge, particularly around the active site cleft was evident. In
total, there were approximately 14 mutations of a polar side group to a
positive side group, 10 from negative to polar side groups and 8 from
hydrophobic to polar. The surface of P5A_FcnA was highly negatively

Conserved motifs around the D1 catalytic domain and the — 1 subsite of GH107 fucoidanases. The two active site amino acids
are shown in red. The two conserved aspartic acids residues and a conserved glycine in the active site are shown in purple. The
four suggested amino acids of the —1 subsite are shown in blue (not conserved residues are underlined). Accession numbers are

listed in the Methods section.

The catalytic site The -1 subsite

GH107 Specificity I it 1 > 3
Psfl a-(1-3) 198 DGYWLD 273 DFTGGH | 142 YLNAA 223 DSTLAISVS 327 T
P5A_FcnA - 196 DGYWLD 271 DFTNGH | 143 YLNSA 221 DPELTIAVN 325 S
P19D_FcnA - 193 DGFWLD 271 DFTNGH | 140 YLNTA 221 DPSFAIGVN 325 S
SVI_ 0379 - 197 DGWWFD 244 DYTSGH | 125 YAATQ 220 NPAVILAFN 298  WN
Mef2 a-(1-3) 177 DGYWLD 255 DFTNGH | 127 YISTQ 199 DPTAVVTTIN 307  WH
Fdal a-(1-3) 221 DGWWFD 268 DYTFGH | 135 YIATQ 244 NNDAAVAFN 323  UN
Fda2 a-(1-3) 290 DGWWFD 337 DFTGGH | 198 VYIATQ 313 NSNAAVSLN 392  WN
MfFcnA a-(1—4) 221 DAWCFD 289 DYTFGH | 147 YVNSY 262 NPNAAIAFN 351 WN
Mefl a-(1—4) 182 DGYWLD 265 DFTSGH | 128 YIATD 207 DPSVMIASN 318 WT
Fhfl a-(1—4) 218 DAWCFD 285 DYTFGH | 142 YVNSY 258 NPNAAISFN 364  WN
Fhf2 o-(1—4) 222 DAWCEFD 292 DYKFGH | 144 VYVINSA 262 NPNAAITFN 355 N
FFAL a-(1—4) 218 DAWCFD 286 DYTFGH | 144 YVNSY 259 NPKAAISFN 348  WN
FFA2 a-(1—4) 232 DAWCFD 302 DYKFGH | 154 VYVNSA 272 NPDAAITFN 365  UN
FWf1 o-(1—4) 220 DAWCFD 288 DFMFGH | 129 VYVNSS 259 NPDAALSFO 357 WN
FWf2 a-(1—4) 459 DAWVFD 532 DFMFGH | 365 YVNSS 498 NENAAVAFN 611 e}
FWf3 - 396 DSWIFD 464 DFTFGH |311 YTNSE 435 NPDIAIAFN 528 WK
FWf4 - 224 DAWCFD 292 DYTFGH | 150 YVNSY 265 NPNAAVAFN 354  WN
Fp273 - 424 DSWIFD 492 DFTFGH | 339 VYLNSE 463 NPEIPIAFN 556  WT
Fp277 - 229 DGWLFD 297 DYMFGH | 139 YVNSS 268 NPNAPVSFN 368  UN
Fp279 - 244 DGWLFD 312 DYMFGH | 154 YVNSS 283 NPMAAISFN 383  UN
Conservation *oooo¥ ook * : F *
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Fig. 2. AlphaFold 3D structure prediction of Psf1. A) AlphaFold 3D model prediction of Psf1 (green) overlaid with the crystal structure of PSA_FcnA (PDB: 6M8N)
(cyan). Amino acids in the active site region of Psfl (D203, H278, Y142, N144, $231, and W327) are indicated as sticks. B) Close-up view of the active site region with
the catalytically active amino acids D203 and H278 highlighted in red. C) Comparison of the surface charge plot of the crystal fucoidanase PSA_FcnA (left) and the

predicted structure of Psfl (right).

charged, except near the active site, which was positively charged
(Fig. 2C). The active site groove, expanding from the active site, was
otherwise largely non-charged. In contrast, the surface charge of Psfl
was mostly neutral, except in the active site and active site groove,
which was highly positively charged (Fig. 2C).

Analysis of the RMSF for Psfl and P5A FcnA revealed 5 regions
where the RMSF showed a significant difference of >0.05 nm (Fig. S3).
Psfl exhibited higher RMSF than P5A _FcnA in 4 regions (1-3 and 5),
while P5A_FcnA had significantly higher RMSF than Psfl in region 4
(difference of ~0.15 nm) (Fig. S3). The largest increase in RMSF for Psf1
was in region 2, which affected region 1. Several prominent salt-bridges
were either introduced or removed in Psfl compared to P5A_FcnA,
including in the helix in the variable region 2 and in region 3. While
region 4 seemed more stable in Psfl than in PSA_FcnA, region 5 showed
increased flexibility (Fig. S3).

3.3. Substrate specificity and mode of action of the fucoidanase Psf1

The full length putative fucoidanase Psf1 was expressed (without the
signal peptide) and purified giving a single band in SDS-PAGE and
western blot analysis, corresponding to the expected molecular weight
of 45 kDa (Fig. 3A and B).

Eight fucoidans, covering the three different fucoidan groups, were
used as substrates for investigations of substrate specificity of Psfl
(Fig. 3C). The fucoidans include group 1 fucoidans from S. latissima (S1),
Undaria pinnatifida (Up) and Turbinaria ornata (To) mainly containing
a(1 — 3)-linked fucosyl residues, group 2 fucoidans from Fucus evan-
escens (Fe) and Fucus vesiculosus (Fv) mainly containing alternating a(1
— 3)- and a(1 — 4)-linked fucosyl residues and group 3 galactofucans
from Sargassum mcclurei (Sm), Sargassum oligocystum (So) and Sargassum
polycystum (Sp) containing various monosaccharides and glycosidic
linkages (Table S1). The Psfl fucoidanase assay reactions were run for
18 h at 25 °C to obtain maximal fucoidan degradation, and the activity
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Fig. 3. Purification of the Psfl fucoidanase and C-PAGE analysis of Psf1 activity on fucoidans isolated from different seaweed species. (A) SDS-PAGE, and (B) western
blot of Psfl with the expected molecular weight of 45 kDa. (St) in SDS-PAGE: Precision plus protein standard (St) for western blot: precision plus protein dual colour
standard. (C) C-PAGE of (—) control substrate, (+) enzymatic reaction of Psfl on fucoidans from S. latissima (Sl: Sl native), U. pinnatifida (Up), T. ornata (To),
F. evanescens (Fe), F. vesiculosus (Fv), S. mcclurei (Sm), S. oligocystum (So), S. polycystum (Sp). (St) oligosaccharides standard produced from the enzymatic reaction of

Fhfl on fucoidan from F. evanescens [20].

of the recombinant Psfl fucoidanase towards the fucoidans was evalu-
ated by C-PAGE using the enzymatic reaction of Formosa haliotis Fhfl on
F. evanescens fucoidan as oligosaccharide standard [20]. The C-PAGE
assay was used as a semi-quantitative assay for fucoidanase activity
determination, like most previously published fucoidanase character-
izations [16,18-21,23,24]. Quantitative glycosyl-hydrolase activity as-
says usually used for other types of glycosyl-hydrolases, including
reducing sugar assays, are unfortunately not usable for fucoidanase ac-
tivity assessments. The C-PAGE visualization of activity should be taken
with precaution, since it is only semi-quantitative and not quantitative.

Psfl only showed activity on some of the substrates including low
activity on fucoidans from U. pinnatifida (group 1 fucoidan) and
S. oligocystum (group 3 fucoidan) as a light smear in the gel, while the
highest activity was observed on fucoidan from S. latissima (group 1
fucoidan), showing clear and distinct oligosaccharide bands in the C-
PAGE gel (Fig. 3). The number of oligosaccharide bands formed during
reaction on S. latissima fucoidan, indicated that Psfl is an endo-acting
fucoidanase. Fucoidans from S. latissima and U. pinnatifida belong to
group 1, with a backbone mainly consisting of a(1 — 3)-linked fucosyls
and Psfl showed highest activity on these fucoidans, in particular on
fucoidans from S. latissima, compared to all other fucoidans tested. The
Psf1 substrate specificity is likely reflecting the bond linkage specificity
but also the sulfation degree and position as well at the branching in the
different fucoidan molecules. The data suggest that Psfl catalyzes hy-
drolysis of a(l1 — 3)-linkages between fucosyls residues in group 1
fucoidans. Fucoidan from S. latissima was selected as substrate for
further biochemical studies of the Psfl fucoidanase.

3.4. Optimal conditions for catalytic activity of Psfl

Due to the Arctic origin, Psfl activity was investigated at lower
temperatures (1, 4, 10, 20, 25, 30, 35 and 37 °C) (Fig. 4A). The tem-
perature optimum for the Psfl fucoidanase was found between 10 and
30 °C, reaching maximum activity at 25 °C. The activity was almost
undetectable when the incubation temperature reached 35 °C and it was
completely absent at 37 °C. Interestingly, Psf1 exhibited activity at 10 °C
which only decreased slightly at 4 °C. In fact, Psf1 showed activity at

temperatures as low as 1 °C, suggesting that Psfl is a psychrotolerant
enzyme. All further experiments were carried out at 25 °C, since this
temperature seemed to be in the middle of the optimal temperature
range (20-30 °C) of the enzyme.

Like the temperature effects, varying buffers and pH conditions
strongly affected Psfl fucoidanase activity. The optimal pH of Psfl was
investigated in different buffers including UB4, Tris, and borate buffer.
Psfl displayed fucoidanase activity at pH values from 6 to 9. Tris and
UB4 buffers were more suitable for activity assessments of Psfl than
borate buffer (Fig. 4B).

Many fucoidanases are metal dependent as supported by previous
crystal structures of GH107 fucoidanases, which were found to contain
calcium sites [18,24]. Fucoidanases are often affected differently by
different divalent cations [16,18-21]. Addition of EDTA completely
abolished the activity of Psfl, suggesting that metal ions were required
for Psfl activity. The addition of different metal ions to the EDTA pre-
treated Psfl enzyme, showed that Psfl was most significantly re-
activated by Ca®* and Mn?*, whereas Ni2t, Mg?*, Cu®*, Zn?*, Fe?*,
and Co?* did not induce recovery of Psfl activity (Fig. 4C).

Addition of different Ca%* concentrations indicated that Psf1 activity
was activated in the presence of 2 mM Ca?*, and slightly higher activity
was found up to 10 mM (Fig. 4D). The effect of NaCl on Psfl activity
showed low activity at 0-40 mM NacCl, while the activity was highest at
NaCl concentrations from 80 to 400 mM (Fig. 4E).

3.5. The Psf1 fucoidanase shows prolonged stability at low temperatures

Psfl was pre-incubated at different temperatures from 4 to 37 °C for
varying time periods without substrate, followed by addition of sub-
strate and assaying under optimal conditions, to determine the enzyme
stability (Fig. 5).

While Psfl completely lost activity after incubation at 35 and 37 °C
for only 2 min, Psfl remained stable for 2 h at 30 °C, but remained stable
and highly active for several days at 4 °C. These results corroborated the
cold-adapted nature of Psfl activity.
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Fig. 4. Fucoidanase activity of Psfl on fucoidan from S. latissima under different reaction conditions. C-PAGE of enzymatic hydrolysis of S. latissima fucoidan (SI) by
Psfl (A) at different temperatures from 1 to 37 °C, and (B) different pH and buffer conditions. The numbers at each well indicate pH values for specific buffers: UB4
buffer pH 2-8, Tris-buffer pH 7-9, and borate buffer pH 7-11. Reaction conditions were 0.9 % substrate, 0.3 mg/mL enzyme, 10 mM CaCl, and 125 mM NaCl at 25 °C
for 8 h at 10 mM of the various buffers. (C) C-PAGE of Psf1 activity with addition of different divalent cations at a concentration of 10 mM, (*) indicates Psfl activity
after EDTA treatment and without addition of divalent ions, (D) with addition of CaCl, at concentrations of 0-100 mM, (E) with addition of NaCl at concentrations of
0-400 mM. Reaction conditions were 0.9 % fucoidan (Sl), 0.3 mg/mL enzyme, 10 mM Tris-buffer pH 7, incubation at 25 °C for 8 h. (S1) S. latissima fucoidan control
substrate. (St) oligosaccharides standard produced from the enzymatic reaction of Fhfl on fucoidan from F. evanescens [20].

3.6. Enzgymatic degradation analysis

To determine the enzymatic degradation progress catalyzed by the
Psf1 fucoidanase, the enzymatic reaction of Psfl on S. latissima fucoidan
was followed in time and the product profile visualized by C-PAGE and
size-exclusion chromatography (SEC) (Fig. 6A and B). Large changes
were observed in SEC after 30 min compared to the substrate, due to the
endo-acting activity of the enzyme. The highest molecular weight
fucoidan peak at around 2-3 x 10° Da decreased significantly, already
after 30 min. Meanwhile, the peak around 300-400 kDa was slightly

reduced from approximately 21-17 pRIU and an increase in compounds
ranging from ~10-80 kDa was observed. After 1 h of reaction, smaller
oligosaccharide products of DP 10-12 and above were visible in C-PAGE
as distinct bands. No further smaller-sized products were visible as
distinct bands in the C-PAGE after extended reaction time beyond 4-8 h,
which was in accordance with the SEC data, although a gradual increase
in the population of fucoidan products in the range 10-40 kDa was
evident with longer reaction time and the 300-400 kDa peak was further
decreased to approximately 12 pRIU (Fig. 6B).

In addition, with the extended reaction time, the SEC profile showed
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Fig. 5. Thermostability of the Psfl fucoidanase. Psfl was pre-treated at different temperatures at the indicated time durations, followed by fucoidanase activity
assays on fucoidan from S. latissima (S] native) under optimal conditions. C-PAGE of fucoidanase activity of Psfl after pre-treatment (A) for 1-7 days at 4, 20, and
25 °C, and (B) for 2 to 240 min at 25, 30, 35, and 37 °C. (St) oligosaccharides standard produced from the enzymatic reaction of Fhfl on fucoidan from F. evanescens
[20]. Reaction conditions were 0.9 % fucoidan Sl, 0.3 mg/mL enzyme, 10 mM Tris buffer at pH 7, 10 mM CaCl,, and 80 mM NacCl at 25 °C for 8 h.
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Fig. 6. Time-course assessments of Psfl activity on the native fucoidan from S. latissima (S] fucoidan) (A) Time-course of enzymatic hydrolysis (at 25 °C, 80 mM
NaCl, 10 mM CaCl,, pH 7) in minutes () or in hours (h) is indicated at each well. (St) oligosaccharides standard producing from the enzymatic reaction of Fhfl on
fucoidan from F. evanescens [20]. (B) Size-exclusion chromatography of time-dependent Psfl action on fucoidan from S. latissima.

an increase in smaller oligosaccharide products that were in the mo-
lecular weight range of 3-10 kDa, and the higher molecular weight
bands on C-PAGE became gradually more evident.

These observations suggest that Psfl quickly degraded the very high
molecular weight fucoidan of 2-3 x 10° Da as well as the high molecular
weight fucoidans (300-400 kDa), but according to C-PAGE, the enzyme
was apparently unable to degrade the Sl fucoidan oligomers that had a
DP 10-12, which indicates that the Psfl cleavable sites in the fucoidan

10

were exhausted. Compared to the results obtained with the fucoidanase
Mef2 the resulting fucoidan oligosaccharide products were in essence
larger than anticipated from the Fhfl hydrolyzed F. evanescens standard
oligomeric products in the C-PAGE. The C-PAGE data are thus consistent
with the observed size distribution in the SEC meaning that the lowest
visible bands in the C-PAGE are likely larger in molar weight than DP
10-12.
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3.7. Separation of Psf1 hydrolysis products on fucoidan from S. latissima

The products from the Psfl catalyzed hydrolysis of fucoidan from
S. latissima were separated into two fractions using ethanol precipitation
(Fig. S4), a technique which has been shown previously to separate LMW
from MMW after fucoidanase hydrolysis [16,20]. The monosaccharide
composition confirmed the high prevalence of fucose and galactose
indicative of galactofucans in both the LMW and MMW fraction
(Table S4).

3.8. NMR spectroscopy

NMR spectroscopy of the intact S. latissima fucoidan (Sl native, which
was still acetylated and sulfated) showed three predominant spin sys-
tems likely deriving from a repetitive structural motif (Fig. 7A, Table 2).
Two of the major 'H—'3C HSQC-detectable spin systems could be
assigned to galactose units. This assignment was based on a distinct
coupling pattern in galactose yielding efficient magnetization transfer
between H1 and H4, but not between H4 and H5. The third major spin
system was identified as fucose. Doubling of '5—"3¢c HSQC signals and
the presence of weaker signals in the spectral region that is characteristic
of alpha-pyranosyl residues corrobated the heterogeneous nature of the
fucoidan. This interpretation is supported by literature data highlighting
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the complexity of the S. latissima fucoidan [6] and by the fact that the
monomer composition of the Sl native fraction is dominated by fucose
[16]. Chemical shifts and sequential assignments of the repetitive major
motif (shown in Fig. S5) are given in Table 2.

Linkage patterns were established based on HMBC and NOE corre-
lations across the glycosidic bonds. The linkage in this structural motif
was consistent with a previously reported structural motif detected in
the reinvestigation of desulfated S. latissima fractions [6] and with the
presence of galactose and fucose in the polysaccharide as determined by
monosaccharide analysis.

NMR spectroscopy on the native, acetylated fraction showed a strong
and characteristic deshielding of 'H3 in the terminal [«a-Fucp30A-
¢,40S03-(1—] unit to chemical shifts of 5.166 ppm/71.9 ppm for the
C3H3 group (Table 2). An equivalent deshielding at 'H2 in the adjacent
[—3)-p-Galp20Ac,40S03-(1—] unit to 5.118 ppm/70.9 ppm for the
C2H2 group (Table 2) witnesses that the preparation was predominantly
acetylated at O3 of the terminal a-fucosyl residue and at O2 of the
adjacent p-galactosyl residue. Sulfation could be determined by char-
acteristic deshielding of 'H and '3C chemical shifts.

Upon treatment with Psf1, this polymeric structural motif containing
a terminal [a-Fucp30Ac,40SO3(1—] residue remained intact, thus
showing that the terminal fucosyl residue was not cleaved off by Psfl.
Neither did chromatography indicate the release of monomeric fucose
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Fig. 7. NMR analysis of the hydrolyzed products obtained from degradation of fucoidan from S. latissima by Psfl. (A) 'H'*C HSQC spectra after cleavage of
S. latissima Sl native fucoidan (blue) with Psfl and comparison to the substrate "H'3C HSQC (grey). Some additional signals are highlighted by asterisks as a guide to
the eye. (B) 'H'3C HSQG (blue) and HMBC (red) spectra after cleavage of . latissima Sl native fucoidan with Psf1 and comparison to the substrate 'H'*C HSQC (grey).
Additional signals arise from released fucoidan and are consistent with predominant 4-sulfation of the emerging fucose signals, as judged from long-range corre-
lations between 'H-6 and '3C-4, and from characteristic chemical shifts above 4.8 ppm for 'H and near 80 ppm for '3C in the C4H4. (C) Structure of the repetitive
structural element in the S. latissima S] native fucoidan that is preserved upon treatment with Psf1. (D) Structural elements that get liberated by Psf1 include 2- and 4-

sulfation of fucosyl residues, low acetylation and some carbohydrate branching.
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Table 2
H (first line) and °C (second line) NMR chemical shift values (in ppm) for the Sl native polysaccharide fraction of S. latissima fucoidan. The same regular poly-

saccharide is preserved in the high molecular weight fraction after Psfl cleavage.

Residue\Atom 1 2 3 4 5 6
- 5.355 4.032 5.166 4711 4.570 1.263
-Fucp3OAc, 405031~ 100.3 66.5 71.9 77.7 66.5 16.2
, 4.770 5.118 3.939 4.605 3.798 3.802
~3)-p-Galp20Ac, 40505 (1~ 103.4 70.9 77.0 78.1 74.9 61.4
. 4.551 3.699 4.341 4.540 3.93 3.852/4.165
~46)-p- Galp3050; (1~ 103.6 69.5 80.7 74.1 73.8 69.6
through an exo-acting activity. The Psfl treatment thus released long the horizontal lines in Fig. 7B connecting HMBC signals (red) between
oligosaccharides and opposite to the substrate, signals for diverse H6 and C4 spins with their corresponding C4H4 signals in the HSQC
fucosyl-residues become more prominent, as these residues appear to (blue) for the newly liberated species. The O4-sulfation validates with
become more mobile upon Psfl-treatment and release from polymeric the liberated fucosyl-rich regions are not glycosylated at O4. In addition,
and heterogeneous regions. Considering that S. latissima fucoidan only the anomeric NMR signals are indicative of liberation of fucoidan from 1
contains 1 — 3 fucosyl stretches that are decorated with monomeric, to 3 linked a-fucosyl-rich stretches, including a spin system of a struc-

single-sulfate substituted 1 — 4 fucosyls in this substrate [16], and tural motif with a 2,3-branched fucosyl residue reported in a 1-3 linked
contain 1 — 2 attached single fucosyl residues branches [6], the a-fucosyl-rich stretch [6].

increased mobility in fucoidan oligosaccharides is indicative of endo-1,3
cleavage by Psfl, especially as the 1,4 linkages appear to remain intact.
These additional oligo—/polymeric fucoidans that are released by Psfl
are predominantly 4-sulfated, judging from a strong H4 deshielding that
is characteristic of sulfation. The C4H4 chemical shifts could be identi-
fied by correlating the H6 in 'H—3C HMBC spectra to the G4 carbon and
the C4 carbon to H4 in "H—'3C HSQC. These correlations are shown by

3.9. Impact of fucoidan and fucoidan oligosaccharide fractions obtained
from S. latissima on the cytokine secretion of IL-12p40 and IL-10 and
maturation of DCs

DCs were selected due to their central role as antigen-presenting cells
(APCs), particularly in initiating and directing adaptive immune
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Fig. 8. The impact of fucoidan and fucoidan oligosaccharide fractions from S. latissima and digested with Psfl on the cytokine secretion of IL-12p40 and IL-10 by DCs
and their expression of cell surface molecules, as well as the effect of Sl Psf1 LMW on DCs and T-cell crosstalk. DCs were matured and activated for 24 h by TNF-a, IL-
1p and LPS in the absence (Neg-DCs) or presence of Sl native, Sl Psf1l MMW or Sl Psf1 LMW. The experimental treatment was given as 100 pg/mL, except if otherwise
stated. The supernatants were collected and the concentration of IL-12p40 and IL-10 were determined by ELISA. The data are presented as secretion index (SI) of IL-
12p40 and IL-10 and proportional index (PI) between IL-12p40 and IL-10 in bar plots showing mean + SEM (A, C and D; n = 4-6). The PI was calculated as the SI
from IL-12p40 divided by SI from IL-10 (A). The effect of Sl Psf1 LMW on surface molecule expression was measured by flow cytometry using Sony SH800S flow
cytometry with results expressed as percentage of positive cells (n = 4). The dose-dependent effect of Sl Psf1 LMW response was investigated at 1, 10 and 100 pg/mL
(n = 4) (D). The secretion of IFN-y, IL-17 and IL-10 in the supernatant after co-culture of DCs matured without (DC + T-cells) or with the SI Psf1 LMW sample at 100
pg/mL and allogeneic CD4 " T-cells (DCs + T-cells + SI Psf1 LMW) at a ratiol:10 was measured by ELISA and results given as mean -+ SEM of SI of IFN-y, IL-17 and IL-
10 (n = 6) (D). Experimental treatments were compared with the Neg-DCs with one-way ANOVA utilizing Dunnett comparison test (A & C) or by unpaired t-test in (B
& D) using graphPad Prism (10.3.1 (509)). The * indicate p < 0.033, ** p < 0.002 and *** p < 0.001.
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responses. Unlike macrophages and B-cells, DCs are uniquely capable of
activating naive T-cells and are thus critical in shaping T-cell-mediated
immunity - a key focus in immunomodulatory research [46,47]. Human
monocyte-derived DCs offer a physiologically relevant in vitro model
that closely reflects human immune function. Their responsiveness to
pattern recognition receptor (PRR) ligands, such as polysaccharides,
makes them particularly suitable for studying structure-function re-
lationships of bioactive carbohydrates like fucoidans [48]. Treating DCs
with 100 pg/mL of the native fucoidan substrate (S native) and the two
fucoidan derivatives (Sl Psf1 MMW and S1 Psf1 LMW) did not affect their
viability as compared with Neg-DCs (Table S2). However, DCs treated
with 100 pg/mL of Sl native, SI Psf1 MMW and Sl Psf1 LMW secreted
different levels of IL-12p40 and IL-10 compared with Neg-DCs (Fig. 8A).
Stimulation of DCs with Sl native or SI Psf1 MMW led to a trend towards
increased secretion of IL-12p40 and decreased IL-10 secretion (by 22
and 25 %, respectively) as compared with Neg-DCs (Fig. 8A). In
contrast, when DCs were stimulated with Sl Psfl LMW a reduction in
secretion of IL-12p40 (by 29 %) was observed, which was comparable to
the reduction obtained in IL-12p40 secretion by VitD3-DCs (~30 %;
Fig. $6). In contrast, DCs stimulated with Sl Psf1 LMW did not affect the
IL-10 secretion compared with Neg-DCs (Fig. 8A). PI was calculated to
assess the polarization of cytokine secretion induced by the fucoidan
compounds. The PI values were higher for Sl native (significantly) and Sl
Psfl MMW (significantly) compared with the Neg-DCs, suggesting pro-
inflammatory effect, while PI for Sl Psfl LMW was decreased (by 29
%), suggesting an anti-inflammatory effect (Fig. 8A). Further investi-
gation was carried out to examine the Sl Psf1 LMW effect on cytokine
secretion using different concentrations (1, 10 and 100 pg/mL). IL-
12p40 secretion by DCs was significantly reduced in a dose-depended
manner when treated with S1 Psfl LMW at 1, 10 and 100 pg/mL (by
15, 22 and 32 %, respectively) (Fig. 8C). Similarly, a decrease in IL-10
secretion by 7 and 8 %, respectively, was observed for DCs treated
with S1 Psf1 LMW at 1 and 10 pg/mL, but not at 100 pg/mL (Fig. 8C).
This resulted in significant reduction in PI when DCs were treated with
S1 Psfl LMW at 100 pg/mL, indicating a possible anti-inflammatory ef-
fect (Fig. 8C), making it interesting for further allogeneic CD4" T-cells
co-culture experiments (see the section below). Neither buffer, consist-
ing of 50 mM NacCl and 10 mM CaCl,, nor the enzyme within the same
buffer influenced the cytokine secretion or the cell viability in the DC
model (Fig. S7 and Table S3).

Mature DCs lack expression of the monocytic marker CD14 but
upregulate their expression of the antigen-presenting molecule HLA-DR
and the co-stimulatory molecules CD40 and CD86. In addition,
monocyte-derived DCs express CD1c and CD141, as reviewed by Colin
and Bigley (2018) [49], and upregulate PD-L1 expression upon stimu-
lation [50]. Maturation of CD14" monocytes and subsequent activation
into mature DCs was confirmed by lack of CD14 expression and high
percentage of DCs expressing HLA-DR, which was not affected by
treatment of the DCs with S1 Psf1 LMW (Fig. 8B). The percentage of DCs
expressing other molecules analyzed was also unaffected by treating DCs
Sl Psfl LMW (Fig. 8B). In addition, when analyzing the levels of
expression by mean fluorescent intensity there was no difference be-
tween DCs treated with Sl Psfl LMW treated and Neg-DCs (data not
shown). These results indicate that fucoidan LMW fraction does not
hinder the DC maturation and activation, although it affects their
cytokine secretion.

3.10. Stimulation of allogeneic CD4" T-cells by Psf1 released S| LMW
treated DCs

Since DCs are important in directing immune responses by differ-
entiating naive T-cells, we investigated the effect of DCs matured in the
presence of S Psf1 LMW for 24 h on the cytokine secretion of co-cultured
allogeneic CD4" T-cells.

Our findings show a significant reduction of IFN-y secretion (by 37
%) and IL-10 secretion (by 24 %) by allogeneic CD4" T-cells co-cultured
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with DCs stimulated with Sl Psf1 LMW compared with those co-cultured
with DCs stimulated in the absences of Sl Psfl LMW, whereas IL-17
secretion was not affected (Fig. 8D).

4. Discussion

The analysis of substrate specificity of Psf1 indicated a preference for
a(l — 3) linkages, since activity was observed on fucoidans from
S. latissima, U. pinnatifida and S. oligocystum, all of which mainly contains
a(1 — 3)-linked fucosyl residues [6,35,37,51]. The data suggest that
Psfl has distinct recognition of the structural presentation of the
fucoidan structure near the scissile bond, as the highest activity of Psfl
was observed on fucoidan from S. latissima, which is mainly sulfated at
C4 and to lesser extent at C2 [6], while lower activity was observed on
fucoidans from U. pinnatifida [37,51] and no activity on fucoidan from
T. ornata [52], which contains higher degree of sulfated fucose residues
at C2 than on C4, suggesting that Psfl might have a preference for C4
sulfated fucoidans. However, C4 sulfations are also occurring in fucoi-
dans from F. evanescens and F. vesiculosus fucoidans, which are sulfated
at C2, C4, C2/C4, and C3 [53,54], but no activity was observed on these
fucoidans containing a backbone of alternating a(1 — 3)- and a(1 — 4)-
linkages, suggesting that other structural features in the fucoidans are
important for Psf1 activity.

Most fucoidanases show a high specificity towards the structural
motifs near the fucoidan cleavage site. Endo-a(1 — 3) fucoidanase ac-
tivity in the GH107 family has only been described previously for Mef2
[16], Fdal, and Fda2 [43,44]. Other characterized GH107 fucoidanases
were identified as endo-a(1 — 4) fucoidanases [18-21,23]. Therefore,
the discovery of Psfl as a new GH107 endo-a(1 — 3) fucoidanase dem-
onstrates the diversity of the fucoidanases.

Interestingly, Psf1 exhibited activity at significantly lower tempera-
tures than other fucoidanases, with activity detected at 10, 4 and even
1 °C. In addition, Psfl was able to remain active for a long time at 4 °C,
which has not previously been reported for other fucoidanases. Hence,
Psfl is the first cold-adapted fucoidanase described. In a biological
perspective, the psychrophilic fucoidanase Psfl, is likely an adaptation
required for Pseudoalteromonas sp. S3178 to feed on brown seaweed
fucoidans under the extreme environments this bacterium is inhabiting,
in the Arctic Ocean [31]. Other fucoidanases characterized to date have
low activity at temperatures below 20 °C [16,18,20,25,44].

Protein factors that determine cold adaption are not clearly known
but may include elements that increase flexibility of the enzyme struc-
ture, reducing the activation enthalpy for the reaction but at the cost of
stability. These include; increased flexibility of surface exposed loops
that mediate interactions with other secondary elements of the struc-
ture; a larger active site accommodating a more relaxed binding pocket;
differences in electrostatic potential to help align the substrate into the
pocket, a reduction in hydrophobic clusters; the clustering of glycine
residues providing mobility; the disappearance of proline residues in
loops; a reduction in arginine residues which are capable of forming salt
bridges and H-bonds; insertions and deletions to modify surface charge
and or secondary structure; and an increase in nonpolar side chains into
the surrounding medium [45]. Psfl does have a number of these indi-
cator when compared to P5A_FcnA, likely contributing to the cold
adaptation of Psfl.

Psfl contains several more flexible (higher RMSF) regions that are
also associated with the absence of key salt bridges connecting sec-
ondary structure elements of the enzyme. There is also a remarkable
positive electrostatic potential around the active site. There appears to
be little change to the hydrophobic clusters within the enzyme, though
there is an increase in the number of outwards facing hydrophobic side
groups, clustered in surface exposed a-helices. Psfl has more arginine
residues overall. While no single feature can be accredited to the cold
adaptivity of Psfl, a number of the mutations and their impact on the
stability/flexibility of Psfl in comparison to P5A FcnA may be
responsible.
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The potential immuno-regulatory effect observed in vitro of the
degradation products resulting from Psfl action on the S. latissima
fucoidan was noteworthy. Our results thus indicated that treatment of
DCs with either the high or medium molecular weight fucoidan samples
led to a tendency of increased secretion of IL-12p40 and decreased
secretion of IL-10, compared with the negative control, resulting in
PI>1, suggesting that Sl Native and Sl Psfl MMW induce an inflam-
matory response. This is consistent with previous studies demonstrating
that native fucoidan from various species of brown seaweed can induce
DC maturation in vitro, increase their IL-12p40 secretion, and promote
Thl cell responses in both human and mouse models [55,56]. In
contrast, Sl Psfl LMW fucoidan treatment significantly decreased IL-
12p40, in comparable levels to the well-documented ability of VitD3,
to inhibit IL-12 secretion from DCs and macrophages [57] in a dose-
dependent manner. IL-10 secretion was unaffected by SI Psfl LMW
treatment; taken together, these results suggest an overall anti-
inflammatory effect of the Sl Psfl LMW on the DCs activation [58].
The observed differences in immunomodulatory activity between the
LMW and MMW fractions suggest potential differences in receptor
binding, uptake, or intracellular trafficking. However, it might rather
reflect that the LMW fraction is more homogenous and likely less
viscous, which may facilitate enhanced interaction with specific pattern
recognition receptors. Previous studies have shown that molecular
weight and post-degradation modifications can influence the bioactivity
and physicochemical properties of fucoidans [59,60]. Based on this, we
hypothesize that differences in molecular weight may lead to distinct
receptor binding, internalization mechanisms, and subcellular localiza-
tion patterns. One possibility could be that LMW fucoidan modulates
signalling pathways e.g., via TLR4, potentially by partially blocking LPS
binding or activating regulatory feedback mechanisms, leading to NF-«xB
or STAT1 inhibition. It may also engage scavenger receptors or C-type
lectins like DC-SIGN, which can suppress TLR-driven inflammation
through Raf-1-mediated modulation of transcription [61]. In contrast,
MMW fucoidan may favour more conventional pro-inflammatory sig-
nalling. These contrasting effects may reflect size-related differences in
receptor accessibility, signalling outcomes, or intracellular trafficking.
DCs matured in the presence of Sl Psfl LMW fucoidan significantly
caused co-cultured allogeneic CD4" T-cells to secrete lower levels of
IFN-y without affecting the IL-17 secretion, which is consistent with
reduced IL-12p40 secretion. It cannot be determined whether the
decrease in IL-10 concentration in the co-culture supernatant is because
of decreased secretion by DCs or regulatory T-cells as both cell types can
produce IL-10. Thus, the decreased level of IL-10 may indicate a pro-
inflammatory response. However, previous studies have shown that
reduced IL-10 secretion in the co-culture does not affect the ability of
reduction of IL-12p40 to affect IFN-y secretion by co-cultured allogeneic
CD4" T-cells [62]. Importantly, although significant cytokine modula-
tion was observed, it remains necessary to consider whether these effects
could be partially attributed to altered cell proliferation or viability. A
recent study by Saliba and colleagues [63] demonstrated that certain
LMW fucoidans exhibit antiproliferative and proapoptotic effects on
murine splenocytes. In the present study, routine microscopic exami-
nation and viability assessment using Trypan Blue exclusion revealed no
morphological abnormalities or notable differences in viability and cell
number between control and treatment cell cultures. These findings
suggest that cytotoxicity is unlikely. However, the possibility of more
subtle antiproliferative effects influencing cytokine profiles cannot be
fully excluded. Since the IL-12p40 secretion from DCs decreased when
treated with Sl Psf1 LMW under LPS stimulation and subsequently the
IFN-y secretion by CD4" T-cells was reduced in co-culture, it may be
speculated that the Psfl LMW fucoidan sample might be inducing an
inhibition of the nuclear factor-kB activation [52,64]. This has already
been demonstrated in a study with human keratinocytes treated with
commercial fucoidan [65]. Therefore, despite the decreased IL-10 con-
centration observed in the co-culture supernatant, we suggest that Sl
Psfl LMW fucoidan has the potential to function as an anti-inflammatory
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agent.
5. Conclusions

This work studied the psychrophilic Psfl enzyme originating from
Pseudoalteromonas sp. S3178 isolated from a surface swap of a shrimp
caught in the Arctic Ocean. The stable and active fucoidanase was suc-
cessfully heterologously expressed, purified, and characterized. Psf1 was
suggested to be an endo-a(1 — 3)- fucoidanase that catalyzes the hy-
drolysis of a(1 — 3) linked fucose residues in the backbone of fucoidan
from S. latissima. These results also indicate that Psfl might be an
interesting candidate for industrial applications in fucoidan oligosac-
charide production where low temperatures could be beneficial.

While high and medium molecular weight fucoidans, including the
native S. latissima fucoidan and the MMW fraction resulting from Psfl
treatment, induced an inflammatory response in DCs, the low molecular
weight fucoidan fraction (Sl Psf1 LMW) demonstrated a dose-dependent
anti-inflammatory effect by significantly reducing IL-12p40 secretion by
DCs and IFN-y secretion without affecting IL-17 levels in co-cultures of
DCs and allogeneic CD4" T-cells. This suggests that Sl Psfl LMW may
have potential as an anti-inflammatory against e.g., chronic inflamma-
tory or autoimmune diseases. This study was designed to specifically
investigate potential anti-inflammatory effects on DC function by
measuring their cytokine secretion, and subsequently their interaction
with T cells (DC-T cell crosstalk). This is due to their pivotal role in
initiating and modulating immune responses. We acknowledge the po-
tential relevance of other APCs and consider this an important avenue
for future research. In addition, the Psfl released fucoidan oligosac-
charides from S. latissima fucoidan may be relevant for other applica-
tions, such as cosmetics and pharmaceuticals.
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Appendix A: Cytokine secretion induced by
investigated compounds

Table 10. Cytokine secretion by dendritic cells, treated with different poly-and oligosaccharides
from brown, green and red seaweed, respectively.

Fucoidan and Fucoidan Oligosaccharides

Species and ) Pro- or anti-
Cytokines . "

samples inflammatory

S. latissima IL-12p40 | IL-10

SLORF3 (1) l

deacetylated

SLORF3 HMP ! -

(Mef2)

SLORF3 LMP (Mef2) ! (1)

SLORF2 (thuti) _ (1)

deacetylated

SLORF2 HMP - -

(mef2)

SLORF2 LMP (mef2) (1) _

SLORF3 (TVTD) 1 !

Native

SLORF3 HMP 1 -

(Mef4)

SLORF3 LMP (Mef4) ! - Anti-inflammatory

SLORF3 HMP 1 !

(Mef3)

SLORF3 LMP (Mef3) ! 1 Anti-inflammatory
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SLORF3de. Mef2
HF3

(1)

SLORF3de. Mef2
HF4

(1)

SLORF3de. Mef2
HF5

Pro-inflammatory

SLORF3de. Mef2
HF6

SLORF3de. Mef2
HF7

()

F. evanescens

FeF2 (TVTD) Native

(1)

FeF2 HMP (Fhf1)

(1)

(1)

FeF2 HMP (Fhf2)

(1)

(1)

FeF2 LMP (Fhf2)

FeF3 (Vyha) Native

FeF3 LMP (Fhf1)

FeF4 (2M) HMP
(Mef2)

(1)

FeF4 (2M) LMP
(Mef2)

Ulvan and Ulvan Oli

gosaccharides

Species and
samples

Cytokines

Pro- or anti-inflammatory

U. lactuca (DTU)

04

TNF-

IL-

6

IL-12p40

IL-10

U. lac Crude

U. lac F1

U. lac F2
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U. lac F3 1 1

U. palmata (DTU)

U. pa Crude 1 -

U. pa F1 - (1)

U. pa F2 - (1)

U.paF3 (1) (1)

Elicityl Ulva fine

grade (Lund)

Ulvan fine grade

Ulvan mix B - -

Ulvan mix C - -

U. lactuca (Lund)

LL-Control (1 T 1 (1) Only one data point for IL-
12p40

LL-Sample m 1M Only one data point for IL-
12p40

Ulca sp. (Lund)

IH-Control 6] T 1) Only one data point for IL-
12p40

IH-Sample (1 Only one data point for IL-
12p40

Ulva papenfussii

LP-Control 6] T 1) Only one data point for IL-
12p40

LP-Sample ) Only one data point for IL-
12p40

Palmaria cell wall sugars and Oligosaccharides

Species and
samples

Cytokines

Pro- or anti-inflammatory

173




P. palmata IL-12p40 | IL-10

Palmaria 308 - -

Palmaria 308 - 1

D10-E8

Palmaria 308 - -

E10-F4

Palmaria 308 - (1) Pro-inflammatory due to

F8-F12 decreased  secretion  of
IL-10

Palmaria 209 (1) 1 Anti-inflammatory, due to
increased IL-10 secretion,
but, this sample have not
been purified on the
Superdex30 column, thus
the strong effect observed
can be due to impurities in
the sample.

Palmaria 209 ! !

ET1-F1

Palmaria 209 F4-F7 (1) !

Palmaria209 F9-F11 ! !

Palmaria 209 ! !

F12-G3

Palmaria 209 ! !

G4-H8

Palmaria 209 (1) -

H9-H10

*Significant pro-or anti-inflammatory effect of a given sample, p < 0.05; -, indicate no

difference of cytokine secretion compared to a negative control; 1, indicates

significantly increased cytokine secretion; (1), indicates a trend towards an increased

cytokine secretion, but not significant; |, indicates significantly decreases cytokines

secretion; and (]), indicates a trend towards decreased cytokine secretion, but not

significantly.
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Table 11. Cytokine secretion from dendritic cells, treated with different compounds.

B-glucans with different origin

Species and

samples

Cytokines

Pro- or anti-inflammatory*

A. faecaeli

IL-12p40

IL-10

Curdlan

Anti-inflammatory

Curdlan DP5 (linear)

Curdlan DP8
(branched)

(1)

(1)

Curdlan DP11 (branch
on branch)

(1)

(1)

Anti-inflammatory

Species and
samples

Cytokines

Pro- or anti-inflammatory

S. cerevisiae

IL-12p40

IL-10

Nutramunity™
(Algalif)

Anti-inflammatory

Nutraminity oligo F1

Nutraminity oligo F2

Nutraminity oligo F3

Nutraminity oligo F4

Other compounds

Species and
samples

Cytokines

Pro- or anti-inflammatory

C. crispus
(carrageenan
samples)

IL-12p40

IL-10

C. crispus 61

(1)

C. crispus 61 D-E-F
(fraction)

Species and

Cytokines

Pro- or anti-inflammatory
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samples

Chondroitin Sulfate

IL-12p40

IL-10

Chondroitin Sulfate
AC DP4

Anti-inflammatory

GalNac4S

Species and
samples

Cytokines

Pro- or anti-inflammatory

Exopolysaccharides
from R. marinus

IL-12p40

IL-10

EPS 493

EPS 6611

(1)

EPS 493 defined
media
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