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Preface to “Marine Glycobiology, Glycomics and
Lectins”

Glycans (carbohydrate chains) of marine creatures are rich and diverse in polysaccharides,
glycoproteins, and glycolipids. The chains that are metabolized by glycan-related enzymes
(glycosyltransferases and glycosidases) are recognized by glycan-binding proteins (lectins), which
regulate cellular processes such as growth, differentiation, and death. Marine glycomics that
involves the genome and transcriptome accelerates our understanding of the evolution of glycans,
glycan-related enzymes, and lectins.

From 2017 to 2019, the Special Issue, “Marine Glycobiology, Glycomics and Lectins”
of the journal Marine Drugs published scientific articles and reviews on the background of
“glycobiology”—that is, glycan-based biosciences. The aim was to promote the discovery of novel
biomolecules that contribute to drug development and clinical studies. This has great potential for
establishing connections between the fields of both human health and marine life sciences.

This book contains 11 scientific papers representing current topics in comprehensive
glycosciences related to therapeutic agents from marine natural products, as outlined.

Part 1. Marine Glycobiology (Articles No. 1-6):

e The prominent pharmacological and therapeutic effects of fucoidan, the sulfated
fucose-containing polysaccharides in brown algae (phylum Ochrophyta) are introduced. A range
of valuable bioactivities are represented, including the epigenetic modification and differentiation
induction of malignant glioma cells, in addition to the implications for use in age-related
macular degeneration.

e Polysialoglycan chains in nematocysts of hydra (phylum Cnidaria) that also rich in human
tumor cells were investigated for binding to lectins. These finds have implications for future
nanomedical devices and their application in cancer diagnostics and therapies.

e Glycosaminoglycans extracted from the clubs (phylum Arthropoda) inhibited (-secretase
associated with Alzheimer’s disease. On the other hand, another glycan with anticoagulant activity
found in sea cucumber (phylum Echinodermata) was investigated with respect to structure—function
relationships. The findings are certain to facilitate increased focus on the newly characterized
pharmacological activities of glycosaminoglycans.

Part 2. Marine Glycomics (Articles No. 7 and 8):

o A heat-stable 3-1,3-galactosidase derived from the genome of bacteria (genus Marinomonas)
found in the Arctic Ocean was biotechnologically expressed in the competent cells. This can be
applied to the production of sufficient galactooligosaccharides, leading to an increased number of
bifidobacteria in the digestive tract, which is effective in improving immunity to prevent cancer.

e The analysis of the oyster genome (phylum Mollusca) was conducted to elucidate the
evolutionary mechanisms behind the molecular diversification of Clq-domain-containing proteins,
known to act as lectin-like molecules in the innate immune response of bivalves. This information is
expected to lead to the discovery of new drugs with valuable immunological properties and different
modes of action.

Part 3. Marine Lectins (Articles No. 9-11):

e Various lectin genes derived from horseshoe crabs (phylum Arthropoda) and abalones
(phylum Mollusca) were encoded in oncolytic virus genes, where they displayed various

anticancer effects.



o A p-trefoil folding lectin in mussels (phylum Mollusca) showed regulation of cancer-related
genes transcription when cancer cells were killed by the lectin in vivo. The functional diversity of

lectins seen here will be utilized in future biotechnology.

Yasuhiro Ozeki
Special Issue Editor
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Abstract: Fucoidan extracts may have beneficial effects in age-related macular degeneration (AMD).
Over-the-counter fucoidan preparations are generally undefined, crude extracts. In this study, we
investigated the effect of a crude fucoidan extract from Fucus distichus subspecies evanescens (Fe)
on the retinal pigment epithelium (RPE). Fe extract was investigated for chemical composition and
molar mass. It was tested in primary RPE and RPE cell line ARPE19. Oxidative stress was induced
with tert-butyl hydroperoxide, cell viability evaluated with MTT assay, VEGF secretion assessed in
ELISA. Phagocytosis was evaluated in a fluorescence microscopic assay. Wound healing ability was
tested in a scratch assay. Additionally, the inhibition of elastase and complement system by Fe extract
was studied. The Fe extract contained about 61.9% fucose and high amounts of uronic acids (26.2%).
The sulfate content was not as high as expected (6.9%). It was not toxic and not protective against
oxidative stress. However, Fe extract was able to reduce VEGF secretion in ARPE19. Phagocytosis
was also reduced. Concerning wound healing, a delay could be observed in higher concentrations.
While some beneficial effects could be found, it seems to interfere with RPE function, which may
reduce its beneficial effects in AMD treatment.

Keywords: Fucus distichus subsp. evanescens; fucoidan; retinal pigment epithelium; VEGF; oxidative
stress; phagocytosis

1. Introduction

Fucoidans are sulfated polysaccharides derived from brown seaweed, consisting mainly of
sulfated fucose. Many different biological activities have been described for fucoidan, but fucoidans
are heterogeneous, varying strongly between different species [1].

Among the biological activities described for fucoidans are those interesting for potential treatment
of age-related macular degeneration (AMD) [2]. AMD is the main cause for blindness and visual
impairment in the elderly. Its pathogenesis is complex and multifactorial yet accepted as a major
factor in the development of AMD is oxidative stress [3-5]. The retina is exposed to high degrees
of oxidative stress through constant exposure to high-energetic sun light, due to a high activity of
mitochondria in photoreceptors and retinal pigment epithelial cells (RPE), and due to the presence
of oxidized fatty acids. The retinal pigment epithelium, a monolayer between the photoreceptors

Mar. Drugs 2019, 17, 538; d0i:10.3390/md 17090538 1 www.mdpi.com/journal/marinedrugs
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and the choroid, protects the retina from oxidative stress [6] but may succumb to the accumulating
damage and degenerate later in life, leading to secondary degeneration of the photoreceptors [4,7,8].
In a subset of AMD, the exudative or wet form, choroidal vessels may grow into the retina, trying to
compensate for hypoxia that may be present in the retina due to poor oxygen supply. These vessels are
highly immature and leak fluids into the subretinal space, destroying RPE cells and photoreceptors.
The most important factor for this neovascularization is vascular endothelial growth factor (VEGF)
and VEGEF inhibition is the current treatment for exudative AMD [3,9].

Fucoidans have been shown to be protective against oxidative stress in various cell assays [10-13],
and we have shown such a protective, anti-oxidative stress effect of fucoidan from Fucus vesiculosus in
ocular cells as well [14]. Furthermore, a variety of fucoidans have been shown to inhibit VEGF and
VEGF-mediated angiogenesis [15-17], including in our study on fucoidan of Fucus vesiculosus tested
on endothelial cells stimulated with RPE supernatant [18]. However, the pro- or anti-angiogenic effect
as well as its influence on VEGF are highly dependent on the origin, structure, and molecular weight
of the fucoidan [19] and may exert different effects in different experimental systems [14].

Most studies have been carried out with commercially available fucoidan from Fucus vesiculosus.
In this study, we have investigated a fucoidan extract from Fucus distichus subspecies evanescens.
Previous studies on fucoidans from Fucus evanescens mainly focused on immunomodulating
effects [20-22], while there have been only limited studies in the context of potential use for AMD [23].

Several studies have reported different structure and composition of fucoidan extracted from
F. evanescens [20,24-27]. They described fucose as the main monosaccharide with a low amount of
other sugars like mannose, glucose, galactose, and xylose. The diversity in their composition can be
dependent on harvest time, place, and the applied extraction method [28].

In our study, we have used a crude extract from Fucus distichus subsp. evanescens harvested
in the Kiel Fjord. The extract was chemically characterized, and some additional basic activities
were determined to enable an estimation of its potencies compared to purified fucoidans and was
investigated regarding its potential to protect against oxidative stress-induced cell death and to inhibit
VEGEF secretion. Furthermore, as a functional RPE is a prerogative for functional photoreceptors and
needs to be protected to avoid the development of AMD, we additionally tested the effects of the
extract on parameters of RPE functions, such as toxicity, phagocytosis, and wound healing.

2. Results

2.1. Chemical Characterization of Fe Extract

We determined the basic structural composition of Fe extract (Table 1). Its content of neutral
monosaccharides showed to be very low (7.54%), whereas the uronic acid content was quite high
(26.1%). The neutral monosaccharides were composed of fucose (61.9%), xylose (10.1%), mannose
(24.1%) and glucose (3.9%). Additionally, the molecular weight (Mw) (88.6 + 1.0 kDa), sulfate content
(SO3Na; 6.9%), protein content (2.8%), and total phenolic content (TPC; 14.4 + 0.7 ug GAE/mg) were
determined (Table 1).

Table 1. Structural composition of extract from Fucus distichus subsp. evanescens (Fe).

Monosaccharide Composition (mol %) Uronic Acid (%) Mw (kDa) SO3Na (%) Protein (%) TPC
(ug GAE/mg)
Fuc Xyl Man Gle
261+02 88.60 + 1.0 6.9 2.8 144 +0.7
61.9 10.1 241 3.9

2.2. Activity Assays

Testing of the concentration-dependent inhibitory potency of Fe on elastase and complement
system activation revealed half-maximal inhibitory concentrations (ICsp) of 1.48 + 0.08 ug/mL (elastase)
and 5.73 + 1.11 ug/mL (complement system) (Table 2). The antioxidant capacity (AOC) of Fe extract
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(500 pg/mL) amounted to 4.65 + 1.80%. However, compared to the reference compound Trolox,
the effect was about 500 times weaker.

Table 2. Activities of Fe extract.

Elastase Inhibition ICsp (ug/mL) ~ Complement System Inhibition ICsp (g/mL) DPPH AOC (%) of 500 ug/mL
1.48 +£0.08 573 +1.11 4.65 +1.80

2.3. Toxicity of Fe

We have tested a potential toxic effect of Fe extract on ARPE19 and primary RPE cells. For ARPE19,
no influence of Fe extract in the tested concentrations (1 pg/mL, 10 pg/mL, 100 ug/mL and 250 pg/mL)
was found after one day and three days of incubation. After seven days, a slight decrease of cell
viability could be noted at a concentration of 100 ug/mL (95.60 + 3.43%), which reached statistical
significance (Figure la—c). In primary RPE cells, no influence could be found after 1, 3 or 7 days
(Figure 1d—f). In addition, even after four weeks of incubation or after use of 500 ug/mL Fe extract at
any tested time point, no loss of cell viability could be seen (data not shown). Consequently, Fe extract
does not impair the viability of RPE cells.

a) ARPE19: MTT, Fe 24 h b) ARPE19: MTT, Fe 3 days c)ARPE19: MTT, Fe 7 days
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Figure 1. Cell viability tests after incubation with Fucus distichus subsp. evanescens fucoidan extract
for 24 h, three days or seven days. Cell viability was determined by MTT assay. In ARPE19 cells, no
influence was found on cells after 24 h (a) or three days (b). After seven days, a slight but significant
reduction of cell viability was seen at a concentration of 100 ug/mL, but not at higher concentrations (c).
In primary RPE cells, no influence on cell viability was seen after 24 h (d), three days (e), or seven days
(f). Significance was evaluated with student’s t-test, * p < 0.05, co = untreated control, Fe = crude
fucoidan from Fucus distichus subsp. evanescens, h = hour.

2.4. Oxidative Stress Protection

Oxidative stress protection has been attributed to fucoidan and to polyphenols, found in crude
fucoidan extracts. We tested the protective effect of Fe extract on ARPE19 cells treated with 500, 750,
and 1000 uM fert-butyl hydroperoxide (TBHP). All three concentrations of TBHP significantly reduced
cell viability in ARPE19 cells. When treated with Fe extract (1 pg/mL, 10 pg/mL, 100 pg/mL, and
250 pg/mL), no increase in cell viability was found for any TBHP or Fe extract concentration tested
(Figure 2a—c). Clearly, this extract does not provide protection against oxidative stress.
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Figure 2. Cell viability after the induction of oxidative stress by tert-butylhydroperoxid (TBHP). Cell
viability was determined by MTT assay. ARPE19 cells were incubated for 24 h with 500 uM (a),
750 uM (b), or 1000 uM (c) TBHP and the protective effect of Fe extract was measured for 1, 10, 100,
and 250 uM. No increase of cell viability was found for any concentration of Fe extract at any oxidative
stimulus tested. Significance was evaluated with student’s f-test, *** p < 0.001 against untreated
control, co = untreated control, Fe = crude fucoidan from Fucus distichus subsp. evanescens.

2.5. VEGF Secretion

VEGF secretion was detected in ARPE19 cells after incubation with the different concentrations
of Fe extract (1 pg/mL, 10 pug/mL, 100 ug/mL and 250 ug/mL) after 24 h, three days or seven days
(Figure 3). At all time points, Fe extract reduced the VEGF concentration in the supernatants compared
to untreated control, with the most profound effect after 24 h, which reached statistical significance
at concentrations of 100 and 250 pg/mL Fe extract (100 pug/mL: 54.87 + 7.12%, p < 0.001; 250 ug/mL
28.87 + 18.50%, p < 0.001) (Figure 3a). After three days, a significant reduction could be found at a
concentration of 100 pg/mL (81.23 + 13.48%, p < 0.05). Of note, 1 and 10 pg/mL resulted in a slight but
significant increase of VEGF (1 pug/mL 113.61 £ 9.91%, p < 0.05; 10 pg/mL 113.97 + 9.00%, p < 0.05)
(Figure 3b). After seven days, a significant decrease of the VEGF content could be found for 250 ptg/mL
(67.00 + 12.32, p < 0.01) (Figure 3c).

a) VEGF + Fe 24 h b) VEGF + Fe 3 days ¢) VEGF + Fe 7 days
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Figure 3. Effect of Fe extract on VEGF secretion of ARPE19 cells. VEGF content in the cell supernatant
was investigated with a commercial ELISA. Fucus distichus subsp. evanescens fucoidan extract was
tested in various concentrations (1 pug/mL, 10 pug/mL, 100 ug/mL, 250 pug/mL) for 24 h (a), three days (b),
or seven days (c) on ARPE19 cells. After 24 h (a), a significant reduction of VEGF could be found for
100 and 250 ug/mL. After three days (b), 100 pg/mL was still significantly effective. Of note, a slight but
significant increase of VEGF secretion could be found for 1 and 10 ug/mL after three days. After seven
days (c), 250 pg/mL significantly reduced VEGF content. Significance was evaluated with student’s
t-test against untreated control, * p < 0.05, ** p < 0.01, *** p < 0.001, reduction against untreated
control, * p < 0.05, increase against untreated control, co = untreated control, Fe = crude fucoidan from
Fucus distichus subsp. evanescens, h = hour.

2.6. Phagocytosis

Phagocytosis of shed photoreceptor outer segments is an important task of RPE cells. After
incubation with Fe extract for 24 h, 1 ug/mL Fe extract significantly enhanced phagocytic activity
(1 pg/mL 139.92 + 68.32%, p < 0.05), while 100 and 250 pg/mL significantly decreased it compared
to untreated control (100 pg/mL 41.00 + 30.75%, p < 0.001; 250 pg/mL 24.77 + 19.94%, p < 0.001)
(Figure 4a). After three days, all concentrations tested significantly decreased phagocytic activity
compared to untreated control (1 pug/mL 56.42 + 40.34%; 10 ug/mL 45.29 + 24.05%; 100 ug/mL
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16.07 + 9.39%; 250 ug/mL 21.56 + 20.02%; all p < 0.001) (Figure 4b). After seven days of Fe extract
incubation, a significant reduction of phagocytosis compared to untreated cells was seen at 100 pg/mL
(33.97 + 17.35%; p < 0.001) and 250 pg/mL (40.82 + 34.74%; p < 0.001) (Figure 4c).

a) Phagocytosis, Fe 24 h b) Phagocytosis, Fe 3 days c) Phagocytosis, Fe 7 days
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Figure 4. Phagocytic activity of RPE cells after incubation with Fucus distichus subsp. evanescens
fucoidan extract. Phagocytic activity was investigated with a phagocytosis assay using photoreceptor
outer segment-treated fluorescent latex beads. RPE cells were treated for 24 h (a), three days (b), or seven
days (c) with different concentrations of Fe extract (1 ug/mL, 10 ug/mL, 100 pug/mL, 250 pg/mL). After
24h, 1 pg/mL induced a significant increase in phagocytic activity, while 100 and 250 pg/mL significantly
reduced phagocytosis. After three days, all tested concentrations significantly reduced phagocytosis.
After seven days, phagocytosis was significantly reduced by 100 and 250 ug/mL. Significance was
evaluated with student’s f-test against untreated control, *** p < 0.001, reduction against untreated
control, * p < 0.05, increase against untreated control. co = untreated control, Fe = crude fucoidan from
Fucus distichus subsp. evanescens, h = hour.

2.7. Wound Healing

In the scratch assay, the wound area was analyzed 24 and 48 h post scratch of a confluent cell layer
of RPE after treatment for 24 h, four days, or seven days with Fe extract. Incubation with Fe extract for
24 h significantly slowed down wound healing measured 24 h after scratch at 100 and 250 pg/mL Fe
extract (control: 71.17 + 7.16%; 100 ug/mL 80.31 + 3.67%; 250 pug/mL 83.62 + 3.18%; (both p < 0.001).
At 48 h after scratch, also 10 pg/mL as well as 100 pg/mL and 250 pg/mL significantly delayed wound
healing (co 58.89 + 11.54%, 10 pg/mL 67.41 + 4.30, p < 0.01; 100 pg/mL 68.12 + 4.49, p < 0.01; 250 pg/mL
70.81 + 6.24%, p < 0.001) (Figure 5a). After four days of incubation with Fe, wound healing 24 h
post scratch was significantly delayed at concentrations of 10 pug/mL (co 65.01 + 13.34%; 10 pg/mL
80.74 + 12.42%,p <0.01), 100 pg/mL (79.70 £ 9.03%; p < 0.001), and 250 pg/mL (89.05 + 11.31%; p < 0.001)
compared to scratched control not treated with Fe extract. But at 48 h after scratch, only 250 mg/mL
displayed a significant delay of wound healing (co 61.60 + 15.69%; 250 ug/mL 76.88 + 20.12%, p < 0.05)
(Figure 5b). Long-term incubation with Fe extract for seven days 24 h post-scratch showed a significant
delay in wound healing again for 100 pug/mL (co 72.91 + 9.46%; 100 ug/mL 81.94 + 9.41%, p < 0.01)
and 250 ug/mL (81.34 + 9.71%, p < 0.05). After 48 hours, however, this effect was lost and conversely,
wound healing was accelerated by 10 pug/mL Fe extract (co 69.54 + 8.15%; 10 ug/mL 51.93 + 16.29%,
p <0.001) (Figure 5c).
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Figure 5. Wound healing of primary RPE cells after incubation with Fucus distichus subsp. evanescens
fucoidan extract. A scratch was applied to a confluent RPE cell layer and the wound area was assessed
24 and 48 h after application. Cells were incubated for 24 h (a), four days (b), or seven days (c) with
different concentrations of Fe extract (1 ug/mL, 10 pug/mL, 100 pug/mL, 250 pg/mL). (a) When cells were
treated for 24 h with Fe extract, wound healing was significantly delayed one day after scratch at
100 and 250 pg/mL. After 48 h, wound healing was significantly delayed at 10, 100 and 250 pug/mL.
When cells were treated for four days with Fe extract (b), wound healing was significantly delayed
one day after scratch at 10, 100, and 250 ug/mL. Forty-eight hours after scratch, a significant delay
could be seen at 250 pug/mL. After seven days of Fe extract incubation (c) and 24 h after scratch, wound
healing was significantly delayed at 100 and 250 ug/mL. This effect was lost 48 h after scratch, where
10 pg/mL significantly accelerated wound healing. Significance was evaluated with student’s ¢-test
against untreated control, * p < 0.05, ** p < 0.01, *** p < 0.001, delayed wound healing; *** p < 0.001,
accelerated wound healing, co = scratched control with Fe treatment, Fe = crude fucoidan from Fucus
distichus subsp. evanescens, h = hour.

3. Discussion

Potential use of fucoidans in medical application has raised much interest [29]. However,
the effects of fucoidans may not only differ in dependence on the algae species but also due to
the used extraction methods and different degrees of purity [1]. Often, commercially available
cosmetics and food supplements are declared to contain fucoidans, but these are generally poorly
defined, with considerable deviation in fucoidan content. So far, much research has been done
with commercially available fucoidan from Fucus vesiculosus [30], including our own study on Fucus
vesiculosus fucoidan for potential use in AMD or uveal melanoma [14,18]. In the present study, we
have investigated a fucoidan from another alga, Fucus distichus subsp. evanescens, which has so far not
received as much attention in the literature. Recently, quite pure fucoidan from Fucus distichus subsp.
evanescens (Fuc-Fe) showed to reduce the VEGF secretion in ARPE19 and displayed high affinity to
VEGEF but had no protective effect on ARPE19 [23]. In the current study, we used a crude extract of this
alga, which can be easily produced in high amounts, elucidating its efficacy.

Despite of the high content of fucose (61%) in the Fe extract, which is the main monosaccharide
of fucoidans, the low yield of neutral monosaccharides in the GLC analysis indicate that the content
of fucoidan in the Fe extract is quite low. Accordingly, the sulfate content (6.9% as SO3Na) was also
quite low compared to 15-46% found in crude as well as purified fucoidans from Fucus distichus subsp.
evanescens [20,25-27]. This suggests that Fe extract contains far less than 25% fucoidan, whereas the high
uronic acid content (26%) indicates a high content of alginic acid, another typical cell wall compound
of brown algae. This had to be expected, since methods to remove alginic acid from the extract such as
a precipitation with calcium were not applied for the production of Fe extract. As previously shown,
the antioxidative capacity of fucoidans is mainly due to co-extracted polyphenols [28,31]. The Fe
extract exhibited only weak radical scavenging potency, which was comparable with that of Fuc-Fe
and correlated with the respective total phenolic content, which turned out to be lower than that of
fucoidan from Fucus vesiculosus (manuscript submitted). This is in line with the missing oxidative
stress protection of Fe extract (see below).

Regarding a potential use of fucoidan from brown algae as a treatment option for age-related
macular degeneration, we tested its effect against oxidative stress, as this comprises a general
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pathological pathway in AMD, and its interaction with VEGEF, as this is the major pathological factor
for exudative AMD.

Fe extract did not exhibit any protection against oxidative-stress induced loss of cell viability in
ARPE19 cells. This is in contrast to our finding for fucoidan from Fucus vesiculosus, which protected
the uveal melanoma from oxidative stress-induced cell death [14], and in correspondence with a paper
recently published by our group, which showed a protection by Fuc-Fe of against oxidative stress
in uveal melanoma cells but not in ARPE19 [23]. Obviously, different cell types react differently to
oxidative stress. Uveal melanoma cell lines are rather susceptible to oxidative stress, as their superoxide
dismutase (SOD) activity, which acts in oxidative stress protection, tends to be reduced [32], while RPE
are highly resistant to oxidative stress, which is mainly mediated by Nrf-2 [6,33]. Fucoidan has been
reported to confer its protection by activation of Nrf-2 and upregulation of SOD [12,13,34], and it is
conceivable that this protective pathway may work on one cell line with reduced SOD activity (uveal
melanoma) but not with a cell line with constitutive Nrf-2 activation (RPE). However, the lack of any
effect concerning oxidative-stress induced cell death strongly indicates that we find no scavenging
effect for this Fe extract. These data on oxidative stress protection confirm our previous findings that
fucoidan from species other than Fucus distichus subsp. evanescens may be more suitable for oxidative
stress protection [23] but also that the presence of additional compounds in a crude extract does not
hold any beneficial effects considering oxidative stress protection.

Concerning VEGF inhibition, Fe extract turned out to reduce VEGF secretion. However, this effect
was time- and concentration-dependent, showing the strongest effect after one day. Of note, however,
we found an induction of VEGF secretion after three days for lower concentrations of fucoidan (1 and
10 pg/mL), which is not desirable, as the VEGF content in (exudative) AMD eyes has to be reduced.
Compared with our data obtained with fucoidan from commercially available Fucus vesiculosus and
with the purer Fuc-Fe [18,23], our data indicate that Fe extract is less suitable for VEGF secretion
inhibition. As this is a crude extract, our data also suggest that no benefit can be seen from additional
compounds other than fucoidan present in the extract. Furthermore, fucoidans from other species
such as Saccharina latissima or Fucus vesiculosus may be more promising for further development [23].

RPE cells have a plethora of function in the retina and their functions are vital for a healthy,
functioning retina [35]. Furthermore, RPE cells in AMD patients are already challenged and in danger
of degeneration. Therefore, any substance to be considered for use in AMD should interfere as little
with RPE function as possible. We have tested toxicity, wound healing and phagocytosis as parameters.
Similar to our findings with Fucus vesiculosus fucoidan as well as fucoidans from five other algae [36],
we did not find a relevant toxic effect. However, some minor but nevertheless significant reduction
was seen after seven days, which was not observed for Fucus vesiculosus fucoidan [18]. Notably, both
Fucus vesiculosus and Fe extract reduced the wound healing abilities of RPE cells. However, the data
obtained 24 and 48 hours after scratch suggest that this is a transient effect and might therefore not be
of further consequence for RPE cell function. More importantly, considering the function of RPE cells,
Fe extract reduced phagocytic activity of the cells at all tested time points at 100 and 250 ug/mL (and
additionally at 1 and 10 ug/mL after three days). A previous study testing fucoidan of Fucus vesiculosus
at a concentration of 100 pg/mL did not exhibit a reduction of phagocytic activity [18]. In that study,
phagocytosis was evaluated only after short term incubation, therefore the effect could be related to
duration of fucoidan exposition. However, the effect of the Fe extract was found at every time point
tested, indicating a species-dependent effect. In addition, it is possible that other components present
in the extract are interfering with phagocytic activity. As a prolonged reduction of phagocytosis could
possibly impair the function of the retina, which is not desirable when treating AMD, further testing is
needed to elucidate the effects of purity and species of fucoidans on RPE function.

The results so far indicate some beneficial effects of this crude extract of Fucus distichus subsp.
evanescens with regard to AMD, concerning VEGF inhibition. Previous investigations with the purer
Fuc-Fe suggest that beneficial effects are due to the fucoidan content and not due to other compounds
of the Fe extract. The reduction of phagocytic activity in RPE cells may be of concern.



Mar. Drugs 2019, 17, 538

There are other aspects of interest for AMD pathology that we did not test in our assays, such as
lipid metabolism [37,38], which may be influenced by fucoidans [39,40], or inflammatory aspects [41],
which also could be influenced by fucoidans and especially by fucoidan of Fucus distichus subsp.
evanescens [22,42]. Future studies should address these issues, but for these, highly purified fucoidans
should be used. In conclusion, crude extracts from Fucus distichus subsp. evanescens are of some interests
in regard to potential AMD treatment considering their effect on RPE cells. However, fucoidans of
other species may be of higher interest, and, importantly, further studies should be performed with
highly purified fucoidans.

4. Materials and Methods

4.1. Extraction

Fucus distichus subsp. evanescens was cleaned from epiphytes and washed with tap water, drained
and autoclaved. The material was mixed with four volumes of extraction buffer (100 mM Tris base,
pH 10.0) and shredded and blended with Ultraturrax (Sigma-Aldrich, Steinheim, Germany) for 1 min
at maximum speed. After centrifugation and separation of the supernatant, the algae material was two
further times treated as described with one volume of extraction buffer each. Then, NaCl and citric
acid were added to the combined supernatants resulting in 600 mM NaCl and pH 4.75. The extract
was then mixed with ethanol (final concentration 50%) (v/v) for precipitation over night at room
temperature. After centrifugation, the pellet was dissolved in 20 mM NaOH, and the precipitation
procedure including the addition of NaCl and citric acid was repeated once, and was finally dissolved
in pure water (pH ~6.0), frozen, and lyophilized. The yield amounted to about 4% in relation to wet
algae mass and to 18.4% in dry algae mass.

4.2. Elemental Analysis

The contents of hydrogen, carbon, nitrogen, and sulfur in the crude Fucus distichus subsp. evanescens
fucoidan extract (Fe) were determined by elemental analysis performed with the HEKAtech CHNS
Analyser (HEKAtech, Wegberg, Germany; calibrator: sulfanil amide). After gas liquid chromatographic
separation (carrier gas: helium), the respective analyte gases were detected in a thermal conductivity
detector. The nitrogen content (%) was multiplied by 6.25 to estimate the protein content [43]. Based
on the sulfur content (%), the content of sulfate groups (as —SO3Na) was calculated.

4.3. Molecular Weight (Mw) Determination

The average molecular weight (Mw) of the fucoidan extract was examined by size exclusion
chromatography (SEC) (AKTA Pure 25 from GE Healthcare, Munich, Germany), coupled with online
multi-angle light scattering (MALS) and refractive index (RI) detection using DAWN 8+ and Optilab
T-rex (Wyatt Technology Corporation, Dernbach, Germany). For the separation by hydrodynamic
volume, an OHPak LB-806M 8.0 mmID X 300 mmL (ShodexTM, Munich, Germany) column was used.
The mobile phase was composed of 0.15 mol/L NaCl, 0.025 mol/L NaH;POy, 0.025 mol/L NayHPO4
(pH 7.0) and a flow rate of 0.5 mL/min was applied. The sample was dissolved in the elution buffer
to a concentration of 2.0 mg/mL, and 100 uL were injected. The elution buffer was degassed using
ultrasound for 30 min. The MALS detector was calibrated by the manufacturer using toluol. The used
refractive index increment (dn/dc) was 0.150 mL/g. The Mw values were calculated with ASTRA 7.1.2.5
(Wyatt Technology Corporation, Dernbach, Germany). The chromatographic system was controlled by
UNICORN 7.2 GE (Healthcare, Munich, Germany).

4.4. Monosaccharide Composition by Acetylation Analysis

For the determination of neutral monosaccharide composition, the Fe extract was hydrolyzed
with 2.0 mol/L trifluoroacetic acid (TFA) at 121 °C [44] and, after evaporation of TFA, converted into
alditol acetate derivatives (AA) by reduction and acetylation [45]. The AA were separated by gas liquid
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chromatography (GLC) on an OPTIMA-225-0.25 um fused silica capillary column (25 m x 0.25 mmi.d.,
film thickness 0.25 pum, Macherey-Nagel, Diiren, Germany) using an GC 7890B gas chromatograph
(Agilent Technologies, Waldbronn, Germanywith integrated flame ionization detector. The helium
flow rate was 1.0 mL/min, the oven temperature was 180 °C for 5 min followed by an increase of
1 °C/min up to 210 °C held for 10 min, the temperatures of injector and detector were 250 °C and 240 °C,
respectively. The AA were identified by their retention times. For quantitative analysis, the samples
were supplemented with a defined amount of myo-inositol as an internal standard. The percentage
of the respective AA was calculated by Agilent MassHunter Qualitative Analysis Workflows B.08.00,
(Waldbronn, Germany).

4.5. Uronic Acid Determination

Uronic acids were quantified by reaction with 3-hydroxydiphenyl according to the method by
Blumenkrantz and Asboe-Hansen modified by Filisetti-Cozzi and Carpita [46].

4.6. Total Phenolic Content

The total phenolic content (TPC) was determined by a modified Folin-Ciocalteu method in a
microplate format [47] with slightly adapted volumes. Aqueous fucoidan extract (20 uL) was mixed
with 0.025 N Folin—Ciocalteu reagent (200 uL; Merck Millipore, Cat. 109001) and incubated for 5 min.
Then, 2 M NayCOj3 (30 pL) was added and absorption was measured at 660 nm (FLUOstar Omega,
BMG LABTECH GmbH, Ortenberg, Germany) after 2 h. Gallic acid (Roth, Cat. 7300.1) was used
as reference and TPC of sample was expressed as gallic acid equivalents (GAE) in pg per mg of the
dry substance.

4.7. DPPH Scavenging Assay

The antioxidant potency of the crude Fucus distichus subsp. evanescens fucoidan extract was
determined by the 2,2-diphenyl-1-picrylhydrazyl radical (DPPH; Sigma-Aldrich, Munich, Germany,
Cat. D9132) scavenging microplate assay as previously described [48]. An aliquot of 100 uL of a
0.20 mmol/L DPPH-solution in ethanol 70% (V/V) was mixed with 100 pL of the sample (0.5 mg/mL in
ethanol 70% (V/V)). For the control, 100 uL. DPPH solution were mixed with 100 puL ethanol 70% (V/V).
After incubation for 30 min at 20 °C in the dark, the absorption (A) was measured at 520 nm using the
plate reader FLUOstar Omega (BMG LABTECH GmbH, Ortenberg, Germany). The radical scavenging
potency of the fucoidan samples was calculated by the formula

radical scavenging potency (%) = (A control — A sample)/A control x 100.

Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; Sigma Aldrich, Munich,
Germany) dissolved in ethanol 70% (V/V) was used as reference substance. Its concentration ranged
from 3 to 12 pg/mL.

4.8. Fluorigenic PMN-Elastase Activity Assay

The elastase inhibitory activity was examined by a fluorogenic microplate assay using elastase
from human polymorph nuclear granulocytes (PMN, EC 3.4.21.37, Merck Millipore, Germany) and
the substrate MeOSuc-Ala-Ala-Pro-Val-7-amido-4-methylcoumarin (Bachem, Bubendorf, Switzerland)
as previously described [49,50]. By means of the concentration-dependent inhibition curves, the
concentration of test compound for 50% inhibition of elastase activities (ICsp in pg/mL) was calculated.

4.9. Hemolytic Classical Complement Modulation Assay

An aliquot of 75 pL fucoidan extract in veronal buffered saline (VBS: 5,5-diethylbarbituric acid
4.94 mmol/L, NaCl 145 mmol/L, MgCl, 0.83 mmol/L, CaCl, 0.25 mmol/L, pH 7.3) was mixed with
50 pL of a hemolytic system consisting of sheep erythrocytes sensitized with rabbit antibodies (Labor
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Dr. Merk & Kollegen, Ochsenhausen, Germany) in the well of a V-bottom microplate (nunc™ 249570,
Thermo Fisher Scientific, Germany). Then, 25 uL of a 2.1% human pooled serum dilution in VBS were
added. After incubation for 45 min at 37 °C and subsequent centrifugation for 15 min at 952x g at
room temperature, 100 pL of the supernatant was transferred into a well of a flat bottom microplate
(nunc™ 269620, Thermo Fisher Scientific, Regensburg, Germany) and diluted with 100 pL distilled
water. The optical density was measured at 405 nm. For control values, VBS instead of crude Fe extract
and hemolytic system were mixed with 2.1% serum dilution (100% hemolysis) and inactivated 2.1%
serum dilution (0% hemolysis), respectively. By means of the concentration-dependent hemolysis
curves, the ICsg (1g/mL) was calculated.

4.10. Cell Culture

Primary porcine RPE cells were prepared and cultivated as previously described [51] with
modifications [52]. In brief, eyes were obtained from a local slaughterhouse, cleaned, the anterior
segment and retina were discarded, and RPE cells harvested by trypsin digestion. Cells were
used in the first passage at confluence, morphology, and confluency observed in light microscopy.
Cells were maintained in HyClone DMEM (GE Healthcare, Munich, Germany, supplemented with
penicillin/streptomycin (1%), HEPES (2.5%), sodium pyruvate (110 mg/mL), and 10% fetal calf
serum, Linaris GmbH, Wertheim-Bettingen, Germany). The immortal RPE cell line ARPE19 was
obtained from ATCC and cultivated in DMEM (Merck, Darmstadt, Germany), supplemented with
penicillin/streptomycin (1%), non-essential amino acids (1%), and 10% fetal calf serum.

4.11. Treatment with Fucus distichus subsp. evanescens extract (Fe)

Fe extract was solved in Ampuwa water (Fresenius Kabi, Bad Homburg, Germany) in a
concentration of 10 mg/mL and filtered through a 0.2 pum filter. Cells were treated with 1, 10,
100, and 250 pg/mL Fe extract for indicated time periods, diluted in cell culture medium. If stimulation
time exceeded three days, medium (including Fe extract) was renewed twice a week.

4.12. Oxidative Stress

Oxidative stress was induced by tert-butyl hydroperoxide (TBHP), a stable inducer of oxidative
stress in RPE cells, as previously described [33]. In this study, we used 500 uM, 750 uM, and 1000 M
TBHP for 24 h on ARPE19 cells. Cells were incubated with indicated concentration of Fe extract for
30 min, then TBHP (500 uM, 750 uM, and 1000 uM, respectively) was added. After incubation for 24 h,
cell viability was tested using an MTT test as described below.

4.13. Methyl Thiazolyl Tetrazolium (MTT) Assay

MTT assay is an established viability assay [53] and was conducted as
previously described [18]. In brief, cells were incubated with 0.5 mg/mL MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid), solved in DMEM without phenol
red, washed, and lysed in dimethyl sulfoxide (DMSO). Absorption was measured at 550 nm with a
spectrometer (E1x800, BioTek, Bad Friedrichshall, Germany).

4.14. VEGF ELISA

ARPE19 supernatants were collected after 24 h, three days and seven days, by quick
centrifugation and stored at —20 °C until assessment. VEGF content of the supernatant of ARPE19
cells were determined using a commercially available ELISA kit (R&D Systems), following the
manufacturer’s instructions.

10
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4.15. Phagocytosis Assay

Phagocytosis assay was conducted as previously described [54]. In brief, photoreceptor outer
segments were prepared from porcine retina and used to opsonize fluorescence-labelled latex beads.
Cells were incubated with Fe extract for indicated time periods and treated with opsonized latex beads
for four hours. Uptake of beads was detected by fluorescence microscopy (Apotome, Zeiss Microscopy
GmbH, Jena, Germany) and evaluated in Axiovision software (Zeiss).

4.16. Wound Healing Assay (Scratch Assay)

Scratch assay was conducted as previously described [18]. In brief, a wound (“scratch”) was
applied to a confluent cell layer of primary RPE cells using a pipet tip. Photos were taken immediately
after the wound application as well as 24 and 48 h later in light microscopy. Area of wound was
assessed with Axiovision software. Wound healing is depicted as % wound area in relation to wound
area at time of scratch.

4.17. Statistics

Each experiment was independently repeated at least three times. Calculation of mean, standard
deviation, and significance was conducted in Microsoft Excel. Significance was assessed with student’s
t-test. A p-value of 0.05 or below was considered significant.

5. Conclusions

In conclusion, crude extracts from Fucus distichus subsp. evanescens are of some interests in regard
to potential AMD treatment considering their VEGF reducing effect on RPE cells. However, other
fucoidans have shown more promising effects. Furthermore, the tested crude extracts interfere with
RPE function, such as phagocytosis, which may be a cause of concern. Taken together, fucoidans of
other species may be of higher interest, and, importantly, further studies should be performed with
highly purified fucoidans.
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Abstract: Malignant glioma (MG) is a poor prognostic brain tumor with inevitable recurrence after
multimodality treatment. Searching for more effective treatment is urgently needed. Differentiation
induction via epigenetic modification has been proposed as a potential anticancer strategy. Natural
products are known as fruitful sources of epigenetic modifiers with wide safety margins. We thus
explored the effects of oligo-fucoidan (OF) from brown seaweed on this notion in MG cells including
Grade III US7MG cells and Grade IV glioblastoma multiforme (GBM)8401 cells and compared to the
immortalized astrocyte SVGp12 cells. The results showed that OF markedly suppress the proliferation
of MG cells and only slightly affected that of SVGp12 cells. OF inhibited the protein expressions
of DNA methyltransferases 1, 3A and 3B (DNMT1, 3A and 3B) accompanied with obvious mRNA
induction of differentiation markers (MBP, OLIG2, S1008, GFAP, NeuN and MAP2) both in US7MG
and GBM8401 cells. Accordingly, the methylation of p21, a DNMT3B target gene, was decreased
by OF. In combination with the clinical DNMT inhibitor decitabine, OF could synergize the growth
inhibition and MBP induction in U87MG cells. Appropriated clinical trials are warranted to evaluate
this potential complementary approach for MG therapy after confirmation of the effects in vivo.

Keywords: malignant glioma; oligo-fucoidan; differentiation induction; epigenetic modification;
DNA methyltransferases

1. Introduction

Cancer is widely considered as a developmental disease, caused by the dysregulation of cellular
proliferation and differentiation [1,2]. Cancer cells generally belong to incomplete cell differentiation
mainly in profound impairment of terminal differentiation. Substantial evidence has revealed that this
highly de-differentiated and plastic state reflects acquisition of genetic events that actively promote
stemness [3]. Tumors thus originate from cells with stem cell characteristics that have acquired aberrant
gene expression patterns, mostly due to mutations and epimutations. These aberrant gene expression
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patterns lead to a block in differentiation and trigger uncontrolled proliferation. Loss of differentiation
is thus an important characteristic of tumor cells and represents a defining feature of human cancers.
As a consequence, differentiation therapy has been developed into an important approach for the
treatment of cancers, particularly hematologic malignancy [4,5].

Malignant glioma (MG) is the most common primary adult brain tumor. According to the
2007 World Health Organization (WHO) classification, gliomas are graded according to the extent
of anaplasia (“de-differentiation”) status, with less aggressive designated as WHO grade II, more
aggressive forms designated as WHO grade IIl and the most aggressive one as glioblastoma multiforme
(GBM, WHO grade 1V). The prognosis of MG remains poor despite a great deal of advances in
surgery, radiation and chemotherapy, with a median overall survival of 12-15 months [6-8]. The cell
origin of MG remains a matter of argument, with evidence indicating it originates from neural stem
cells (NSCs), oligodendrocyte precursors (OPCs), or de-differentiated neurons and astrocytes [9-11].
Therefore, MG is a developmental disease with incomplete differentiation. Recent studies have
demonstrated that substances such as BMPs (bone morphogenetic proteins), Znf179 (a RING (Really
Interesting New Gene) finger protein) and CG500354 (a small molecule targeting for cAMP-specific
3’,5"-cyclic phosphodiesterase 4D) are able to reprogram malignant GBM cells to a more-differentiated,
less-oncogenic phenotype, which could extend the probability of manipulating the GBM cells toward
less-aggressive circumstances [12-14]. In addition to hematologic malignancy, MG may also be
effectively treated by differentiation therapy. Searching for appropriate effective differentiation
inducers is of great importance for this approach.

Drugs that modulate epigenetic processes in human cancer cells represent an important aspect in
the development of differentiation therapy for cancer. All-trans-retinoic acid (ATRA), a well-known
differentiation-inducing compound, was among the first substances used for differentiation therapy of
acute promyelocytic leukemia [4]. The influential finding that the differentiation-inducing cytosine
analogue 2’-deoxy-5-azacytidine (decitabine) acts as an effective inhibitor of DNA methyltransferases
provided animportant link between cellular differentiation and epigenetic regulation [15,16]. Decitabine
is widely used in myelodysplastic syndrome [17]. It also has been evaluated in clinical trials for the
treatments of acute myeloid leukemia in recent years [18]. However, many challenges remain in using
these epigenetic drugs for the differentiation therapy in solid tumors such as MG. The development of
alternative appropriate agents to effectively induce differentiation of MG is needed.

Fucoidan is a natural sulfated polysaccharide found in the cell wall matrix of brown seaweed.
Structurally, fucoidan is a heparin-like molecule with a substantial percentage of L-fucose, sulfated ester
groups, as well as small proportions of D-xylose, D-galactose, D-mannose and glucuronic acid [19].
Various biological activities of fucoidan, such as antioxidant, anti-inflammatory, antiproliferative and
proapoptotic activities have been reported [20,21]. It induces apoptosis in human lymphoma cells by
activation of caspase-3 [22], in A549 (human lung adenocarcinoma) cells by activation of caspase-9 [23]
and in MCF-7 (human breast cancer) cells by activation of caspases-8 [24], respectively. In addition,
fucoidan inhibits invasion and angiogenesis in human fibrosarcoma cells via repression of the activities
of matrix metalloproteinases 2 and 9 [25]. Of note, several studies have shown the ability of fucoidan
to induce osteoblast differentiation in human osteoblast [26] and adipose-derived stem cells [27].
Furthermore, fucoidan was also reported to stimulate osteoblast differentiation via c-Jun N-terminal
kinase (JNK)- and extracellular signal-related kinase (ERK)-dependent bone morphogenetic protein
2 (BMP2)-Smad 1/5/8 signaling in human mesenchymal stem cells [28]. These studies suggest the
potential of fucoidan in the differentiation induction of tumor cells, especially MG cells.

The oligo-fucoidan (OF) used in this study is a low-molecular-weight (<667 Da) fucoidan, which
was derived from the glycolytic cleavage product of original fucoidan from brown seaweed Laminaria
japonica [29]. Various anticancer effects of OF have been reported over the last decade. For examples,
the effects of OF against breast and lung cancers via ubiquitin proteasome pathway (UPP)-mediated
transforming growth factor 3 receptor (TGFR) degradation have been demonstrated in animal models
by Hsu et al. [30,31]. Our previous study showed that OF regulates miR-29b-DNMT3B-MTSS1 axis and
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inhibits epithelial-mesenchymal transition (EMT) and invasion in hepatocellular carcinoma cells [32].
In the present study, we explored the effects of OF on the differentiation induction in MG cells and
studied the underlying molecular mechanism in the aspect of epigenetic modification. In addition, its
combination effects with decitabine, a clinically available demethylating epigenetic agent, in MG cells
were also investigated.

2. Results

2.1. Oligo-Fucoidan Inhibits Proliferation and Clonogenicity, and Arrests Cell Cycle in Human Malignant
Glioma Cells

The effect of OF on the proliferation of human MG cells (GBM8401 and U87MG) determined
by sulforhodamine (SRB) assay is shown in Figure 1. Varying degrees of growth inhibition were
observed after 72 h exposure to OF. At a concentration of 400 pg/mL, the cell growth of GBM8401
and U87MG cells were inhibited to 40% and 46% of the control, respectively (Figure 1A). In contrast,
OF only had a slight inhibitory effect on the growth of immortalized astrocyte SVGp12 cells at the
same concentration, suggesting the preferential suppression of cancer cells by OF. At concentration
of 200 pg/mL, OF significantly decreased the colony formation of GBM8401 and U87MG cells to 14%
and 32%, respectively (Figure 1B,C). The 50% inhibitory concentration (IC5g) of OF in clonogenicity
of GBM8401 and U87MG cells upon 12-day treatment was 62 + 8 and 92 + 13 pug/mL, respectively
(Figure 1B,C). A higher grade of MG cells seemed to be more sensitive to OF.
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Figure 1. Inhibitory effects of oligo-fucodian (OF) on cell viability and colony formation of human
malignant glioma cells. (A) Two malignant glioma (MG) cell lines (GBM8401 and U87MG) and
immortalized astrocyte SVGp12 cells were treated with various concentrations of OF for 72 h. The cell
proliferation was measured by sulforhodamine (SRB) assay. Values are expressed as the mean +
standard error of triplicate wells. (B) Effects of OF on the clonogenicity of GBM8401, and (C) US7MG
cells. Each experiment was performed in triplicate, and the representative examples are shown (column,
mean, bar, standard error; ** p < 0.01; *** p < 0.001). The IC5( indicates the 50% inhibitory concentration
(ug/mL) of OF in the 12-day clonogenicity assay of GBM8401 and U87MG cells, respectively. Data are
expressed as mean + standard error.

17



Mar. Drugs 2019, 17, 525

Figure 2A,B show the cell-cycle distribution of GBM8401 and U87MG cells after treatment with
OF at concentrations of 200 and 400 pg/mL for 72 h. OF arrested the cell cycle of GBM8401 cells by
increasing the proportion of G1 phase from 58% (control) to 69% and 71%, respectively (Figure 2A).
In U87MG cells, OF concentration dependently increased the S phase from 7% (control) to 10% and
14%, respectively (Figure 2B). The results indicate that in different types of MG cells, OF could inhibit
proliferation via arresting the cell cycle at either the G1 or S phase.

GBM8401 cells UB7MG cells
Control Control
1000 o 1000 -
] -
5 50 £ s00
S 3
0 gy S o A
50 100 150 200 280 300 020" 40 60 80 00 120 140
PIPE-A (X 10°) PIPE-A (X 10°)
OF 200 pg/ml OF 200 pg/ml
1000 o 1000 @
5 so0 - & s -
© S o
%o s 100 160 200 250 300 020 46 60 80 100 120 140
PIPE-A (X 10°) PIPE-A (X 10%)
OF 400 pg/ml OF 400 pg/ml
1000 1000 -
£ -
3 500 - £ s00
© 3
% S0 G0 is0 200 250 300 % z0~ 4 6 80 100 120 140
PIPE-A (X 10%) PIPE-A (X 10%)
GBMB41 cells UBTNG cells
. rom
as
g ke uG1 g =G1
£ w0 £ w0
3 H
s 260
g g
g% 3%
3 » L2
= = at
> Q Q> Q>
& N N «© & N
N o o N o)
PN N 5 SN
S S N S
Q"L o Qrp Qh
o o o

Figure 2. Analysis of cell-cycle distribution in malignant glioma cells after treatment with oligo-fucoidan
(OF). After 72 h treatment, the effects of OF on cell-cycle distributions of GBM8401 (A) and U87MG (B)
cells were analyzed by flow cytometry. The quantitative measurement of G1, S and G2/M phases of
GBM8401 and U87MG cells after treating with OF.

2.2. Oligo-Fucoidan Induces Differentiation of Malignant Glioma Cells

As shown in Figure 2, apoptosis induction was not observed in OF-treated MG cells. Nonetheless,
marked changes of cellular shape to the morphologies of neural, oligodendrocyte or glial cells were
displayed after treatment with OF. This suggests that OF-mediated inhibition of MG cells might
attribute to differentiation induction rather than cytotoxic effect. To confirm this assumption, a panel of
early (astrocyte (GFAP), oligodendrocyte (Olig2) and neuron (MAP2 and Tuj1)) and terminal (astrocyte
(S5-100B), oligodendrocytes (myelin basic protein, MBP) and neuron (NeuN)) differentiation markers
were measured in OF-treated MG cells by quantitative PCR assay. As shown in Figure 3A, neural and
oligodendrocyte-like cellular shapes were observed in OF-treated GBM8401 cells. In support of this,
early differentiation markers of oligodendrocytes (Olig2) and neurons (MAP2) were markedly elevated
in these GBM8401 cells (Figure 3A). In OF (400 pg/mL)-treated US7MG cells, more oligodendrocyte-like
and less glial-like cellular shapes were observed (Figure 3B). In accordance, a dramatic elevation of
terminal oligodendrocyte differentiation marker MBP and significant increase of astrocyte markers
(GFAP and S100B) were detected in these US87MG cells (Figure 3B). Together, OF might induce
re-differentiation of MG cells, which were driven to malignant transformation by the de-differentiation
events described in Section 1.
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Figure 3. Differentiation induction of human MG cells after treatment with oligo-fucodian (OF).
(A) GBM8401 and (B) U87MG cells were treated with OF for seven days. Morphology of the MG cells
was examined by inverted phase contrast microscopy. Scale bar is 50 um. Expression of differentiation
marker genes was analyzed by quantitative PCR. Astrocyte markers: GFAP and S100B; oligodentrocyte
markers: Olig2 and MBP; neuron markers: MAP2, TUJ1 and NeuN. Data were expressed as mean =+
standard error.

2.3. Oligo-Fucoidan Inhibits DNA Methyltransferases (DNMTs) in Human Malignant Glioma Cells

Next, we investigated the molecular mechanism underlying the differentiation of OF-treated MG
cells. Epigenetic modulation involving DNA demethylation was known to play a crucial role in the
differentiation of MG cells [33]. Our previous study found that OF is able to induce miR-29b [32], which
suppresses DNMTs (DNMT1, 3A and 3B) in cancer cells [34]. We thus determined if the DNMTs of MG
cells were inhibited during differentiation induction by OF. As expected, OF repressed the protein
levels of DNMTs in both GBM8401 (Figure 4A) and U87MG (Figure 4B) cells. Epigenetic mechanism
involving DNA demethylation might play a crucial role in the differentiation induction by OF.
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Figure 4. Oligo-fucodian (OF) represses protein levels of DNA methyltransferases (DNMTs) in human
MG cells. After treatment with OF for 72 h, the protein levels of DNMT1, DNMT3A and 3B in GBM8401
(A) and U87MG (B) cells were analyzed by Western blot analysis. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the loading control for Western blot analysis. The fold changes
of these protein levels were indicated below the band.

2.4. Oligo-Fucoidan Decreases the Methylation of p21 Gene Accompanied with Induction of Its Expression in
Human Malignant Glioma Cells

The expression of p21 (CDKN1A, cyclin dependent kinase inhibitor 1A) is known to be repressed by
DNMT3B through methylating the CpG islands in its promoter region [35]. Regarding the substantial
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inhibition of DNMT3B protein level by OF in U87MG cells, it may decrease the methylation of p21 gene
and restore its expression. In agreement, OF induced the mRNA (Figure 5A) and protein (Figure 5B)
levels of p21 in US7MG cells in a concentration-dependent manner. Through further examination of the
methylation status of p21 gene by methyl-specific PCR, we found that OF increased the proportion of
unmethylated (U) p21 promoter and decreased the methylated (M) (Figure 5C). The U/M ratio in control
UB4MG cells was 0.89 and increased to 1.28 and 1.51 by OF at concentrations of 200 and 400 pg/mL,
respectively (Figure 5C). The known demethylating agent decitabine (5-aza-2’-deoxycytidine) was
used as a positive control, which increased the U/M ratio of p21 gene from 0.89 to 1.18 at concentration
of 5 uM (Figure 5C). As p21 is a tumor suppressor and cyclin-dependent kinases (CDK) inhibitor,
epigenetic induction of its expression would play a crucial role in OF-mediated growth inhibition
in MG cells. It is considered that the repressed differentiation marker genes might be epigenetically
induced by OF through the similar mechanism of action in demethylation.
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Figure 5. Oligo-fucodian (OF) increases p21 expression and decreases p21 gene methylation in human
MG cells. The p21 mRNA (A) and p21 protein (B) levels of US87MG cells were increased after treatment
with OF for seven days. The mRNA and protein levels were analyzed by quantitative PCR and
Western blot analysis, respectively. (C) Analysis of p21 gene methylation by methylation-specific PCR.
PCR products amplified with methylated (M) and unmethylated (U) sequence-specific primers were
shown. The quantitative U/M ratios are indicated below each pair of bands. Decitabine was used as
positive control.

2.5. Combination with Oligo-Fucoidan (OF) Enhances Decitabine-Mediated Growth Inhibition and
Differentiation Induction in MG Cells

Aberrant methylation of DNA has been proposed as a target for novel cancer treatment [36].
However, substantial hurdles (low efficacy and high toxicity) limit the extension of this proposal
to solid tumors [36]. Considering the substantial demethylating effect of OF shown in Figure 5C,
its combination with decitabine might be an alternative way for the epigenetic therapy of MG via
demethylation. As shown in Figure 6A,B, decitabine only slightly inhibited the growth of GBM8401
and U87MG cells to 64% and 70% of the control, respectively, even at the maximum concentration
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of 10 uM. When combined with OF (400 ug/mL), decitabine decreased the growth of GBM8401 and
UB7MG cells to less than 40% of the control (Figure 6A,B). In contrast, the immortalized astrocyte
SVGp12 cells were much less sensitive to the combination effect of decitabine and OF (Figure 6C),
suggesting the selectivity of this combination against MG cells. The combination effect was further
examined by the so-called combination index (CI), which quantitatively depicts synergism (CI < 1),
additive effect (CI = 1) and antagonism (CI > 1) [37]. As shown in Figure 6D,E, the CI values in both
GBM8401 and U87MG cells were all below 1, indicating synergisms of this combination against the
proliferation of MG cells. By contrast, the CI values of decitabine combined with OF in SVGp12 cells
were above 1 (Figure 6F), suggesting an antagonism effect on cell proliferation.
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Figure 6. Combination effects of oligo-fucoidan (OF) and decitabine on the proliferation of MG cells.
(A-C) GBM8401, U87MG and immortalized human astroglia (SVGp12) cells were treated with various
concentrations of decitabine in combination of OF as indicated for 72 h. The proliferation of cells
was measured by sulforhodamine (SRB) assay. Values are expressed as the mean + standard error of

triplicate wells. (D-F) Combination index values of decitabine-OF combinations vs. the inhibition
(fraction affected) of cell proliferation. Values lower than 1 show synergistic effects, whereas those
equal or close to 1 are additive and those higher than 1 are antagonistic.
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In line with the combination effect on growth inhibition, the differentiation induction of US7MG
cells by decitabine at 2.5 UM was also markedly enhanced by OF at 100 ug/mL. As shown in Figure 7A,
the display of oligodendrocyte-like morphology induced by OF or decitabine in US7MG cells was
markedly enhanced in the combination-treated group. In support of this, OF or decitabine alone
induced the mRNA expression of terminal differentiation marker MBP to 7 and 180 folds of the control,
respectively (Figure 7B). In combination-treated U87MG cells, the expression of MBP was markedly
enhanced to 357 folds of the control (Figure 7B). Thus, consistent with that observed in morphologic
changes, combining OF and decitabine has an obvious synergistic effect on not only the inhibition of
cell proliferation, but also the differentiation induction in MG cells.

Control OF 100 pg/ml

(A)

MBP mRNA

30

25
20
15
101

Relative mRNA level

Control  OF 100 ug/ml  Decitabine OF + Decitabine
2.5 uM

(B)

Figure 7. Combination effects of oligo-fucoidan (OF) and decitabine on the differentiation induction of
MG cells. (A) US7MG cells were treated with OF (100 ug/mL), decitabine (2.5 tM) or a combination
of each other for seven days. Morphology of the MG cells was examined by inverted phase contrast
microscopy. Scale bar is 50 um. (B) U87MG cells were treated with OF (100 pg/mL), decitabine (2.5 uM)
or a combination of each other as indicated for seven days. The gene induction of differentiation marker
MBP was analyzed by quantitative PCR.
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3. Discussion

Fucoidan is a botanical sulfated polysaccharide extracted from brown seaweed. Its widespread
bioactivity has gained significant research attention. Previous studies have reported that the in vitro
anticancer activity of low-molecular-weight fucoidan (<5000 Da) was significantly higher than that
of native fucoidan (>30 kDa) from sporophyll of Undaria pinnatifida [38,39]. However, the sulfate
contents in both fucoidans are similar [38], suggesting that the anticancer activity of fucoidan could
be considerably improved by lowering the molecular weight. As such, we chose the low-molecular
weight (<667 Da) oligo-fucoidan (OF) [29] as the research material in this study.

Numerous researches have reported various anticancer effects of OF in many different types of
tumor cells, including hepatoma, breast cancer and lung adenocarcinoma cells [30-32]. However,
as far as we know, no literature has shown the effects of OF on MG cells. In this study, we demonstrated
the growth arrest of MG cells by OF, accompanied with induction of differentiation marker genes
expression. Current treatments of MG remain focused on achieving maximal surgical resection
followed by concurrent radiation therapy with temozolomide. Conventional treatment offers patients
with GBM additional survival time with generally acceptable quality of life, but a cure is never
achieved [40]. In addition to killing cancer cells by conventional chemotherapy or radiotherapy,
reactivation of their endogenous differentiation program to resume the maturation process and abolish
tumor phenotypes has been proposed [41]. However, its application in MG treatment is hampered
by the toxicity and limited efficacy of current clinically-used differentiation agents such as ATRA,
azacitidine and decitabine in solid tumors [42,43]. Hopefully, our results in this study might help to
shed light on the approach of MG differentiation therapy.

In response to previous reports showing the effects of fucoidan to stimulate osteogenic
differentiation of adipose-derived stem cells [27] and mesenchymal stem cells [28], we demonstrated
the effects of OF on differentiation induction in MG cells, accompanied with simultaneous DNMTs
inhibition. It has been hypothesized that in glioma hypermethylator phenotype tumors, the extensive
DNA methylation maintains MG cells in a de-differentiated state [33]. In support of this, differentiation
induction and growth inhibition in IDH1 (isocitrate dehydrogenase 1) mutant MG cells by the DNMT
inhibitor decitabine has been demonstrated [33]. Therefore, the down-regulation of DNMTs in
OF-treated MG cells suggests the epigenetic mechanisms involving DNA demethylation for this
OF-mediated differentiation induction. Moreover, it has been reported that DNMT1 and DNMT3B
are overexpressed in gliomas and inhibiting DNMTs by 5-azacytidine (azacytidine, DNMT inhibitor)
enhances expression of tumor suppressor genes such as p21 [44]. Accordingly, we found the induction
of p21 accompanied the decrease of its methylated promotor region in OF-treated U87 MG cells.
Our previous work showed the inhibition of DNMT3B by OF via miR-29b induction [32]. As miR-29b
has been shown to directly target DNMT3A and 3B and indirectly down-regulate DNMT1 by targeting
Spl [34], miR-29b induction might participate in OF-mediated inhibition of DNMTs in MG cells.
The epigenetic modification activities of OF make it an attractive option for the complementary
management of MG.

There is evidence that epigenetic regulation plays a crucial role not only in cell differentiation
and embryonic development, but also in the self-renewal of cancer stem cells [45]. Exploring the
manipulation of epigenetic networks may provide new insights for differentiation therapy in solid
tumors [45]. In contrast to genomic mutations, epigenetic changes remain reversible and have been
targeted by agents such as DNA methylation inhibitor decitabine (5-Aza-2’-deoxycytidine) and histone
deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA; vorinostat) in cancer clinical trials [46].
In brain cancers, many loci exhibit epigenetic alterations and therapies to reverse these changes are thus
being pursued [46]. As there are alack of effective DNA demethylating agents with low toxicity and ease
of delivery to the brain, clinical trials for epigenetic therapies of MG are currently limited to SAHA [46].
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To promote clinical trials in brain tumors, combining inhibitors of DNA methylation and histone
deacetylation has been proposed to reduce toxicity and increase efficacy through their synergistic
effects at lower doses [46]. In line, OF combined with chidamide, a histone deacetylase inhibitor, could
synergistically inhibit growth of MG cells (Supplementary Data 1). Moreover, synergistic induction of
oligodendrocyte terminal differentiation marker MBP in U87MG cells was achieved by combination of
decitabine and OF. Consistently, OF also synergized the effect of decitabine against the proliferation of
GBM8401 and U87MG but not the immortalized astrocyte SVGp12 cells. It is expected that epigenetic
therapies for MG will be established in the near future [45]. Our results suggest the potential of
combining OF and currently-used epigenetic drugs as the complementary approach for this goal.

As mentioned above, epigenetic regulation also plays a crucial role in the self-renewal of cancer
stem cells [45], which are more resistant to conventional chemotherapy and radiotherapy than more
differentiated tumor cells [47]. In agreement of this, we found that OF could reduce the elevated stem
markers in the cancer stem-like U87 sphere cells, resulting in the diminishment of sphere number
and size, and the reduction of cancer stem-like side population percentage (Supplementary Data 2).
Triggering the differentiation of cancer stem cells has been proposed to restore their sensitivities to
regular chemotherapy and radiotherapy [47]. Regarding the epigenetic- and differentiation-inducing
effects of OF shown in this study, it might be able to enhance the efficacy of chemotherapy and
radiotherapy for MG and warrants further investigation. In parallel, previous studies have shown the
enhancing effects of fucoidan on the activities of chemotherapeutic agents, such as tamoxifen, cisplatin
and paclitaxel against cancer cells [48,49]. In glioblastoma, it has been proposed that targeting the
cancer stem cells rather than the bulk tumor mass would be more effective [47]. Combination with OF
might be an alternative way to enhance the chemotherapeutic effects against MG stem cells and is
worthy of further investigation.

On the other hand, whether OF can pass the blood-brain barrier (BBB) is critical for its application
in differentiation therapy of MG. The BBB is constituted from cerebrovascular endothelial cells through
forming complex tight junctions, which obstruct the passing of chemical agents to enter the brain.
The tissue distribution of naive fucoidan after intragastric administration to rats had been studied by
Pozharitskaya et al. [50]. In their study, the average molecular mass of the naive fucoidan was estimated
to be 735 kDa [50], which is much higher than the upper limit (400 Da) [51] for efficient permeability
through the BBB. Pozharitskaya et al. did not analyze the brain distribution of the fucoidan they
used [50]. As aforementioned, the OF used in the present study is a low-molecular-weight (<667 Da)
fucoidan, which was derived from the glycolytic cleavage product of original fucoidan from brown
seaweed Laminaria japonica [29]. The molecular weight of OF is much smaller than that of the
naive fucoidan (735 kDa) [50] and is near the upper limit (400 Da) [51] for efficient permeability
through the BBB. Moreover, in brain tumors, the increased permeability of the BBB by disrupting
endothelial tight junction proteins via vascular endothelical growth factor (VEGF) in GBM [52] and the
fenestration and vesicles in the capillary endothelium of pilocytic astrocytomas [53] have been found.
These abnormalities in the BBB of MG suggest the possibility for OF to pass through. Ultimately,
an appropriate animal study is warranted to further confirm the OF-mediated differentiation of MG
in vivo.

In summary, our results demonstrate the induction of OF-mediated DNMTs inhibition and
differentiation markers in MG cells (Scheme 1). Its synergistic combination effects with decitabine
against MG cells suggest a potential complementary approach for the epigenetic differentiation therapy
of MG. After confirmation of the effects in vivo, an appropriated clinical trial is warranted to evaluate
its clinical benefit for MG.
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Scheme 1. Schematic diagram displays the proposed mechanisms of action of OF (oligo-fucoidan) in
MG (malignant glioma) cells.

4. Materials and Methods

4.1. Reagents

The fucoidan powder from Laminaria japonica, a commercial product named Hi-Q Oligo-fucoidan®,
was provided by Hi-Q Marine Biotech International Ltd. (New Taipei City, Taiwan). Briefly, the crude
extract of Laminaria japonica was eluted with a NaCl gradient on a DEAE (Diethylaminoethyl)-Sephadex
A-25 column. The fucose- and sulfate-enriched fraction eluted at a higher concentration of NaCl was
collected and then hydrolyzed with glycolytic enzyme preparation to obtain our oligo-fucoidan (OF)
sample [54]. The characteristics of oligo-fucoidan (OF) were as follows: average molecular weight
of <667 Da with a 85.9% fucose content (127.2 + 1.3 umol/g), sulfate content 28.4% =+ 2.1% (w/w),
protein content 4.3% + 0.3% (w/w), fat content 0.6% + 0.1% (w/w), ash 4.1% =+ 0.1% (w/w) and moisture
content 3.9% =+ 0.8% (w/w) [29]. It was dissolved in double-distilled H,O and stirred at 25 °C for
30 min. The dissolved solution was filtered using 0.22 um sterile filters (Millipore, Billerica, MA, USA).
Decitabine (5-aza-2'-deoxycytidine, Cat #A3656, Sigma-Aldrich, St Louis, MO, USA) was used as a
demethylating agent. Stock solutions of decitabine (20 mM) were dissolved in dimethyl sulfoxide
(Cat #D2650, Sigma-Aldrich).

4.2. Cell Culture

The human glioblastoma multiforme cell line GBM8401 (BCRC 60163) was purchased from the
BCRC (Bioresource Collection and Research Center, Hsin Chu, Taiwan). Human glioblastoma cell line
U87MG was obtained from American Type Culture Collection (Manassas, VA, USA). GBM8401 cells were
maintained as monolayers in Dulbecco’s modification Eagle’s medium (DMEM, Gibco, CA, USA) and
U87MG cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 (Gibco). These culture
mediums supplemented with 10% fetal bovine serum (Gibco) and 1x penicillin-streptomycin-glutamine
(PSG, Gibco). Cells were cultured at 37 °C in a water jacketed 5% CO; incubator.

4.3. Cellular Viability

Cells were seeded in 96-well plates at a density of 2000 cells per well and treated with various
concentrations of oligo-fucoidan (OF) for 3 days. At harvest, the cell numbers were determined by
sulforhodamine (SRB) that measured the cellular protein content. Briefly, cells were fixed in 10%
trichloroacetic acid and stained with 0.4% SRB (Sigma-Aldrich). After incubation and washing, bound
SRB was dissolved in 100 pL of 10 mM unbuffered Tris base and optical density was measured at
570 nm using a microtiter plate reader (ELx800; BioTek, Winooski, VT, USA). At least three independent
measurements were performed for each experiment.
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4.4. Clonogenicity

Cells were plated at a density of 200 cells/well in 6-well plate. After seeding for 24 h, cells
were treated with indicated agents for 12 days. At the end, cells were stained with crystal violet
(Sigma-Aldrich), photographed and the colonies that expanded to >50 cells were counted.

4.5. Photograph of the Cells

The phase contrast images of cells were photographed using a digital microscope camera
(PAXcam2+, Villa Park, IL, USA) adapted to an inverted microscope (CKX31; Olympus, Tokyo, Japan)
at 40X objective lens magnification.

4.6. Cell-Cycle Distribution Analysis

Cells were seeded in 6-cm dishes at a density of 4 x 10° per dish. After treatment with OF at
indicated concentrations for 72 h, cells were trypsinized, washed twice by PBS, fixed in ice-cold 70%
ethanol and stored at 4 °C. The cells were then washed twice with ice-cold phosphate-buffered saline
and then incubated with RNase and DNA intercalating dye propidium iodide (50 ug/mL) at room
temperature for 20 min. The cell-cycle distributions were then analyzed using a CytoFLEX flow
cytometer (Beckman Coulter). A minimum of 10,000 events were collected and analyzed.

4.7. Quantitative RT-PCR

Total RNA was extracted from untreated or oligo-fucoidan (OF)-treated malignant glioma cells,
using an RNeasy Mini Kit, and treated with an RNase-free DNase I set (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Total RNA (1 p1g) was reverse-transcribed using oligo (dT)5
primers and a reverse transcription system (Promega, Madison, WI, USA). Reactions were carried
out using Fast SYBR® Green PCR Master Mix (Applied Biosystems, Warrington, UK) on the Step
One Plus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) by denaturation at
95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 40 s. Melting curve analyses
were performed to verify the amplification specificity. Relative quantification of gene expression was
performed according to the AA-CT (threshold cycle) method using StepOne Software 2.0 (Applied
Biosystems). The sequences of qPCR primers used to probe differentiation marker genes of astrocyte,
oligodendrocytes and neurons are listed in Table S1. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control.

4.8. Western Blotting

Cell extracts were prepared from cells that were suspended in Radio-Immunoprecipitation
Assay (RIPA) lysis buffer with protease inhibitor (Roche, Pleasanton, CA, USA). After centrifugation,
supernatants were dissolved in the Laemmli sample buffer (Bio-Rad, Hercules, CA, USA) for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Approximately 50 ug of protein were
separated in SDS-PAGE and electrotransferred onto a Polyvinylidene Fluoride (PVDF) membrane.
The membrane was blocked with 5% skim milk and then probed with the following primary antibodies:
anti-DNMT1 (ab13537, Abcam MA, USA), anti-DNMT3A (GTX129125, Gene Tex, Irvine, CA, USA),
anti-DNMT3B (GTX129127, Gene Tex), anti-GAPDH (ab8245, Abcam) and anti-p21 (ab109199, Abcam)
at 4 °C for overnight. After incubation with horseradish peroxidase-conjugated secondary antibody
(Jackson Immunoresearch, West Grove, PA, USA), the membrane was then visualized using Immobilon
Western Chemiluminescent HRP Substrate (Millipore, Burlington, MA, USA). The Western blotting
results were quantified with Image J software (NIH, Bethesda, MD, USA).

4.9. DNA Isolation and Sodium Bisulfite Conversion

Genomic DNA was isolated from malignant glioma cells after treatment with oligo-fucoidan
(OF) using the QIAquick kit (Qiagen, Germantown, MD, USA). Bisulfite conversion of genomic DNA
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was performed using EZ DNAMethylation-Gold™ kit (Zymo Research, Irvine, CA, USA) following
the manufacturer’s instruction. After bisulfite treatment, unmethylated cytosines were converted to
uracil (which was amplified as thymidine in subsequent PCR assays), whereas methylated cytosine
remained unaltered.

4.10. Methylation Specific PCR (MSP)

The methylation status of p21 genes was assessed by using conventional methylation specific
PCR. Appropriate primer pairs (p21 methylation forward primer, 5'-TACGCGAGGTTTCGGGATC-3’;
reverse primer, 5'-CCCTAATATACAACCGCCCCG-3’; p21 unmethylation forward primer, 5’-GGA
TTGGTTGGTTTGTTGGAATTT-3’; reverse primer, 5'-ACAACCCTAATATACAACCA CCCCA-3')
were employed. The presence of methylated cytosine residues was indicated by an amplification
product using the primer pair specific for methylated DNA. The reaction mixture was preheated at
95 °C for 5 min, followed by 40 cycles at 95 °C for 30 s, 60 °C for 45 s, 72 °C for 30 s and the final step at
72 °C for 5 min.

4.11. Synergistic Combination Effect

The synergism between OF and decitabine on the growth inhibition of cancer cells was analyzed
by the combination index (CI) derived from the median effect principle of Chou and Talalay [55],
using the CalcuSyn software (version 1.1.1; Biosoft, Cambridge, UK). The value of CI < 1 points to
a synergism effect, whereas the value of CI = 1 points to an additive effect and CI > 1 indicates an
antagonism effect.

4.12. Statistical Analysis

Differences between the clonogenicity data of control and treated groups were evaluated by
one-way ANOVA followed by Dunnett’s t-test. Probability value of p < 0.05 was considered statistically
significant. Single asterisk (*) indicates p < 0.05; double asterisks (**) indicate p < 0.01; triple asterisks
(***) indicate p < 0.001.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/9/525/s1,
Figure S1: Combination effects of Oligo-Fucoidan (OF) and Chidamide on the proliferation of MG cells, Figure S2:
Effects of OF on the cancer stemness of US7MG cells, Table S1: Primers used in Real-Time PCR analyses,
Experimental Procedures: Sphere formation assay and Side Population Analysis.
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Abstract: Fucoidan is a polysaccharide largely made up of L-fucose and sulfate groups. Fucoidan is
favorable worldwide, especially amongst the food and pharmaceutical industry as a consequence
of its promising therapeutic effects. Its applaudable biological functions are ascribed to its
unique biological structure. Classical bioactivities associated with fucoidan include anti-oxidant,
anti-tumor, anti-coagulant, anti-thrombotic, immunoregulatory, anti-viral and anti-inflammatory
effects. More recently, a variety of in vitro and in vivo studies have been carried out to further
highlight its therapeutic potentials. This review focuses on the progress towards understanding
fucoidan and its biological activities, which may be beneficial as a future therapy. Hence, we have
summarized in vitro and in vivo studies that were done within the current decade. We expect this
review and a variety of others can contribute as a theoretical basis for understanding and inspire
further product development of fucoidan.

Keywords: fucoidan; therapeutic effects; bioactivity; anti-viral

1. Introduction

The marine environment is renowned as a rich source of chemical and biological diversity.
This type of diversity has been regarded as a unique source of chemical compounds for cosmetics,
dietary supplementation, agrochemicals and pharmaceuticals [1]. Seaweeds, such as green algae, red
algae and brown algae, are able to produce various metabolites characterized by a broad spectrum of
biological activities [2]. A number of studies have been conducted towards their nutraceutical and
pharmaceutical properties [3-5].

For about a period of 2000 years, brown algae, such as Sargassum spp., has been put to use as
traditional Chinese medicine (TCM) towards treating various diseases, including thyroid diseases
such as goiters [6]. In addition, it has also been used traditionally to treat scrofula, tumors, edema,
testicular pain, swelling, cardiovascular diseases, arteriosclerosis, ulcer, renal issues, eczema, scabies,
psoriasis and asthma [6]. Their therapeutic effects have been scientifically approved and may, therefore,
be explained by means of in vivo and in vitro pharmacological activities, such as producing anti-cancer,
anti-inflammatory, anti-bacterial, anti-viral, neuroprotective and anti-HIV activities.

Several studies and reviews have been done in the past on the bioactivity of fucoidan
e.g., by producing anti-oxidant, anti-tumor, immunoregulation, anti-viral and anti-coagulant
activities [7]. Our aim is to cover a variety of angles on the contributing factors behind the bioactivities
of fucoidan, such as their source, molecular weight (Mw), sulfate group and extraction methods. In
addition, we did a follow up on some studies done by certain groups with the aim to observe and
compare progress based on their previous studies.
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2. Summary of The Literature

It seems evident that fucoidan is gaining interest as a potential therapy, which is part of the
highlight of this literature. Though this may be the case, a lot of ground still needs to be covered,
first by understanding the concept, origin and source of fucoidan (Sections 3 and 4). One of the
most important points in this review is the structure and pharmacokinetics of fucoidan, which sort of
gives us a general idea on how the mechanism of bioactivity gets executed by fucoidan, especially
when it comes to its structure and pharmacokinetics (Sections 5 and 6). Since fucoidan is identified
as possessing pro-apoptotic abilities, we summarized studies that were stimulated by fucoidan—for
instance in cancers. We also reflected upon different mechanisms within the process of apoptosis
e.g., cell-cycle arrest, intrinsic and extrinsic pathways (Section 7). Sections 8-11 provides a summary
of the anti-viral activities of fucoidan, including anti-influenza virus, anti-hepatitis B, anti-HIV and
anti-canine distemper virus (CDV). In the past, a variety of studies have shown fucoidan’s potential as
possessing anti-diabetic capabilities. Some in vitro studies have characterized fucoidan’s ability to
reverse the classical symptoms of diabetes and related metabolic syndromes, and we have provided a
summary of these characterizations in Section 12. Plants of marine origin, such as fucoidan, based
on previous literature are also regarded as an anti-coagulant, hence it was suitable to include such a
summary in Section 13. Therefore, the aim was to use an all-round approach into the health benefits
(e.g., anti-cancer, anti-viral, anti-coagulant, anti-diabetic) that are generally mentioned by authors who
focus their studies of fucoidan, while looking into the structure and characteristics of fucoidan.

3. Fucoidan

The first extraction of fucoidan was in 1913 from a species of brown algae [8], such as
Laminaria digitata, Ascophyllum nodosum and Fucus vesiculosus. Fucoidan is a negatively charged
and highly hygroscopic polysaccharide [9]. A high content of fucoidan is mainly found in the leaves of
L. digitata, A. nodosum, Macrocystis pyrifera and F. vesiculosus. Fucoidan is soluble in both water and
acid solutions. After the first publication took place in 1913, the number of published articles (studies)
on fucoidan has increased significantly, especially in the modern era. The reason behind the increase
in studies is that fucoidan has anti-tumor, anti-coagulant and anti-oxidant activities, as well as the
importance in terms of regulating the metabolism of glucose and cholesterol [10]. Also, there has been
an interest in fucoidan because of its potential to provide protection against liver damage and urinary
system failures. It is evident that research on fucoidan is gradually flourishing, as these activities are
carried out, and more of its bio-activities and health-related benefits are being discovered as studies
continue to accumulate.

4. Sources of Fucoidan

Fucoidan is a sulfated polysaccharide which can be found amongst a number of marine sources,
including sea cucumbers [11] or brown algae [12]. A great number of algae and invertebrates have
been ascertained for their fucoidan contents inclusive of Fucus vesiculosus, Sargassum stenophyllum,
Chorda filum, Ascophyllum nodosum, Dictyota menstrualis, Fucus evanescens, Fucus serratus, Fucus distichus,
Caulerpa racemosa, Hizikia fusiforme, Padina gymnospora, Kjellmaniella crassifolia, Analipus japonicus
and Laminaria hyperborea exhibited in Figure 1. In these sources, different types of fucoidan can be
obtained and the methods of extraction employed are different, especially when they are reported in
different studies.
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Figure 1. Sources of fucoidan. 1. Fucus vesiculosus, 2. Laminaria digitata, 3. Fucus evanescens, 4. Fucus
serratus, 5. Ascophyllum nodosum, 6. Pelvetia canaliculata, 7. Cladosiphon okamuranus, 8. Sargassum
fusiforme, 9. Laminaria japonica, 10. Sargassum horneri, 11. Nemacystus decipiens, 12. Padina gymnospora,
13. Laminaria hyperborea.

5. Structure of Fucoidan

Fucoidan is known as a fucose-enriched and sulfated polysaccharide that is mainly sourced from
the extracellular matrix of brown algae. Fucoidan is made up of 1-fucose, sulfate groups and one or
more small proportions of xylose, mannose, galactose, rhamnose, arabinose, glucose, glucuronic acid
and acetyl groups in a variety of brown algae [13-15]. In a number of studies, researchers have also
used galactofucan to represent a kind of fucoidan. Galactofucan is known as a monosaccharide, and the
composition of the monosaccharide is galactose accompanied by fucose, similar to rhamnofucan
(rhamnose and fucose) and rhamnogalactofucan (rhamnose, galactose and fucose). In addition to
the structure of fucoidan, there is also a variation amongst different seaweed types. Nevertheless,
fucoidan normally has two types of homofucose (Figure 2). One type (I) encompasses repeated
(1-3)-L-fucopyranose, and the other type (II) encompasses alternating and repeated (1—3)- and
(1—>4)-L-fucopyranose [16].

Reports based on structures of fucoidan, sourced from different species of brown algae, brought
about an improved categorization in terms of structures. By a way of illustration, most of the fucoidans
sourced from species belonging to the Fucales have an alternating linkage of (1—3)-a-L-fucose and
(1—-4)-a-L-fucose [17-21]. Structures of Ascophyllum nodosum fucoidan [22] and F. vesiculosus fucoidan
show a resemblance of one another, the difference is only significant based on sulfate patterns and
the presence of glucuronic acid. A number of Fucales species, such as Fucus serratus, Fucus distichus
and Pelvetia canaliculate, present similar fucoidan backbone, but show more diversity in the branching
and the presence of different monosaccharides [20,21,23]. However, exceptions do exist, for instance,
fucoidans from the Bifurcaria bifucardia and Himanthalia elongate do not follow or ascribe to such a
structural feature [24]. Hence, identifying the structure of fucoidan based on the species they belong to
presents a challenge.
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Figure 2. Type I and type II of common backbone chains in brown seaweed fucoidan. R can be
fucopyranose, glucuronic acid and sulfate groups, while the location of galactose, mannose, xylose,
rhamnose, arabinose and glucose in several kinds of seaweed species remains unknown.

Another important fact that deserves mentioning is that the structure of fucoidan is also highly
dependent on the harvest season. This is based on the Undaria pinnafida fucoidan, which exhibited
distinct characteristics and bioactivity, especially when harvested during different seasons [25,26].
In addition, it should be indicated that the purification method also plays a critical role in the structure
of fucoidan. To such an extent that new purification methods have led to the revelation that the
fucoidan structure is comprised of multiple fractions [27]. An investigation reported that the structure
of crude fucoidan sourced from A. nodosum showed a predominant repetition of [—(3)-x-L-Fuc(25057)
— (1—4)-a-Fuc(2,3diSO37)-(1)In [28]. However, from the same species, a purified fraction comprised
of primarily a-(1—3)-fucosyl residues with a sparse linkage of «-(1—4) and was found to be highly
branched [29]. Therefore, the employment of different extraction methods results in distinct structures.
For example, a report states that one species produced two distinct fucoidan structures, particularly
galactofuctans and uronofucoidans [30]. Hence, it should be emphasized that purification techniques
are one of the determining factors towards the structure and the associated bioactivities.

6. Pharmacokinetics Research of Fucoidan

It can be mentioned that quite a few experimental activities have been undertaken to address the
so-called ADME i.e., absorption, distribution, metabolism and excretion of fucoidan. The confirmation
of fucoidan absorption was determined using ELISA with fucoidan-specific antibody [31-33].
An absorption study was performed on rats using F. vesiculosus fucoidan (737 kDa), while 4 h
after administration, a maximum concentration of fucoidan in serum was reached, which then resulted
in the accumulation of the absorbed fucoidan in the kidneys. The fucoidan accumulation in organs has
also been confirmed by the absorption of C. okamuranus fucoidan in rats [34]. In addition, authors’
observation from healthy volunteers who either orally ingested or were administered with fucoidan
showed that some portion of fucoidan was absorbed by means of endocytosis, and was detected both
in their serum and urine [35]. It could be mentioned that LMWEF (low molecular weight fucoidan) may
be further developed to be used for clinical purposes. This is in relation to a comparative investigation
(i.e., LMWF and MMWF (middle molecular weight fucoidan) from S. japonica), the outcome was that
LMWEF presented with a better absorption rate and bioavailability, hence supporting its biological
potential [36]. However, fucoidan may still present with favorable pharmacokinetics in relation to
toxicity; the information on its biodistribution in human is still insufficient. Animal models indicate
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its bioavailability, sparking interest toward the LWMF as a potential solution. The latest study by
Kadena et al. [37] pursued a slightly different approach when investigating the absorption of fucoidan
based on oral administration. They concluded that “the habit of eating mozuku was speculated to be a
factor in the absorption of fucoidan”. A total of 396 volunteers were investigated after they ingested 3 g
of mozuku fucoidan, fucoidan was detected in the urine specimens of the 385 participants out of the 396.
Hence, in addition to the conclusion, participants residing in the location of Okinawa presented with
increased urinary excretion of fucoidan, because the locals of the Okinawa region generally consumed
greater amounts of mozuku than those outside the region. Although further studies on absorption
across the intestinal tract should be performed, it is rather interesting to have scientists pursuing
different angles towards fucoidan absorption. Hence, future developments of fucoidan as a drug will
be based on well-informed choices, due to a wide range of information that is gradually accumulating.

To date, two clinical trials are underway, such trials are focused on the biodistribution and tolerance
of fucoidan. Healthy individuals or volunteers are engaged in tests that involve the biodistribution,
safety and dosimetry of a labeled fucoidan (ClinicalTrials.gov, Identifier: NCT03422055). In another trial,
patients with stage III-IV non-small cell lung cancer (NSCLC) are being studied (in a placebo-controlled
trial), whereby fucoidan is added to their chemotherapy treatment to determine the impact it would
present on their quality of life (ClinicalTrials.gov, Identifier: NCT03130829). The results of these studies
(clinical trials) will play an important role in gaining insight in ADME and toxicity of fucoidan in
human beings.

7. Anti-Cancer Capacity

Apoptosis is a physiological process that is known as programmed cell death and is essential
for embryonic development and homeostasis in organisms, but it can also participate in pathological
processes, e.g., cancer [38]. Therefore, this section follows up on how malignant or cancer cells undergo
apoptosis after the administration or stimulation by fucoidan, in different manners, i.e., caspases, cell
cycle arrest, intrinsic and extrinsic pathways. C. okamuranus fucoidan (average Mw 75.0 kDa), which
consists of 5.01 mg/mL of L-fucose, 2.02 mg/mL of uronic acids and 1.65 ppm of sulfate, has revealed
that at the concentration of 1.0 mg/mL, the GO/G1-phase population in Huh?7 hepatocarcinoma cell was
increased, accompanied by a decrease in the S phase, highly suggesting that fucoidan may cause the
cell cycle arrest at the GO/G1 phase [39]. In a recent study by Zhang et al. [40], it was reported that
a high Mw fucoidan HMWF had been extracted from Cladosiphon navae. It was then digested with
glysidases to acquire LMWE. LMWF was comprised of a digested low-molecular-weight fraction (72%,
<500 kDa) and a non-digested fraction that consisted of less than 28% (800 kDa). LMWF consisted
mainly of fucose (73%), xylose (12%) and mannose (7%). Their results showed that the LMWF
enabled an induction of apoptosis in MDA-MB-231 breast cancer cells, showing a decreased trend in
cell viability at the concentrations between 82 and 1640 pg/mL, followed by nuclear shrinkage and
fragmentation on further analysis, which was an indication that the cytotoxic effect of LMWF was
mediated through apoptotic induction. Kasai et al. [41] performed comparative studies involving
apoptosis, where they discovered that type II fucoidan isolated from F. vesiculosus (600 kDa), exhibited
similar apoptosis-inducing activities through the activation of caspase-8 and -9 in MCF-7 and HeLa
cells at concentrations between 10-1000 ug/mL when compared to the low-molecular-weight of a type
I fucoidan derivative.

Fucoidan has also been identified as a possible or potential counteracting agent to melanoma.
Though therapeutic strategies exist in a form of a single agent or combined therapies, the efficacy
depends on a number of factors which include the overall health of the patient, stage of cancer or
metastasis and location of melanoma [42]. However, the efficacy of such treatments can somewhat
be decreased due to the development of diverse resistance mechanisms. Hence, new therapeutic
targets have been urgently needed for melanoma. For instance, F. vesiculosus fucoidan (purchased from
Sigma) exhibited significant inhibitory effects on the cell proliferation and induction of apoptosis on
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B16 melanoma cells at 550 pg/mL for 48 h [43]. Such evidence was well executed, which indeed was
evidently shown by a strong contention on the side of fucoidan to possess therapeutic potentials.

The efficiency of fucoidan to inhibit cancer cells through activating apoptosis indicates a promising
potential as a therapeutic agent. It is also encouraging to note that a couple of clinical studies have
been undertaken to develop fucoidan as an anti-cancer therapy by means of combining it with other
anti-cancer agents, and the little amount of data accumulated so far seems to be leaning in a positive
direction. However, serious considerations in terms of further anti-cancer studies are still required,
especially the discrepancy of results between the animal experiments and clinical trials in human.
This may be under the influence of how the body absorbs and processes fucoidan, including the way
in which fucoidan affects the body. In most cases, such processes are similar across species if not the
same, occasionally they can be so different in that a substance may be benign in one species but invalid
to the other. Therefore, some sort of a multidisciplinary approach can be considered, with an aim to
produce credible results and avoid the discrepancy between animal studies and clinical trials as much
as possible. With that being mentioned, a lot of ground still needs to be uncovered, hence it is proper
to term fucoidan a ‘potential therapy’ rather than a cure for cancer at this stage until further updates
are available.

8. Therapeutic Potential against Influenza A Virus

Among viral infections, the flu, with its seasonal outbreaks, has been one of the most problematic
viruses worldwide, while medicine and science are in pursuit of amicable solutions. For example,
influenza A virus (IAV) has been a formidable pathogen, which has been involved in at least three
pandemics since the last century. One of its featured pandemics, which was regarded to be severe,
claimed at least 40 million lives worldwide 1918-1919 [44]. In late April of 2009, an influenza A virus
i.e.,, HINI [45], was in the limelight causing major awareness and surveillance in countries around the
world. Though its prevalence was only for a brief period, its negative impact was rather great [46].
Therefore, scientists have been seeking solutions to eradicate or at least control over IAV. The scientific
activities have extended as far as exploring marine sources such as fucoidan.

Recently, a study from Wang et al. [47] was undertaken to inhibit IAV infection by
Kjellmaniella crassifolia fucoidan (536 kDa, sulfate content 30.1%) targeting the viral neuraminidase
and cellular EGFR pathway. The selection of this type of fucoidan was based on one of the other
requirements—that the development of anti-IAV drugs must have a high efficacy and minimal or no
toxicity [46], hence the study on fucoidan was rather favorable as a consequence that most studies
mention that fucoidan has less or no toxicity and is cost-effective compared to possible alternatives.
The results revealed that K. crassifolia fucoidan blocked IAV infection in vitro with low toxicity, it also
exhibited a broad spectrum against IAV and showed a low tendency in the induction of viral resistance,
outperforming the regular anti-IAV drug amantadine. K. crassifolia fucoidan was able to inactivate virus
particles before infection and some stages after adsorption. This was because it could also bind to viral
neuraminidase (NA) and inhibit the activity of NA to block the release of IAV. In addition, intranasal
administration of K. crassifolia fucoidan significantly improved survival and showed a decreased in the
viral titers in IAV-infected mice. Sun et al. [48] obtained two L. japonica LMWF fractions LF1 and LF2
by degradation, which contained fucose of 42.0% and 30.5%; galactose content of 19.8% and 23.9%;
uronic acid content of 5.3% and 3.7%; and sulfate content of 30.7% and 32.5%, respectively. They
found a weight-average Mw and number-average Mw to be 7600 and 7300 for LF1 and 3900 and
3700 for LF2, respectively. LF1 and LF2 presented remarkable anti-viral activity in vitro especially
in middle and high doses (0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL). In vivo results also indicated that LF1
and LF2 were able to prolong the survival time of virus-infected mice, in addition, it presented an
ability to significantly improve the quality of immune organs, immune cell phagocytosis and humoral
immunity after intravenous administration of LMWFs (2.5, 5, 10 and 15 mg/kg; a period of 14 days).
While such fucoidans present broad-spectrum anti-viral activity, the structure-activity relationship still
remains unclear.
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Despite the success of the currently available drugs, drug resistance, toxicity and cost still remain
unresolved issues in the fight against IAV infection. Hence, the development of novel anti-IAV agents
that could be used alone or in conjunction with existing anti-viral drugs is of critical importance.
It may be possible that this kind of fucoidan from K. crassifolin may be developed further against highly
pathogenic strains such as H5N1 or H7N9. In some way, fucoidan also has the potential of being a
novel nasal drop or spray for influenza therapy and could serve as prophylaxis in the near future [49].

9. The Role of Fucoidan as A Potential Anti-Hepatitis B Virus Treatment

Another virus that presents detrimental effects is the hepatitis B virus (HBV). HBV infects more
than 300 million people worldwide and is one of the leading causes of liver disease and liver cancer.
The current challenge associated with HBV is the lack of knowledge in terms of predicting the outcome
and progression of the HBV infection and an unfulfilled need in understanding the molecular, cellular,
immunological and genetic basis of various disease manifestations allied with HBV infection [50].
A number of efforts have been made to improve the immunogenicity of HBV vaccines. There was a
study conducted with an aim to investigate on Fucus evanescens fucoidan towards HBV vaccination, due
to the fact that fucoidan was used as an adjuvant as reported previously. This study found that Fucus
evanescens fucoidan (130400 kDa) indeed acted as adjuvants by stimulating the formation of specific
antibodies towards the surface of HBV, such as HBs-AG in mice [51]. The mice were immunized with
compositions of vaccines contained HBs-AG and fucoidan samples, causing the increase of cytokines
(TNF-a, IFN-g and IL-2) in the serum. An increase in the production of such cytokines was detected in
the culture of splenocytes stimulated in vitro by fucoidan. A comparison was made that the adjuvant
effect of fucoidan and its derivatives was similar to aluminum hydroxide, a traditional licensed
adjuvant. Based on a structural analysis, this sample possesses the glycosidic linkage and structural
features as follows: 3)-a-L-Fucp (2.4-503)-(1—4)-a-L-Fucp (2-503)-(1n. Another investigation showed
that F. vesiculosus fucoidan was able to inhibit the replication of HBV both in vivo and in vitro [52].
Fucoidan suppressed the HBV replication by the activation of the EKR signal pathway and also
enhanced the production of type I interferon via the activation of the host immune system. This
newly discovered mechanism suggested another approach, which can be effectively employed to
inhibit HBV replication. It was further mentioned that fucoidan alone and/or synergistically can be
used to serve as a new therapeutic drug against HBV. The investigation determined that fucoidan
significantly inhibited HBV replication in a mouse model in vivo (100 mg of fucoidan at 0, 1, 3, 5 and 7
days post-infection) and in HepG2.2.15 cells in vitro (at the concentration of <200 pg/mL). The results
indicated F. vesiculosus fucoidan could activate MAPK-ERK1/2 pathway and subsequently promote the
expression of IFN-«, causing a decrease in the production of HBV DNA and related proteins. This may
suggest the possibility of using fucoidan as an alternative therapeutic strategy against HBV infection.
Without a doubt, the consideration of safety and other related mechanisms of fucoidan still require
further investigation prior to clinical application.

10. Therapeutic Potential as Veterinary Medicine against Canine Distemper Virus (CDV)

Viral infection does not only limit its impact on humans, but also affects wild and domestic animals
as well. Though, not a lot of data are available, there are viruses that tend to be lethal to domestic
animals e.g., canines [53]. The disadvantage is that therapies or medications suitable for such animals
are rather limited and not well documented. This leads to such domestic pets succumbing to certain
viruses, especially at their infancy due to a low immune system. For example, canine distemper virus
(CDV), a morbillivirus genus member, is a virus that infects quite a range of terrestrial and aquatic
carnivores [54]. This infection is characterized by presentations of respiratory and gastrointestinal
disorders, followed by immunosuppression and neurological complications in infected hosts [54].

A study was performed to assess the fucoidan’s anti-viral activity against CDV, since this type
of virus is quite difficult to treat among canines. However, fucoidan may be part of the solution
among the strategies and developments that are currently being undertaken, since the cure is still
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not available. Trejo-Avila et al. [55] reported that fucoidan extracted from C. okamuranus was able to
inhibit CDV replication. This extraction contained 90.4% fucoidan and its mean molecular weight was
92.1 kDa, with fucose (38.6%), sulfate (15.9%) and other sugars (23%). It did not only show a reduction
in the number of plaques but reduced the size of them as well. This fucoidan enabled an inhibition
of CDV replication in Vero cells at an amount of 50% inhibitory concentration (IC50) of 0.1 ug/mL.
The selectivity index (SI50) derived was >20,000. This showed that the fucoidan possesses an ability to
inhibit the viral infection by interfering in the early steps and also by inhibiting CDV-mediated cell
fusion. Therefore, fucoidan may be useful for the development of pharmacological strategies to treat
and control CDV infection. Results such as these and many others to follow could be a stepping stone
towards inventing the medication or cure against this deadly disease among canines.

11. Therapeutic Potential against HIV

A search for a cure towards HIV has been one of the focal points by a number of scientists
worldwide. Though, a breakthrough has been noted in terms of the currently available treatment (in
the form of anti-retrovirals) to tame the virus. However, a need still exists to eradicate it completely.
The challenge with current treatment is related to side effects, especially during the initial introduction.
Current treatments can also be cost-prohibitive, though certain countries subsidize affected individuals.
This, in turn, places some constraints on governments in terms of exorbitant expenditures in an aim
to sustain the lives of the people. Taking this into consideration, research for novel compounds to
overcome such limitations is desperately needed.

Their anti-viral activity is dependent on the physical and chemical properties of fucoidan.
An investigation found various fucoidans could suppress the infection of Jurkat cells utilizing
pseudo-HIV-1 particles which contain envelope proteins of HIV-1 [56]. Therefore, based on the
data obtained, the fucoidans (Saccharina cichorioides (1.3-x-L-fucan) and S. japonica (galactofucan)
presented a significant inhibitory effect. This was demonstrated by the efficiency against the lentiviral
transduction of fucoidan at rather low concentrations of 0.001-0.05 ug/mL. Another potential anti-HIV
agent was S. swartzii fucoidan [57]. Bioactive fucoidan fractions (CFF: Crude Fucoidan Fraction;
FF1: Fucoidan Fraction 1; FF2: Fucoidan Fraction 2) were isolated from S. swartzii. The fucoidan
fractions were placed under investigation for anti-HIV-1 properties. Fraction FF2 significantly exhibited
anti-HIV-1 activity at concentrations of 1.56 and 6.25 ug/mL which was observed by >50% reduction in
HIV-1 p24 antigen levels and reverse transcriptase activity. These fractions were mainly composed of
sugars, sulfate and uronic acid, and the total sugar content in the FF1 and FF2 was 61.8% and 65.9%;
the sulfate content—19.2% and 24.5%, uronic acid—17.6% and 13.4%, Mw—45 and 30 kDa, respectively.
In addition, Thanh et al. [58] concluded that fucoidans derived from the three brown seaweeds, S.
mcclurei (Fgn), S. polycystum (Fsp) and Turbinara ornate (Fro), also displayed similar anti-HIV activities
with a mean IC50 ranging from 0.33 to 0.7 g/mL. While the highest sulfate content was found in
Fsm when compared to the other two fucoidans, and their anti-viral activities were not significantly
different, suggesting that sulfate content is not the essential factor for anti-HIV activities of fucoidan.
Those fucoidans inhibited HIV-1 infection when they were pre-incubated with the virus but not with
the cells, and not after infection, showing that they were able to block the early steps of HIV entry
into target cells. Hence, such studies are an indication that fucoidans with a naturally high molecular
weight are possibly effective as anti-HIV agents regardless of their backbone. Though, the above results
may present a rather positive outlook towards fucoidan as an anti-HIV treatment, more in vitro and
in vivo studies are still necessary before proceeding to clinical trials.

12. Diabetic and Metabolic Syndrome Control

In recent years, fucoidan has received some intense interest as an agent for treating diabetes and
other types of metabolic syndromes (MetS). Fucoidan extracted from F. vesiculosus has been known
as an «-glucosidase inhibitor that is able to treat diabetes [59]. Among other studies, fucoidan was
mentioned to have an ability to attenuate diabetic retinopathy through inhibiting VEGF signaling [60].
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Additionally, a report of a low Mw fucoidan was noted to provide protection against diabetic associated
symptoms in Goto-Kakizaki rats [61]. Fucoidan also improves glucose tolerance by modulating AMPK
signaling and GLUT4 activity [62]. Some studies mention that Fuc-Pg (fucoidan from the sea cucumber
Pearsonothuria graeffei) with an Mw of 310 kDa can be used as a form of functional food to treat
MetS [63]. Fuc-Pg enabled weight reduction in high fat diet-fed mice, it also reduced hyperlipidemia,
and protected the liver from steatosis. Concurrently, Fuc-Pg reduced the serum inflammatory cytokines
combined with reduced macrophage infiltration into adipose tissue. Furthermore, it was declared that
the treatment effect for MetS was primarily related to the 4-O-sulfated structure of fucoidan, since it was
identified as a tetrasaccharide repeating unit with a backbone of [=3Fuc (25, 45) «1—3Fucal—3Fuc(4S)
a1—-3Fucal—]n.

With the rapid development of investigations related to intestinal microbes, in some cases,
fucoidan is recognized as a prebiotic to regulate the intestinal ecosystem or microbiome [64]. It
promotes the growth of beneficial bacteria which represents a mechanism inhibiting the development
of MetS [65]. A report by Parnell et al. [66] showed that prebiotics containing fucoidan can regulate
blood glucose and metabolism by providing a beneficial environment for the growth stimulation
of probiotics. Cheng et al. [67] also demonstrated that S. fusiforme fucoidan (SFF) could modify gut
microbiota during the alleviation of streptozotocin-induced hyperglycemia in mice. The yield of SFF
was 6.02%., with sulfate content up to 14.55% and the average Mw of 205.8 kDa. This study was done
with diabetic mice where after a 6-week administration, SFF impressively decreased the fasting blood
glucose, diet and water intake. Additionally, SFF attenuated the pathological changes in the heart and
liver tissues, hence, improving liver function. Also, SFF suppressed oxidative stress in STZ-induced
diabetic mice which are manifestations associated with MetS. Concurrently, SFF significantly altered
the gut microbiota in diabetic mice, what was noted is SFF decreased the relative abundances of
the diabetes-related intestinal bacteria, which might be the potential mechanism for relieving the
symptoms of diabetes [67].

Though the results indicated in this section seem significant in favor of reversing diabetes and MetS,
it should be mentioned that related research is still in progress worldwide. The reason is based on the fact
that scientists are still in pursuit of the mechanism which affords fucoidan the ability to reverse diabetes
or MetS. Other factors to be considered are short-chain fatty acids (SCFAs), which are known to play a
role in providing a conducive environment in the intestine after the oral intake of fucoidan since fucoidan
cannot be digested by gastrointestinal enzymes, although their fermentation is regarded to be ideal for gut
microbiota to produce SCFAs. Therefore, depending on interest, others would study fucoidan through the
disciplines of physiology or pathophysiology in the intestine, some may explore the liver and/or pancreas
as they play an integral role in digestion especially in the intestine, some may examine the microbiological
context, while also looking into the exact mechanism of fucoidan. The reality is that before fucoidan can
be considered as medication or future therapy towards MetS and diabetes, the studies that are still in their
early stages would need to be completed. Perhaps a solid future project and/or direction needs to be well
established while using a specific type of fucoidan.

13. Anti-Coagulant Function

Vascular related disease, such as ischemic heart disease, atherosclerosis and deep vein thrombosis,
are still among the leading causes of death worldwide. As reported by the World Health Organization,
complications associated with these diseases account for over one-quarter of death throughout the
world [68]. In most cases, thrombotic related episodes are usually managed by using anti-coagulant
and anti-thrombotic medications, such as heparin, a sulfated glycan belonging to the family of
glycosaminoglycans (CAGs) [69]. As it would be anticipated, such therapies tend to present with
undesirable and come with severe to moderate side effects that are unavoidable [70]. The side effects
linked to heparin include thrombocytopenia [71] and hemorrhagic episodes [72], hence this can limit,
defeat or hinder its pharmacological applications.
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According to evidence from available studies, it is mentioned that the anti-coagulant activity
of fucoidan is dependent on its Mw, sulfate group/total sugar ratio, sulfate position, sulfate degree,
and glycoside branching [73]. Chandria et al. [74] discovered that, by preparing Lessonia vadosa LMWEF
using free-radical depolymerization, a better anti-coagulant activity is then exhibited than the naive
fucoidan in a dose-dependent-manner. Jin et al. [75] discovered that fucoidan’s Mw and content of
galactose, presented anti-coagulant activity. Documentation based on previous studies indicates that
fucoidans with an Mw of 5-100 kDa present as potential anti-coagulants, while fractions greater than
850 kDa are lack of anti-coagulant activity [76]. The fucoidans with an Mw ranging from 10-300 kDa,
are regarded as having by far the strongest anti-coagulant activity. In a previous study [77], the authors
performed a comparative study of anti-thrombotic and anti-platelet activities of different fucoidans
from L. japonica, where their results showed that the fucoidan of Mw 27-32 kDa exhibited a much
better anti-coagulant and anti-thrombin activity than low molecular weight fucoidans (3.7-7.2 kDa)
through intravenous administration. A recent study [78] reported that two dry Fucus extracts, DFE-1
and DFE-2, prepared using ultrasound technique, were investigated for their anti-coagulant activity
compared to the reference agent heparin. An in vivo experiment on Wistar rats was conducted based on
anti-coagulant activities whereby increased blood clotting time was studied—measured by activated
partial thromboplastin time (APTT) and prothrombin time (PT). The results indicated that DFE-2 was
analogous to the anti-coagulatory effect produced by the reference agent heparin, while DFE-1 showed a
weak effect compared to DFE-2 or heparin. The distinct anti-coagulant effect between DFE-1 and DFE-2
might be due to their different physiochemical properties, including fucoidan content, monosaccharide
composition and the differences in the contents of polyphenols and sulfate groups. This was indicative
that the chemical composition plays an essential role in the anti-coagulant activities of fucoidan.

14. Methods

An electronic search was conducted with an aim to identify articles relevant for this literature,
from the online database Web of Science from 2000 until 2019. The search included ‘structure of
fucoidan’, ‘pharmacokinetics’, ‘fucoidan’, ‘seaweed’, ‘apoptosis” and “anti-viral’. The citation lists were
searched manually for other related articles. The strategy used to search is explained in Appendix A.

15. Conclusions and Future Perspectives

Fucoidan continues to be promising towards a wide range of potential applications. Since the
modern era, reviews and research articles based on the therapeutic applications of fucoidan are on
the rise. Therefore, support has been growing in terms of the role that fucoidan could play as a
form of therapy. This stems from the fact that brown algae has been used for many years to treat
certain ailments in TCM, hence there is a bit of history to be considered. It remains significant or
essential that each type of fucoidan necessitates screening and validation for a particular therapeutic
activity. A serious consideration on pharmacokinetics, uptake and biodistribution still requires further
assessment. Despite the numerous studies done on fucoidan so far, there are still few clinical trials
planned and completed. This may be due to a lack of comparative studies, on a specific fucoidan for
instance. In most cases, studies are examining different types of fucoidan on different cell lines or
animal models. Hence, this makes it difficult to establish a general mechanism that is for a specific type
of fucoidan. In addition, there is relatively little information available with regards to the absorption,
distribution and excretion of fucoidan. With that being mentioned, the structure of fucoidans still
requires attention, since they present a complex structure, even their refined structures are not yet
clear or fully understood. The biological activities presented by fucoidan are attractive. However,
because most of these studies are carried out by using a relatively crude fucoidan, it is quite difficult
to determine the relationships between structure and activity. Future studies based on the clear
conformation of fucoidan should assist in establishing a better understanding of their biological
properties. This might soon be practically possible, as a consequence of the gradual increase in the
availability of detection and measurement techniques. The key element in developing successful
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therapeutic products is based on the understanding of the chemistry and structural variability of each
type of fucoidan. It should be appreciated that some studies indicated in this review are currently
undertaking further studies, following up on what they have done previously. Additionally, they also
indicate that future studies are currently underway, and will be available soon that is based on the past
and present work. This paves the way for what will be known as a ‘tried and tested’ regimen, should it
one day be used as therapy.
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Appendix A

Appendix A.1 Search Strategy
Web of Science:

e  TOPIC: (fucoidan)

e  TOPIC: (fucoidan) AND TOPIC: (structure)

e  TOPIC: (sulfated polysaccharides) AND TOPIC:(structure)
e  TOPIC: (sulfated polysaccharides) AND TOPIC:(pharmacokinetics)
e  TOPIC: (sulfated polysaccharides) AND TOPIC:(absorption)
e  TOPIC: (fucoidan) AND TOPIC: (absorption)

e  TOPIC: (fucoidan) AND TOPIC:(pharmacokinetics)

e  TOPIC: (fucoidan) AND TOPIC: (preparation)

e  TOPIC: (fucoidan) AND TOPIC: (sulfate)

e TOPIC: (fucoidan) AND TOPIC: (species)

e  TOPIC: (fucoidan) AND TOPIC: (Fucus vesiculosus)

e  TOPIC: (fucoidan) AND TOPIC: (cladosiphon okamuranus)
e  TOPIC: (fucoidan) AND TOPIC: (ascophyllum nodosum)

e  TOPIC: (fucoidan) AND TOPIC: (fucales)

e  TOPIC: (fucoidan) AND TOPIC: (brown algae)

e  TOPIC: (fucoidan) AND TOPIC: (cancer)

e  TOPIC: (fucoidan) AND TOPIC: (antiviral)

e  TOPIC: (fucoidan) AND TOPIC: (synergy)

e  TOPIC: (fucoidan) AND TOPIC: (anti-influenza)

e  TOPIC: (fucoidan) AND TOPIC: (diabetes)

e  TOPIC: (fucoidan) AND TOPIC: (metabolic syndrome)

e  TOPIC: (fucoidan) AND TOPIC: (anti-coagulant)

e  TOPIC: (fucoidan) AND TOPIC: (anti-canine distemper)

e  TOPIC: (Low molecular weight fucoidan)

e  TOPIC: (fucoidan) AND TOPIC: (apoptosis)

e  TOPIC: (fucoidan) AND TOPIC: (caspase)
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TOPIC: (fucoidan) AND TOPIC: (caspase pathway)
TOPIC: (fucoidan) AND TOPIC: (intrinsic & extrinsic apoptosis)

Appendix A.2 Criteria for Considering Studies for This Review

We considered all the subject-related studies for this literature, experimental articles published

around 2000-2019 (mainly the summary of the experimental data portrayed, excluding background
information covered before year 2000) to have provoked our interest. In addition, relevant articles from
the bibliography of articles we found with above-mentioned search terms were selected for this review.
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Abstract: Therapeutic options for Alzheimer’s disease, the most common form of dementia, are
currently restricted to palliative treatments. The glycosaminoglycan heparin, widely used as a clinical
anticoagulant, has previously been shown to inhibit the Alzheimer’s disease-relevant (3-secretase 1
(BACEL1). Despite this, the deployment of pharmaceutical heparin for the treatment of Alzheimer’s
disease is largely precluded by its potent anticoagulant activity. Furthermore, ongoing concerns
regarding the use of mammalian-sourced heparins, primarily due to prion diseases and religious
beliefs hinder the deployment of alternative heparin-based therapeutics. A marine-derived, heparan
sulphate-containing glycosaminoglycan extract, isolated from the crab Portunus pelagicus, was
identified to inhibit human BACE1 with comparable bioactivity to that of mammalian heparin
(ICs0 = 1.85 ug mL~! (R? = 0.94) and 2.43 pg mL~! (R? = 0.93), respectively), while possessing highly
attenuated anticoagulant activities. The results from several structural techniques suggest that the
interactions between BACE1 and the extract from P. pelagicus are complex and distinct from those
of heparin.

Keywords: Alzheimer’s disease; amyloid-f3; BACE1; {3-secretase; glycosaminoglycan; heparan
sulphate; heparin; Portunus pelagicus

1. Introduction

Alzheimer’s disease (AD), the most common form of dementia, is characterized by progressive
neurodegeneration and cognitive decline [1]. The deposition and aggregation of toxic amyloid-f3
proteins (A), the primary constituents of 3-amyloid plaques, has been identified as one of the primary
causative factors in the development of AD. Approximately 270 mutations within genes that are
directly associated with A3 production are currently linked to the early-onset development of AD [2].
Furthermore, additional genetic risk factors for late-onset AD have been identified, most notably the
APOE polymorphism [1]. Other pathological hallmarks of AD include the presence of intraneuronal
neurofibrillary tangles (NFTs), an enhanced inflammatory response, neurotransmitter depletion, metal
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cation accumulation and oxidative stress [3]. In light of the above, the multifaceted nature of AD has
dictated strategies that are capable of modulating the multiple, distinct pathophysiological pathways
associated with AD [4].

Amyloid-f3 peptides (AB) are produced through the sequential cleavage of the type 1
transmembrane protein, amyloid precursor protein (APP). APP is initially cleaved by the aspartyl
protease, f3-site amyloid precursor protein cleaving enzyme 1 (BACE1), the primary neuronal
[-secretase [5], liberating a soluble N-terminal fragment (sAPP[3) and a membrane-bound C-terminal
fragment (3-CTF or C99). The B-CTF/C99 fragment subsequently undergoes cleavage by y-secretase
within the transmembrane domain, releasing a 36-43 amino acid peptide (Ap) into the extracellular
space; the most predominant species of A3 being A340 [6,7]. An imbalance favouring the production
of AB42 has been linked to the development of AD, owing to a higher propensity to oligomerize and
form amyloid fibrils than the shorter A340 [8].

As the rate-limiting step in A production, BACE1 inhibition has emerged as a key drug target
for the therapeutic intervention of the progression of AD in order to prevent the accumulation of
toxic AP [9,10]. This is supported by the finding that BACE1-null transgenic mice models survive
into adulthood with limited phenotypic abnormalities while exhibiting a reduction in brain A
levels [5,11-16]. Despite the therapeutic potential of BACE1 inhibition, the successful development of
clinically approved pharmaceuticals has proven a challenge due to the large substrate-binding cleft of
BACE], and unfavourable in vivo pharmaceutical properties of potent peptide inhibitors, for example,
oral bioavailability, half-life and blood-brain barrier (BBB) penetration [10,17].

Heparan sulphate (HS), and its highly-sulphated analogue heparin (Hp), are members of
the glycosaminoglycan (GAG) family of linear, anionic polysaccharides. They share a repeating
disaccharide backbone consisting of a uronic acid (D-glucuronic acid; GlcA or L-iduronic acid; IdoA)
and D-glucosamine, which can be variably sulphated or N-acetylated. HS is synthesised attached to
core protein-forming HS proteoglycans (HSPGs), which have been identified co-localized with BACE1
on cell surfaces in the Golgi complex and in endosomes [18]. HSPGs were reported to endogenously
regulate BACE1 activity in vivo through either a direct interaction with BACE1 and/or by sequestration
of the substrate APP [18]. The addition of exogenous HS or heparin was also shown to inhibit BACE1
activity in vitro and reduced the production of A in cell culture [18-20]. Mouse models treated with
low-molecular-weight heparin (LMWH) exhibit a reduction in A burden [21] and display improved
cognition [22], although the multifaceted modes of heparin interaction (including inflammation,
apolipoprotein E, metal interactions, [23], Tau, A and acetylcholinesterase) may present challenges
when drawing definitive conclusions from in vivo mouse studies. That said, the ability of heparin to
favourably modulate a multitude of potential AD-associated targets, beyond that of BACE-1 inhibition
alone, would appear desirable. Furthermore, heparin oligosaccharides within the minimum size
requirement for BACEL1 inhibition [18,19] (<18-mers) possess the ability to cross the blood-brain
barrier (BBB) [24] and can be made orally bioavailable depending on formulation and encapsulation
methods [25]. Heparin analogues, therefore, hold therapeutic potential as a treatment against AD,
which may also offer an advantage over small molecule and peptide inhibitors of BACE1.

Heparin has been utilized clinically as a pharmaceutical anticoagulant for over a century due to its
ability to perturb the coagulation cascade, principally through interactions with antithrombin III via the
pentasaccharide sequence [-4) x-p-GlcNS,6S (1-4) 3-p-GlcA (1-4) x-p-GIcNS,3S,65 (1-4) x-L-IdoA2S
(1-4) x-p-GIcNS,6S (1-]. The side effect of anticoagulation presents as an important consideration
when determining the potential of a heparin-based pharmaceutical for the treatment of AD. It has
been previously determined that the anticoagulation potential of heparin can be highly attenuated by
chemical modifications, while retaining the favourable ability to inhibit BACE1 [18-20]. Polysaccharides
in which the 6-O-sulphate had been chemically removed were reported to have attenuated BACE1
activity [18,19] although this correlates with an augmented rate of fibril formation [26].

Polysaccharides analogous to GAGs have been isolated from a number of marine invertebrate
species that offer rich structural diversity and display highly attenuated anticoagulant activities
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compared to mammalian counterparts (for further detail, the reader is referred to the following
reviews; [27,28]). The largely unexplored chemical diversity of marine-derived GAGs provides a
vast reservoir for the discovery of novel bioactive compounds, some of which have been identified
to exhibit antiviral [29,30], anti-parasitic [31,32], anti-inflammatory [33,34], anti-metastasis [35-37],
anti-diabetic [38], anti-thrombotic [39] and neurite outgrowth-promoting activities [40]. Also, these
compounds may be obtained from waste material, which makes their exploitation both economically
and environmentally appealing. Here, a GAG extract isolated from the crab Portunus pelagicus has
been found to possess attenuated anticoagulant activity while potently inhibiting the AD relevant
-secretase, BACE], in vitro.

2. Results

2.1. Isolation and Characterisation of a Glycosaminoglycan Extract from the Crab Portunus Pelagicus

A glycosaminoglycan extract isolated from the crab Portunus pelagicus via proteolysis was
fractionated by DEAE-Sephacel anion-exchange chromatography utilizing a stepwise sodium chloride
gradient. The eluent at 1 M NaCl (fraction 5; designated P. pelagicus F5) was observed to have similar
electrophoretic mobility in 1,3-diaminopropane buffer (pH 9.0) to mammalian HS/Hp, with no bands
observed corresponding to monosulphated chondroitin sulphate (CSA/CSC), disulphated chondroitin
sulphate (CSD) or dermatan sulphate (DS) (Figure 1).
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Figure 1. (A) DEAE purification of P. pelagicus crude glycosaminoglycan. Fractions 1-6 (F1-6;
Aaps = 232 nm, solid line) were eluted using a stepwise NaCl gradient with HPAEC (dashed line).
(B) Agarose gel electrophoresis of P. pelagicus F5. The electrophoretic mobility of P. pelagicus F5 was
compared to that of bone fide glycosaminoglycan standards, heparin (Hp), heparan sulphate (HS),
dermatan sulphate (DS) and chondroitin sulphate A, C and D (CSA, CSC and CSD, respectively).
M: CSA, Hp and HS mixture.

In order to corroborate the Hp/HS like structural characteristics of P. pelagicus F5, the ATR-FTIR
spectra has been compared with that of Hp. Both P. pelagicus F5 and Hp were shown to share similar
spectral features, for instance bands at 1230, 1430 and 1635 cm™!, which are associated with S=O
stretches, symmetric carbonyl stretching and asymmetric stretches, respectively, indicative of common
structural motifs. An additional peak and a peak shoulder located at ~1750 and ~1370 cm™! were
observed in P. pelagicus F5, but absent in Hp. The peak shoulder at ~1370 cm™! is indicative of a Hp
and CS mixture. The differences observed between the spectra of P. pelagicus F5 and Hp in the variable

48



Mar. Drugs 2019, 17,293

OH region (>3000 cm™!) are likely to be associated with changeable moisture levels present during
sample acquisition (Figure 2A) as opposed to underlying differences within the glycan structure [41].

Post-acquisition, the ATR-FTIR spectrum of P. pelagicus F5 was interrogated against a library
of known GAGs comprising: 185 Hps, 31 HSs, 44 CSs and DSs, 11 hyaluronic acids (HAs)
and 6 oversulphated chondroitin sulphates (OSCSs) using principal component analysis (PCA;
Figure 2B) [41]. Principal component 1 (PC1), which covers 57% of the total variance, indicates
that P. pelagicus F5 locates within the region containing mammalian Hp/HS. Through comparison
of PC1 and PC2, comprising >70% of the total variance, P. pelagicus F5 lies towards the CS region,
a location previously identified with Hps containing small amounts of CS/DS [41] analogous to crude,
pharmaceutical Hp.
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Figure 2. (A) ATR-FTIR spectra of porcine mucosal Hp (black) and P. pelagicus F5; (red), n = 5.
(B) Principal component analysis (PCA) Score Plot for PC1 vs. PC2 of P. pelagicus F5 against a
bone fide GAG library. Hp, black; HS, cyan; CS, orange; DS, blue; hyaluronic acid (HA), magenta;
oversulphated-CS, light green and P. pelagicus F5, red (filled circle).

P. pelagicus F5 was subsequently subjected to exhaustive enzymatic cleavage with Flavobacterium
heparinum lyases I, I and III. The digest products from Hp control (Figure 3, Table 1) and P. pelagicus
F5 (Figure 4, Table 1), were analysed using strong anion-exchange chromatography and the retention
times compared to those of the eight common A-disaccharide standards present within both Hp and
HS [42].

The digest products detected for Hp were in agreement with a typical mammalian Hp disaccharide
profile [42], with 51.5% of the total products attributable to the trisulphated A-UA(2S)-GlcNS(6S) and
22.9% to A-UA-GIcNS(6S). A minimal proportion of mono- or unsulphated disaccharides, accounting
for 12.3 and 4.3%, respectively, were also observed for Hp. In comparison, a more disperse sulphation
profile was observed for P. pelagicus F5 than Hp (Table 1), with a comparatively lower proportion of
trisulphated disaccharides, 23.1%. The P. pelagicus F5 contained 24.4% monosulphated disaccharides, of
which 16.5% was accounted for by A-UA(2S)-GlcNAc. A higher proportion of A-UA(2S)-GIcNS (23.5%)
was also detected in P. pelagicus F5 than Hp (5.9%), indicating that the compound displays distinct
structural characteristics. Such features also contrast with that of HS, where ~50-70% of disaccharides
are comprised of A-UA-GIcNAc/A-UA-GIcNS [42-45]. Also, P. pelagicus F5 presents a significant higher
proportion of trisulphated disaccharides than commonly present in mammalian HS, a typical marker
of more heparin-like structures.
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Figure 3. UV-SAX HPLC disaccharide composition analysis was performed on the bacterial lyase digest
of Hp (Aabs = 232 nm) eluting with a linear gradient of 0-2 M NaCl (dashed line). Eluted A-disaccharides
were referenced against the eight common standards present within Hp and HS (light grey, dotted line).
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Figure 4. UV-SAX HPLC disaccharide composition analysis was performed on the bacterial lyase
digest of the P.pelagicus F5 (Apps = 232 nm), eluting with a linear gradient of 0-2 M NaCl (dashed line).
Eluted A-disaccharides were referenced against the eight common standards present within Hp and
HS (light grey, dotted line).

Table 1. Corrected disaccharide composition analysis of P. pelagicus F5 and Hp.

A-Disaccharide P. pelagicus F5 (%) Hp (%)
A-UA-GIcNAc 2.8 4.3
A-UA-GIcNS 5.6 42
A-UA-GIcNACc(6S) 23 5.0
A-UA(2S)-GlcNAc 16.5 3.1
A-UA-GIcNS(6S) 20.2 229
A-UA(2S)-GIcNS 235 59
A-UA(2S)-GIcNAc(6S) 6.0 3.1
A-UAs(2S)-GIcNS(6S) 23.1 51.5
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Proton and Heteronuclear Single-Quantum Correlation (HSQC) NMR was employed to confirm
the GAGs composition of P. pelagicus F5. 'H NMR can indicate the major signals associated with HS
as well as signals that arise from galactosaminoglycans such as CS. The presence of both (Figure 5A
insert) is easily identified by the two N-acetyl signals at 2.02 ppm (CS) and 2.04 ppm (HS). 'H-13C
HSQC NMR (Figure 5B) has been used to resolve overlapping signals and saccharide composition
estimates using peak volume integration. The integration of N-acetyl signals revealed that the extract
is composed of approximately 60% HS and 40% CS. The combined integration of the N-acetyl and A2
signals from the HS showed that P. pelagicus F5 possesses a high NS content of approximately 76%,
which supports the HPLC-based empirical disaccharide analysis (Figure 4 and Table 1). Together,
this data establishes that the HS of P. pelagicus F5 is considerably more sulphated (Table 1) than that
commonly extracted from mammalian sources [45]. With regard to the CS element of P. pelagicus F5,
signals typical of the CS backbone are present although sulhation is generally low, with galactosamine
6-O-sulphation occurring in approximately 35% of all CS residues. The lack of non-overlapping signals
for galactosamine 4-O-sulphation indicates that all but negligible levels of such a modification are
present within the CS component.
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Figure 5. (A) 'H and (B) "H-3C HSQC NMR spectra of P. pelagicus F5. Major signals associated with
HS and CS are indicated. Spectral integration was performed on the HSQC using labelled signals.
Key: glucosamine, A; uronic acid, U; N-Acetyl, Nac and galactosamine, Gal.

2.2. P. pelagicus F5 Inhibits the Alzheimer’s Disease-Relevant p-Secretase 1

P. pelagicus F5 was assayed for inhibitory potential against BACE1, utilizing a fluorogenic peptide
cleavage FRET assay, based on the APP Swedish mutation. Reactions were performed at pH 4.0,
within the optimal pH range for BACEL1 activity (Figure 6). A maximal level of BACE1 inhibition of
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90.7 £ 2.9% (n = 3) was observed in the presence of 5 ug mL™! P. pelagicus F5, with an ICs, value of
1.9 pug mL™! (R? = 0.94). This was comparable to the activity of Hp, which exhibited a maximal level of
BACET inhibition of 92.5 + 1.5% (n = 3) at 5 pg mL~!, with an ICs of 2.4 ug mL™! (R? = 0.93).

In the presence of low concentrations of Hp, an increase in BACE1 activity was observed
(Figure 6A,B), with maximal activation occurring at 625 ng mL~! (57.5 + 3.7%, n = 3). The BACE1
utilised in this study consisted of the zymogen form (Thr?2~Thr*”), containing the prodomain sequence.
This is in accordance with previous reports that demonstrate low concentrations (~1 pg mL™!) of
heparin can stimulate proBACEI activity [46,47]. A maximum increase in BACELI activity was also
detected in the presence of 625 ng mL™! of P. pelagicus F5 (38.5 + 1.4%, n = 3), although significantly
diminished promotion was displayed compared to the same concentration of Hp (57.5 + 3.7%, n = 3);
t(4) = 4.859, p = 0.0083. This indicates that although P. pelagicus F5 exhibits stimulatory activity, it is
significantly less than that of Hp. The percent activity level returned to that of the negative control
value at concentrations lower than 312.5 ng mL™!, indicating that both inhibitory and stimulatory
effects are dose dependent. For both Hp and P. pelagicus F5, BACE1 promotion was followed by
enzyme inhibition, as previously reported (Figure 6B,C; [47]). The rate of BACEL1 activity between 60
and 90 min was significantly different from controls lacking either Hp (n = 3-6; t(4) = 7, p < 0.003) or
P. pelagicus F5 (n = 3-6; t(6) = 7, p < 0.004) at 625 ng mL™7, indicating that inhibition was not due to
substrate limitations.
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Figure 6. Inhibition of human BACE1 by Hp or P. pelagicus F5. (A) Dose response of Hp (dashed
line, open circles) or P. pelagicus F5 (solid line, filled circles) as determined using FRET. P. pelagicus
F5,1C50 =19 ug mL™1 (R? = 0.94); Hp, IC5 = 2.4 ug mL~! (R? = 0.93). (B) Time-course activation or
inhibition of BACE1 by 5 ug mL~! (black) or 625 ng mL~! (blue) Hp, compared to water control (green).
(C) The same as (B) for P. pelagicus F5.

2.3. Heparin Binding Induces a Conformational Change in the Alzheimer’s Disease p-Secretase, BACE1

Hp binding has been proposed to occur at a location close to the active site of BACE1 [18],
possibly within or adjacent to the prodomain sequence [46]. In light of the contrasting and
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concentration-dependant BACE1:GAG bioactivities, the ability of Hp and P. pelagicus F5 to induce
structural changes in BACE1 has been investigated utilising circular dichroism (CD) spectroscopy at a
range of w/w ratios; this also negates the intrinsic effect of the significant polydispersity for this class
of biomolecules.

The CD spectra of BACE1 at pH 4.0 has previously been shown to contain a greater proportion
of B-sheet and reduced «-helical content, compared to spectra obtained at pH 7.4, indicating that
at an acidic pH, where BACE1 is most active, a conformational change can be observed by CD [50].
Consistent with this, the CD spectra of BACE1 in 50 mM sodium acetate buffer at pH 4.0 (Figures 7 and 8)
featured a positive peak at wavelengths below 200 nm, which can be attributed to a sum of x-helical
and (3- sheet structures [51]. The broad, negative band observed between wavelengths 250 and 200 nm,
contains a peak at A = 218 nm ~ 208 nm, commonly associated with antiparallel 3-sheets and o-helical
structures, respectively [51] (Figures 7 and 8). The CD spectra of BACE1 at pH 4.0 can be estimated to
have a secondary structural composition of 9% a-helix, 31% antiparallel 3-sheet, 16% turn and 44%
other (NRMSD < 0.1) when fitted against a library of representative proteins using BeStSel [48]. This was
in close agreement with the BestSel secondary structure prediction based on x-ray crystallography of
BACEL1 at pH 4.0 (PDB accession no 2ZHS, [52] of 7% o-helix, 30% antiparallel, 4% parallel, 12% turn
and 47% other). Deviations between secondary structure predictions may be accounted for by subtle
differences present within the BACE1 primary sequences.
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Figure 7. The structural change of BACE1 observed in the presence of Hp by circular dichroism (CD)
spectroscopy. (A) CD spectra of BACEL1 alone (solid line) or with Hp at a ratio of 1:2 (w/w; dashed line;
B:Hp 1:2); (B) A secondary structure (%) of BACE1 upon the addition of increasing amounts of Hp;
a-helix (black), antiparallel (red), parallel (blue), turn (magenta) and others (green) [48]. % structural
change of B:Hp; 1:2 or 2:1 (w/w) ratio are highlighted in grey. (C) CD spectra of BACEL1 alone (solid
line) with Hp (dashed line) at a ratio of 2:1 w/w (D) Near-UV CD spectra of (C); respective absorption
regions of aromatic amino acids are indicated [49]. Spectra were recorded in 50 mM sodium acetate
buffer at pH 4.0 in all panels.

In the presence of a BACE1:Hp (B:Hp), ratio of 1:2 (w/w) where maximal inhibition was observed
in FRET assays, the CD spectra of BACE1 exhibited increased negative ellipticity below A = 222 nm,
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resulting in an estimated increase in «-helix (+6%) and a reduction in antiparallel 3-sheet (—8%)
(NRMSD < 0.1) [48] (Figure 7A,B). In comparison to Hp, BACE1 in the presence of P. pelagicus F5 (B:F5),
at the same ratio (1:2; w/w), exhibited a slight increase in positive ellipticity between A = 222-200 nm
and decreases at A < 200 nm, resulting in an estimated change in «-helical content of +1% accompanied
by a decrease in antiparallel 3-sheet content of 8% (Figure 8A,B). This is in contrast to CD studies in
the presence of peptide inhibitors, which did not reveal a secondary structural change in BACE1 [50].

The conformational change of BACE1 upon binding to Hp and P. pelagicus F5 was assessed over
a range of ratios (Figures 7B and 8B). At a B:Hp ratio of 2:1 (w/w), a change in the characteristics of
the CD spectrum of BACE1 was observed in the far-UV region (A < 250 nm; Figure 7C) that was
identified as a reduction in «-helix by 6% and an increase in antiparallel 3-sheet structures 19%
(NRMSD < 0.1) [48]. In addition, an increase in positive ellipticity was observed in the near-UV region
(250-300 nm; Figure 7C,D) following the addition of Hp, which may be attributed to a change in the
tertiary structure of BACE1 involving aromatic amino acids [49,53]. In contrast, B:F5 at the same ratio
of 2:1 (w/w), exhibited a decrease in ellipticity in the near- and far- UV region (A < 300 nm; Figure S1).

The increase in positive ellipticity observed in the CD spectra of BACEL1 in the near-UV region at
a B:Hp ratio of 2:1 (w/w) was also observed at a 1:1 (w/w) ratio of B:F5 (Figure 8C,D). The secondary
structural change in the far-UV CD spectrum of BACE1 at a B:F5 ratio of 1:1 (w/w) for A= 250-190 nm
corresponded to a decrease in -helix by 8% and an increase in antiparallel 3-sheet structures by 15%.
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Figure 8. The structural change of BACE1 observed in the presence of P. pelagicus F5 by CD spectroscopy.
(A) CD spectra of BACE1 alone (solid line) with P. pelagicus F5 (dashed line; ratio of 1:2 w/w; B:F5);
(B) A secondary structure (%) of BACE1 upon the addition of increasing amounts of P. pelagicus F5;
a-helix (black), antiparallel (red), parallel (blue), turn (magenta) and others (green) [48] % structural
change of B:F5; 1:2 or 1:1 ratio are highlighted in grey. (C) CD spectra of BACE1 alone (solid line) or
with P. pelagicus F5 (dashed line; ratio of 1:1 w/w); (D) Near-UV CD spectra of (C); respective absorption
regions of aromatic amino acids are indicated [49]. Spectra were recorded in 50 mM sodium acetate
buffer at pH 4.0 in all panels.
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2.4. Heparin and P. pelagicus F5 Destabilise the Alzheimer’s Disease p-Secretase, BACE1

Both Hp and P. pelagicus F5 were shown to induce a conformational change in BACE1, in contrast
to previous CD studies in the presence of peptide inhibitors [50]. Therefore, to explore whether
the binding of Hp or P. pelagicus F5 alters the stability of BACE1 in a mechanism similar to known
inhibitors, differential scanning fluorimetry (DSF) was employed to monitor the change in thermal
stability. Previously identified BACEL1 inhibitors have been shown to stabilize BACE1, exemplified by
an increase in Ty values obtained through DSF measurements [54]. In the presence of a BACE1:Hp
or P. pelagicus F5 ratio of 1:2, a decrease in the Ty; of BACE1 by 11 °C and 10 °C, respectively was
observed (Figure 9A). The change in Tys of BACE1 induced by binding of either Hp or P. pelagicus F5
was not significantly different, (p = 0.1161 t= 2 df = 4). The destabilisation of BACE1 in the presence of
both Hp and P. pelagicus F5 was found to be concentration dependent (Figure 9B).
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Figure 9. (A) First differential of the DSF thermal stability profile of BACE1 alone (1 ng; dashed line),
and with Hp (2 ug; black line) or P. pelagicus F5 (2 pug; red line) in 50 mM sodium acetate, pH 4.0; (B) A
T of BACE1 with increasing [Hp] or [P. pelagicus F5] (open or closed circles, respectively).

2.5. Attenuated Anticoagulant Activities of the P. pelagicus Glycosaminoglycan Extract

An important consideration when determining the therapeutic potential of a heparin-like
polysaccharide against AD is the likely side effect of anticoagulation. The prothrombin time (PT)
and activated partial thromboplastin time (aPTT) of P. pelagicus F5 were measured compared to Hp
(193 TU mg™1), to determine the overall effect on the extrinsic and intrinsic coagulation pathways,
respectively (both assays also include the common coagulation pathway). In comparison to Hp,
P. pelagicus F5 exhibited reduced anticoagulant activity in both the PT (Figure 10A; ECsg of 420.2 ug
mL~! compared to 19.53 jig mL~!, respectively) and aPTT (Figure 10B; ECs 43.21 ug mL~! compared to
1.66 ug mL~!, respectively) coagulation assays. Both results show that the extract presents a negligible
anticoagulant activity.
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Figure 10. (A) Prothrombin time (PT) and (B) activated partial thromboplastin time (aPTT) inhibitory
response (X%, + SD, n = 3) for Hp (open circle, dashed line) and P. pelagicus F5 (closed circle, solid line);
PT: Hp ECsp = 19.53 pg mL~; P. pelagicus F5, ECsg = 420.2 ug mL~'. aPTT: Hp ECsp = 1.66 pg mL™};
P. pelagicus F5, ECsp = 43.21 pg mL™1.

3. Discussion

The glycosaminoglycan extract isolated from P. pelagicus was observed to possess similar
electrophoretic behaviour to mammalian HS and Hp, with no bands identified corresponding to
CS or DS standards. In contrast, the FTIR and HSQC analyses of P. pelagicus F5 identified regions
corresponding to both HS and CS saccharides within the extract. PCA analysis of the FTIR spectra
revealed P. pelagicus F5 contained features associated with both HS/Hp and CS/DS, which are typical of
crude heparin preparations [41]. This was confirmed by HSQC NMR, which identified N-acetyl peaks
associated with both galactosamine (CS) and glucosamine (HS). The absence of an IdoA signal from
the NMR spectra suggests that P. pelagicus F5 resembles HS and CS more closely than DS/Hep [55,56].
Peaks corresponding to Gal-6S and 6-OH were identified by NMR analysis, with no detectable
4-O-sulphation, indicating that the CS component of P. pelagicus F5 resembles CSC saccharides. The HS
component possesses >70% N-sulphated moieties, which is greater than mammalian HSs published
previously, but is not as heavily N-sulphated as mammalian heparins. An intermediate proportion
of trisulphated A-disaccharides were also identified post-bacterial lyase digestion in P. pelagicus F5
when compared to mammalian HS and Hp samples. Furthermore, the P. pelagicus F5 extract contained
a low proportion of A-UA-GIcNAc/A-UA-GIcNS, which is typical of more heparin-like structures.
This suggests that the HS/Hp component of P. pelagicus F5 consists of a hybrid structure lacking the
domain structure of HS and the highly-sulphated regions of Hp.

The absence of a band migrating in a similar manner to that of CS when P. pelagicus F5 was
subjected to agarose gel electrophoresis suggests that the polysaccharide is not a mixture of HS and CS
chains. The simplicity of the signals in the HSQC spectrum suggests either two separate populations
or two distinct domains, while the former is not consistent with the agarose gel electropherogram
mentioned previously. The PCA of the FTIR spectra is also in agreement with the presence of discrete,
rather than mixed, HS/CS sequences. The precise nature of the arrangement of these stretches remains
unknown, although it is well documented that marine-derived GAGs harbour significant and unusual
structural features, when compared to those present within their mammalian counterparts [33,43,57-66].
Studies to resolve this technically demanding question are currently in progress.

The P. pelagicus F5 extract was found to possess significant inhibitory potential against human
BACE], in a manner akin to that of mammalian Hp, as demonstrated by comparable IC5, concentrations
determined via FRET. The ability of P. pelagicus F5 to promote BACE1 bioactivity at lower concentrations,
owing to the presence of the BACE1 pro-domain [46,47], appears to be at a diminished level compared
to mammalian Hp, suggesting differences between these GAGs and the nature of their interactions with
human BACEL1. This was exemplified when the secondary structural changes in BACE1 (evident from
CD) in the presence of Hp or P. pelagicus F5 were examined.
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BACEL1 has previously been observed to adopt a unique secondary structure at pH 4.0,
where catalytic activity is increased, resulting in a predicted increase in beta-sheet and a reduction in
alpha-helical structures [50]. When the changes in the secondary structure (evident from CD) of BACE1
in the presence of high concentrations of Hp (BACE1:Hp ratio of 1:2) was examined, a shift towards
the structural features observed for BACE1 alone at pH 7.4 was observed (increase in alpha-helical
and reduction in beta sheet structures). At high concentrations (B:F5 ratio of 1:2), the P. pelagicus
F5 extract induced similar, but not identical, changes to the secondary structure of human BACEI1,
when compared to those of Hp at the same ratio.

In contrast, the CD spectra observed for B:Hp complexes under conditions that facilitate BACE1
promotion (i.e., low Hp concentrations) demonstrated evidence of an interaction that involves the
aromatic amino acids (near UV CD). Tyr-71 is located within the BACEI flap that has previously been
identified to change conformation between the flap-open and flap-closed states [67]. Unfortunately,
due to the location of the aromatic residues on the surface of the protein, it is not possible to conclude
definitely whether interaction(s) of Hp-based inhibitors with human BACE1 occur at, or near to, the
active site. This interpretation is consistent with the previous reports that a conformational change
in BACE1 may occur upon heparin binding, which would be required to allow access into the active
site [46]. In addition, the increase in BACE1 activity by heparin has been shown to be followed by
BACET1 inhibition [47], which may suggest this arrangement is required to allow access to the active
site. The results also support the work by Scholefield et al. [18] who showed that the mode of Hp
inhibition is non-competitive, and can prevent access of the substrate.

At lower GAG concentrations, differences in BACE1 secondary structure were observed between
the B:Hp and B:F5 complexes in the CD spectra, although a similar change in the near UV CD spectra
of BACE1 was observed with increased amounts of P. pelagicus F5. This may be accounted for by the
reduced potency of P. pelagicus F5 with regard to activating BACEI1, or indicative of an alternative
interaction. The conformational change induced in the near-UV CD spectra of BACEI1 is solely the
result of the HS/Hp-like component of the P. pelagicus F5 extract. CS has previously been shown to
possess diminished BACE1 promotion activity compared to Hp/HS [46].

From a mechanistic standpoint, the decrease in the Trys observed using DSF for both the
human BACE1 protein in the presence of either Hp or the P. pelagicus F5 extract, when compared
to human BACEI alone, suggests that the mode of BACE1 inhibition by this class of carbohydrates
could both involve structural destabilisation. The Hp-induced thermal instability of human BACE1
occurs in a concentration dependent manner, akin to that of the inhibitory potential of Hp in the
FRET-based bioactivity assay. As for the FRET-based, BACE1 inhibition assays, P. pelagicus [F5] also
induces comparable destabilisation of BACE1 with similar Ty, values. A graph of BACE1:GAG T, vs.
concentration demonstrates similar profiles for the P. pelagicus GAG extract and that of mammalian Hp.
The relationship between Hp and P. pelagicus F5 concentration and biological properties that coexists
for both FRET-based, BACE1 inhibition and DSF is not mirrored at defined concentrations of Hp and
P. pelagicus F5 with regard to their distinct CD spectra and predicted secondary structure. This would
suggest that complex and distinct modes of interactions are present.

One of the major obstacles that precludes the use of mammalian Hp compounds as potential
BACEL inhibitors and pharmaceutical candidates in general is that of the significant anticoagulant
potential residual within the biomolecule. This anticoagulant potential is afforded by the propensity
of Hp to interact with antithrombin and thereby inhibit the human coagulation pathway, which
unperturbed, ultimately results in fibrin clot formation. The anticoagulant potential of P. pelagicus F5
has been shown to be highly attenuated in contrast to mammalian Hp, as measured by both the aPTT
and PT clotting assays. These coagulation assays are routinely employed, in clinical settings, to screen
for the common pathway in combination with either the intrinsic (aPTT) or extrinsic pathways (PT).
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4. Materials and Methods

4.1. Extraction of Glycosaminoglycans from Portunus pelagicus

A total of 2.4 kg Portunus pelagicus tissue (Yeuh Chyang Canned Food Co., Ltd., Nhut Chanh,
Vietnam) was homogenised with excess acetone (VWR, UK) and agitated for 24 h at rt.
Defatted P. pelagicus tissue was recovered via centrifugation, 5670 rcf at r.t. for 10 min, and allowed
to air dry. The tissue was then subjected to extensive proteolytic digestion (Alcalase®; Novozymes,
Bagsveerd, Denmark) using 16.8 U kg_1 dried tissue mass, in PBS (w/v; Gibco, Loughborough, UK)
made up to a final concentration of 1 M NaCl (Fisher Scientific, UK), pH 8.0, and incubated at 60 °C
for 24 h. Post-digestion, the supernatant was collected via centrifugation (5670 g for 10 min, r.t.),
and subjected to ion exchange chromatography employing Amberlite IRA-900 resin (Sigma-Aldrich,
Dorset, UK; hydroxide counterion form) for 24 h under constant agitation at r.t. Ion exchange resin was
recovered by filtration and washed successively with distilled H,O (Fisher Scientific, Loughborough,
UK) at 60 °C with two volumes of water and 10 volumes of 1 M NaCl at r.t. The ion exchange resin was
then re-suspended in 1 L 3 M NaCl and agitated for 24 h at r.t. The ion exchange resin was removed
and the filtrate was added to ice cold methanol (VWR, Lutterworth, UK), 1:1 (v/v), prior to incubation
for 48 h at 4 °C. The precipitate formed was recovered by centrifugation at 4 °C, 15,400 g for 1 h
and re-suspended in distilled HyO. The crude P. pelagicus extract was dialysed against distilled H,O
(3.5 kDa MWCO membrane; Biodesign, Carmel, NY, USA) for 48 h prior to syringe filtration (0.2 um)
and lyophilisation. The crude GAG extract was re-suspended in 1 mL HPLC-grade H,O and loaded
onto a pre-packed DEAE-Sephacel column (10 mm I.D. x 10 cm; GE Healthcare, Buckinghamshire, UK)
at a flow rate of 1 mL min~!. The column was eluted using a stepwise NaCl gradient of 0, 0.25, 0.5, 0.8,
1 and 2 M NaCl at a flow rate of 1 mL min~!, with elution monitored in-line at A, = 232 nm (using a
UV/Vis, binary gradient HPLC system; Cecil Instruments, Cambridge, UK), resulting in six fractions
(F1-Fo6, respectively). Each of the eluted fractions was dialysed against distilled H,O, employing
a 3.5-kDa MWCO (Biodesign, Carmel, NY, USA) for 48 h under constant agitation. The retentate
obtained for F5 was lyophilised and stored at 4 °C prior to use.

4.2. Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed in 0.55% (w/v) agarose gels (8 x 8 cm, 1.5 mm thick)
prepared in 1,3-diaminopropane-acetate buffer at pH 9.0 (VWR, Lutterworth, UK), 2-7.5 ug P. pelagicus
F5 or GAG standards were subjected to electrophoresis utilizing a X-Cell SureLock™ Mini-Cell
Electrophoresis System (ThermoFisher, Altrincham, UK). Electrophoresis was performed in 0.5 M
1,3-diaminopropane-acetate buffer (pH 9.0), at a constant voltage of 150 V (~100 mA) for ~30 min or
until the dye front had migrated ~8 cm from the origin. The gels were then precipitated with 0.1%
w/v cetyltrimethylammonium bromide solution (VWR, Lutterworth, UK) for a minimum of 4 h and
then stained for 1 h in 0.1% toluidine blue dissolved in acetic acid:ethanol:water (0.1:5:5). Gels were
de-stained in acetic acid:ethanol:water (0.1:5:5 v/v) for ~30 min prior to image acquisition with GIMP
software (v2.8, Berkeley, CA, USA) and processing with Image] (v1.51(100), Madison, WI, USA).

4.3. Attenuated FTIR Spectral Analysis of Marine-Derived Glycosaminoglycans

Samples (10 mg, lyophilised) were recorded using a Bruker Alpha I spectrometer in the region of
4000 to 400 cm ™! for 32 scans at a resolution of 2 cm ™! (approx 70 seconds acquisition time), 5 times.
Spectral acquisition was carried out using OPUS software (v8.1, Bruker, Coventry, UK) with correction
to remove the residual spectrum of the sampling environment.

Spectral processing and subsequent data analyses were performed using an Asus Vivobook
Pro (M580VD-EBY76, Taipei, Taiwan) equipped with an intel core i7-7700HQ. Spectra were smoothed,
employing a Savitzky-Golay smoothing algorithm (R studio v1.1.463; signal package, sgolayfilter),
to a 2nd-degree polynomial with 21 neighbours prior to baseline correction employing a 7th-order
polynomial and subsequent normalisation (0-1). CO, and H,O regions were removed prior to
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further analysis in order to negate environmental variability (<700 cm™!, between 2000 and 2500
cm~! and >3600 cm™!). Second derivatives plots were calculated using the Savitzky-Golay algorithm,
with 41 neighbours and a 2nd-order polynomial.

The normalised and corrected matrix of intensities was subject to PCA using singular value
decomposition in R studio (v1.1.463, Boston, MA, USA) with the mean-centred, base prcomp
function deployed.

4.4. Nuclear Magnetic Resonance (NMR)

NMR experiments were performed upon P. pelagicus F5 (5 mg) dissolved in D,O (600 uL; VWR,
Sao Paulo, Brazil) containing TMSP (0.003% v/v; VWR, Brazil) at 343 K using a 500-MHz Avance Neo
spectrometer fitted with a 5-mm TXI Probe (Bruker, Sio Paulo, Brazil)). In addition to 1-dimensional
(*H) spectra, TH-13C Heteronuclear Single-Quantum Correlation (HSQC) 2-dimensional spectra were
collected using standard pulse sequences available. Spectra were processed and integrated using
TopSpin (Bruker, Sao Paulo, Brazil)

4.5. Constituent A-Disaccharide Analysis of Hp/HS-Like, Marine-Derived Carbohydrates

Pharmaceutical (API) grade, porcine intestinal mucosal heparin (193 IU mg™!; Celsus, Cincinnati,
OH, USA) and P. pelagicus F5 carbohydrate samples were re-suspended in lyase digestion buffer (50 uL;
25 mM sodium acetate, 5 mM calcium acetate (VWR, Lutterworth, UK), pH 7) prior to exhaustive
digestion by the sequential addition of a cocktail of the three recombinantly expressed heparinase
enzymes (I, Il and II) from the soil bacterium Flavobacterium heparinum (2.5 mIU mg™'; Iduron,
Alderley Edge, UK). Samples were incubated for 4 h at 37 °C prior to a further addition of the same
quantity of enzymes and an additional overnight incubation. Samples were then heated briefly at 95 °C
post-enzyme digestion (5 min) and allowed to cool.

Denatured heparinase enzymes were removed from the sample solution by immobilisation upon a
pre-washed (50% methanol (aq.) followed by HPLC-grade H,O) C8 spin column (Pierce, Altrincham,
UK), whereby the newly liberated A-disaccharides were present in the column eluate upon washing
with HPLC-grade H,O.

Lyophilised A-disaccharide samples from Hp and P. pelagicus F5 were desalinated by
immobilisation up on graphite spin columns (Pierce, Altrincham, UK) that had been extensively
prewashed with 80% acetonitrile, 0.5% (aq.) trifluoroacetic acid and HPLC-grade H,O prior to use.
A-disaccharides liberated from the exhaustive, heparinase digestion were separated from buffer salts
by extensive washing with HPLC-grade H,O prior to elution with a solution of 40% acetonitrile,
0.5% trifluoroacetic acid (aq.). Contaminant, non A-disaccharide components of the spin column eluate
were removed by serial lyophilization prior to chromatographic separation, using high performance
anion exchange chromatography (HPAEC).

Heparinase digested samples (50 pg) were made up in HPLC-grade H,O (1 mL) immediately
before injection onto a ProPac PA-1 analytical column (4 X 250 mm, ThermoFisher Scientific, Altrincham,
UK), and pre-equilibrated in HPLC-grade H,O at a flow rate of 1 mL min~!. The column was held
under isocratic flow for 10 min prior to developing a linear gradient from 0 to 2 M NaCl (HPLC grade;
VWR, UK) over 60 min. Eluted A-disaccharides were detected absorbing within the UV range A,pg
= 232 nm via the unsaturated C=C bond, present between C4 and Cs of the uronic acid residues,
introduced as a consequence of lyase digestion.

Authentic A-disaccharide reference standards, comprising the 8 common standards found in
Hp and HS (Iduron, Alderley Edge, UK), were employed as a mixture (each at 5 ug mL™') and
served as chromatographic references with elution times cross-correlated with Hp and P. pelagicus F5
samples. The column was washed extensively with 2 M NaCl and HPLC-grade H,O prior to use and
between runs.
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4.6. Determination of Human BACE1 Inhibitory Activity Using Forster Resonance Energy Transfer

P. pelagicus F5 and Hp were assayed for inhibitory potential against human p-secretase, tag free
(BACE1; ACRO Biosystems, Cambridge, MA, USA), using the fluorescence resonance energy transfer
(FRET) inhibition assay, essentially as described by Patey et al. (2006) [19]. Human BACE1 (312.5 ng),
and P. pelagicus F5 or Hp were incubated in 50 mM sodium acetate at pH 4.0 at 37 °C for 10 min,
followed by the addition a quenched fluorogenic peptide substrate (6.25 uM; Biomatik, Cambridge,
Ontario, Canada; MCA-SEVNLDAEFRK(DNP)RR-NH;; pre-incubated at 37 °C for 10 min) to a final
well volume of 50 pL. Fluorescent emission was recorded using a Tecan Infinite® M200 Pro multi-well
plate reader (Tecan Group Ltd., Mdnnedorf, Switzerland) with i-control™ software (Aex = 320 nm,
Aem = 405 nm) over 90 min. The relative change in fluorescence per minute was calculated in the linear
range of the no inhibitor control, with normalized percentage inhibition calculated (% + SD, n = 3)
compared to the X of substrate only and no inhibitor control, followed by fitting to a four-parameter
logistics model using Prism 7 (GraphPad Software, San Diego, CA, USA).

4.7. Secondary Structure Determination of Human BACE1 by Circular Dichroism Spectroscopy

The circular dichroism (CD) spectra of native, human BACE1 (6.12 uM, 30 pL; Acro Biosystems,
USA) in 50 mM sodium acetate (pH 4.0; VWR, Lutterworth, UK) was obtained using a J-1500 Jasco CD
spectrometer and Spectral Manager II software, equipped with a 0.2-mm path length quartz cuvette
(Hellma, Plainview, NY, USA) operating at a scan speed of 100 nm min~! with 1-nm resolution over
the range A = 190-320 nm. Spectra obtained were the mean of five independent scans. Human BACE1
was buffer exchanged (in order to remove commercially supplied buffer) prior to spectral analysis
using a 10-kDa Vivaspin centrifugal filter (Sartorius, Goettingen, Germany) at 12,000x ¢ washed thrice.
Collected data was processed using Spectral Manager II software and data analysis was carried out with
GraphPad Prism 7, employing a 2nd-order polynomial smoothed to 9 neighbours. Secondary structure
prediction was performed utilizing the BeStSel analysis server on the unsmoothed data [48]. To ensure
the CD spectral change of BACELI in the presence of each GAG was not altered owing to the addition
of the GAG alone, which are known to possess CD spectra at high concentrations [68,69] GAG control
spectra were subtracted before analysis. In addition, the theoretical, summative CD spectra was
confirmed to differ from the observed experimental CD spectra, thereby indicating that the change in
the CD spectra compared to that of BACE1 alone is a result of a conformational change upon binding
to the GAG. The conformational change observed is believed to occur as a result of changes solely in
BACEI1 secondary structure, as GAG controls exhibited negligible spectra at the concentration used.
All CD data has been presented with GAG controls subtracted.

4.8. Investigating the Thermal Stability of Human BACE1 with Differential Scanning Fluorimetry

Differential scanning fluorimetry (DSF) was carried out using the method of Uniewicz et al.
(2010) [70] based on a modification to the original method of Niesen et al. (2007) [71]. DSF was
performed on human BACEI (1 ug) using 96-well qPCR plates (AB Biosystems, Warrington, UK) with
20X Sypro Orange (Invitrogen, Warrington, UK) in 50 mM sodium acetate, pH 4.0, in a final well
volume of 40 pl. Hp or mGAG were included, as necessary, to a maximal concentration of 200 ug mL™".
An AB Biosystems StepOne plus qPCR machine, with the TAMRA filter set deployed, was used to
carry out melt curve experiments, with an initial incubation phase of 2 min at 20 °C increasing by 0.5 °C
increments every 30 s up to a final temperature of 90 °C. Data analysis was completed using Prism 7
(GraphPad Software, San Diego, CA, USA) with the first derivative plots smoothed to 19 neighbours,
using a 2nd-order polynomial (Savitzky-Golay). The peak of the first derivatives (yielding Trs) was
determined using MatLab software (R20018a, MathWorks, Cambridge, UK).
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4.9. Activated Partial Thromboplastin Time (aPTT)

Serially diluted GAG samples (25 uL) were incubated with pooled, normal human citrated
plasma (50 pL; Technoclone, Surrey, UK) and Pathromtin SL reagent (50 pL; Siemens, Erlangen,
Germany) for 2 mins at 37 °C prior to the addition of calcium chloride (25 pL, 50 mM; Alfa Aesar,
Heysham, UK). The time taken for clot formations to occur (an upper maximal of 2 mins was imposed,
represented as 100% inhibition of clotting) was recorded using a Thrombotrak Solo coagulometer
(Axis-Shield). HPLC-grade H,O (0% inhibition of clotting, representing a normal aPTT clotting time,
of ~ 3740 seconds) and porcine mucosal heparin (193 IU mg‘1 ; Celsus, Cincinnati, OH, USA) were
screened as controls. The ECs values of all test and control samples were determined using a sigmoidal
dose response curve fitted with Prism 7 (GraphPad Software, San Diego, CA, USA).

4.10. Prothrombin Time (PT)

Serially diluted GAGs (50 uL) or control (H,O, HPLC grade) were incubated with pooled,
normal human citrated plasma (50 pL) for 1 minute at 37 °C prior to the addition of Thromborel S
reagent (50 uL; Siemens, Erlangen, Germany). The time taken for clot formations to occur (an upper
maximal of 2 min was imposed, representing 100% inhibition of clotting) was recorded using a
Thrombotrak Solo coagulometer. HPLC-grade H,O (0% inhibition of clotting, representing a normal
PT clotting time of ~ 13-14 s) and porcine mucosal heparin (193 IU mg‘1 ; Celsus, Cincinnati, OH, USA)
were screened as controls. The ECs, values of all test and control samples were determined using a
sigmoidal dose response curve fitted with Prism 7 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

While the search for effective AD treatments is still on-going, GAGs offer a route to BACE1
inhibition that surmounts the challenge presented by the large substrate-binding cleft of the enzyme
and the unfavourable pharmokinetics of peptide-based inhibitors. Heparin, a GAG from mammalian
sources (usually porcine or bovine intestinal tissue), has long been known to possess potent BACE1
inhibitory activity [18-20] but also exhibits undesirable anticoagulant properties. The P. pelagicus
GAG of the present study largely circumvents the anticoagulant limitations of mammalian heparins
while maintaining comparable, low IC5y BACE1 inhibition values. Additional advantages with
marine-derived GAGs is that they offer sources, derived from waste material of otherwise very
low economic value, that are free from contamination with mammalian pathogens (e.g., BSE) and
avoid many of the religious and social issues associated with mammalian products [72]. Interestingly,
the mechanism by which the present product from P. pelagicus inhibits BACE1 is complex, concentration
dependent and appears to be distinct from that of mammalian heparin, suggesting marine GAGs
as a potential starting point for future drug development. Furthermore, as heparin has been shown
to positively modulate distinct pathophysiological processes associated with AD [23], this class of
molecules may hold the potential for the delivery of a multi-target AD therapeutic. The present
contribution highlights the potential offered by the largely unexplored chemical space defined by
marine-derived GAGs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/5/293/s1,
Figure S1: The CD structural change of BACE1 observed in the presence of P. pelagicus F5 with a ratio of 2:1 w/w.
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Abstract: Sulfated polysaccharides from sea cucumbers possess distinct chemical structure and various
biological activities. Herein, three types of polysaccharides were isolated and purified from Pattalus mollis,
and their structures and bioactivities were analyzed. The fucosylated glycosaminoglycan (PmFG) had
a CS-like backbone composed of the repeating units of {-4-D-GlcA-3-1,3-D-GalNAcyses-3-1-}, and branches
of a sulfated o-L-Fuc (including Fucysss, Fucssus and Fucys with a molar ratio of 2:2.5:1) linked to
O-3 of each D-GIcA. The fucan sulfate (PmFS) had a backbone consisting of a repetitively linked unit
{-4-L-Fucys-a-1-}, and interestingly, every trisaccharide unit in its backbone was branched with a sulfated
a-L-Fuc (Fucyg or Fuczs with a molar ratio of 4:1). Apart from the sulfated polysaccharides, two neutral
glycans (PmNG-1 & -2) differing in molecular weight were also obtained and their structures were
similar to animal glycogen. Anticoagulant assays indicated that PmFG and PmFS possessed strong
APTT prolonging and intrinsic factor Xase inhibition activities, and the sulfated o-L-Fuc branches might
contribute to the anticoagulant and anti-FXase activities of both PmFG and PmFS.

Keywords: Pattalus mollis; fucosylated glycosaminoglycan; fucan sulfate; physicochemical characteristics;
anticoagulant activities

1. Introduction

Some sea cucumbers (Echinodermata, Holothuroidea) are popular tonic foods and traditional Chinese
medicines in China for centuries [1]. Sulfated polysaccharides such as fucosylated glycosaminoglycan
(FG) and fucan sulfate (FS) are the main components of polysaccharides extracted from sea cucumbers,
and have attracted considerable attention due to their unique structures and extensive bioactivities [2-6].

FG is a distinct glycosaminoglycan (GAG) found exclusively so far in sea cucumbers [2]. Due to its
multiple pharmacological activities such as antitumor, anti-thrombosis and anti-inflammation [7-9], and
especially potent anticoagulation by inhibiting the intrinsic factor Xase complex (FXase) [8,10,11], FG has
attracted increasing attention. It is generally agreed that FG possesses a chondroitin sulfate (CS)-like
backbone which consists of the disaccharide repeating units {-4-D-GalNAcS-3-1,3-D-GlcA-f3-1-}, and the
backbone is branched with fucose sulfate (FucS) [2,10]. Factually, the structures of some FG, especially
with various types of FucS branches, are still ill-defined [12-17]. For instance, early research showed that
FG from Stichopus japonicas has a core structure of {-4-D-GalNAcS-3-1,3-D-GlcA-f3-1-}, and mono-L-Fuc
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was linked to the each GIcA via «-1,3 linkage as the branch [15]. However, other researchers proposed
that the Fuc branches also existed as a di- or tri-saccharide, and L-Fuc branches linked to GalNAc of
backbone via «-1,4 or a-1,6 linkage [4,13,16].

Fucan sulfate (FS) is another type of sulfated polysaccharide from the body wall of sea cucumber.
It was first reported in 1969, and it only comprises FucS [18]. Compared with fucoidans from brown
alga, most FS from echinoderm consists of repeating structural units, thus their structures are relatively
more regular [19-22]. Factually, there are great differences among the structures of FS from various
sea cucumbers, due to the diversity in chain lengths of repeating units, glycosidic linkages and/or
sulfation patterns [5,22-24]. It is reported that FS also has multiple bioactivities, such as anti-thrombosis,
antivirus, antitumor, anti-inflammation and anticoagulant activity [25-28]. It is generally considered that
FS showed weaker anticoagulant activities, compared with FG, according to the previous studies [28,29].
However, the structure-activity relationship for anticoagulant activity of FS remains unclear, such as the
effects of glycosidic linkages and sulfated patterns on its bioactivities.

Apart from FG and FS, a neutral glycan (NG) was also discovered from some sea cucumbers.
It showed no significant anticoagulant activity, compared with the sulfated polysaccharides [29].

In this work, three types of polysaccharides, a fucosylated glycosaminoglycan (PmFG), a fucan
sulfate (PmFS) and glycogen-like neutral glycans (PmNG-1 & PmNG-2) were isolated and purified
from Pattalus mollis. For structure and activity analysis, PmFG was depolymerized by H,O, treatment
and dPmFG-I - -1l were fractioned from the depolymerized products. Composition analysis of PmFG
and spectral analysis of dPmFG indicated that PmFG comprised a CS-E-like backbone and the branches
of L-FucS (including Fucpsss, Fucssss and Fucyg with a molar ratio of 2:2.5:1) which linked to the GlcA
of the backbone as side chain via «-1,3 glycosidic bonds.

1D /2D NMR spectra of PmFS showed that it had a backbone consisting of repetitively linked
{-4-L-Fucys-«1-}, which was similar to the FS from Thelenota ananas [5], while has unique sulfated Fuc
branches linked to the backbone via «-1,3 glycosidic bonds. The weight-average molecular mass
(Mw, 6.12 kDa) of PmFS was much lower than Mw (61.2 kDa) of the FS from T. ananas. In addition,
the structures of two neutral glycans, PmNG-1 & -2, were similar to animal glycogen consisting of
D-Glc residues which linked via «-1,4 (major) and «-1,6 (minor, branching) glycosidic bonds [29].

Moreover, the anticoagulant activity of PmFG and PmFS was investigated and their structure-activity
relationships were discussed. Both of them exhibited potent activity in APTT prolongation and FXase
inhibition. Interestingly, compared with some FS from other species of sea cucumber, PmFS showed
relatively potent anticoagulant and anti-FXase activities, which might be due to its distinct structure of
FucS branches.

2. Results and Discussion

2.1. Isolation and Purification of Polysaccharides from P. mollis

Crude polysaccharides were isolated from P. mollis by ethanol precipitation after papain
enzymolysis, as described in literature [29-31]. The crude polysaccharides were then fractioned
into two fractions, Fraction-1 and Fraction-2, by the addition of ethanol at the final concentration of
40% and 60% (v/v), respectively. PmFG, PmNG-1 and PmNG-2 were further isolated from Fraction-1
by ethanol fractionated precipitation (at the presence of 0.5 M KOAc) and strong anion-exchange
(FPA98) chromatography. PmFS was obtained from Fraction-2 by strong anion-exchange (FPA98)
chromatography and Sephadex G-100 (1.5 cm x 150 cm) chromatography. The purities of these
samples were detected by the high-performance gel permeation chromatography (HPGPC) using
an Agilent technologies 1200 series apparatus (Agilent Co., USA) equipped with a Shodex OH-pak
SB-804 HQ column (8 mm x 300 mm) and RID and DAD detectors, as described previously [10,30].
The single symmetric peak of each sample in the HPGPC profile (Figure 1) indicated that each sample
was a homogenous polysaccharide. Additionally, no absorption observed at 280 or 260 nm indicated
the absence of protein or nucleic acids.
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Figure 1. HPGPC profiles of Fraction-1, PmNG-1, PmNG-2 and PmFG (A); Fraction-2 and PmFS (B).
The samples were analyzed on an Agilent Technologies 1200 series equipped with a Shodex OH-pak
SB-804 HQ column and eluted with 0.1 M NaCl solution at a flow rate of 0.5 mL/min.

2.2. Physicochemical Analysis

The monosaccharide compositions of polysaccharides were analyzed by reverse-phase HPLC
according to PMP derivatization procedures [30,32]. The results showed that PmFG was composed
of three monosaccharides, GlcA, GalNAc and Fuc (Figure 2), while PmFS contained only Fuc, and
PmNG-1 and PmNG-2 contained only the monosaccharide of Glc.

Figure 2. HPLC profiles of monosaccharide-PMP derivates of PmFG (a), PmFS (b), PmNG-2 (c),
PmNG-1 (d) and standard monosaccharides (e).

The acidic groups in PmFG and PmFS were determined by a conductimetric method [30]. Data
for the SO3~ and COO™ determinations are shown in Figure 3 and Table 1. In the titration curve of
PmFG, two inflection points V1 and V; indicated it contained two types of acidic groups, which was
consistent with that of other FG reported previously [28-30]. While in the titration curve of PmFS, only
one inflection point V3 was detected, in accordance with that it contained the only kind of acidic group,
sulfate. The contents of the sulfate groups of PmFG and PmFS were both 30.4%. The SO;~/COO~
molar ratio in PmFG was estimated to be 3.2, and the sulfate/Fuc molar ratio in PmFS was about 0.91.
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Figure 3. Conductimetric titration curves of PmFG (A) and PmFS (B).

Table 1. Chemical compositions and physicochemical properties of the polysaccharides from P. mollis.

Monosaccharide Compositions SO;~/COO0~ SO;~/Fuc Mw Specific

GlcA GalNAc Fuc Gle (Molar Ratios)  (Molar Ratios)  (kDa) Rotations
PmFG + + + - 3.2 / 60.3 —75.8°
PmFS - - + / 0.9 6.12 —115.2°
PmNG-1 - - - + / / 275.6 +172.4°
PmNG-2 - - - + / / 225 +140.3

The optical rotation of these polysaccharides was detected and is shown in Table 1. Under certain
wavelength and temperature conditions, the optical phenomenon of an optically active substance
reflects the specific structure and specific rotation along with the structure changes. The specific
rotations of PmFG (—75.8°) and PmFS (—115.2°) were both levorotatory, which was compatible with
the residues of x-L-Fuc [33], while the specific rotations of PmNG-1 (+172.4°) and PmNG-2 (+140.3°)
were both dextrorotatory, which was consistent with o-D-glucose [29].

Moreover, the Mw values of these native polysaccharides were determined by HPGPC using
a Shodex 804-HQ column (Table 1). The Mw of PmFG was 60.3 kDa, which was similar to that of FG
from other sea cucumbers [8,28-30]. Notably, the Mw of PmFS (6.12 kDa) was obviously lower than
that of the FS from other species, which varied from tens to hundreds of kDa [5,24,28,31]. Additionally,
the Mws of the two NGs were estimated to be 275.6 kDa (PmNG-1) and 22.5 kDa (PmNG-2), respectively,
which were consistent with the chromatographic behavior in their HPGPC profiles.

The functional groups of these polysaccharides were analyzed by IR spectra (Figure 4). In the
four spectra, the broad signals at 3250-3750 cm ! and 2975 cm ™! were from the stretching vibrations
of O-H and C-H, respectively [32,34]. The signals at 10201070 cm~! were assigned to the stretching
vibration of C-O-C in the polysaccharide skeleton [28]. The signal peaks of 1255 and 850 cm ! in both
PmFG and PmFS spectra were derived from the stretching vibrations of S=O and C-O-S in sulfate
esters, indicating that the two polysaccharides were substituted by sulfate groups [29]. Additionally,
the strong signal peak of PmFG at 1645 cm™~! was generated by the stretching vibration of C=0 in
GalNAc and GlcA. The band at 1420 cm™! came from the symmetric stretch vibration of COO~ in
GIcA [10,28,34]. The results showed that different kinds of polysaccharides had their own characteristic
signals in FT-IR spectra.
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Figure 4. FT-IR spectra of PmNG-1 (a), PmNG-2 (b), PmFS (c) and PmFG (d).
2.3. NMR Analysis

The structural features of the sulfated polysaccharides were further elucidated by NMR spectral
analysis. For PmFG, in the 'H NMR spectra (Figure 5A), the signals observed in the region
approximating 5.2-5.7 ppm could be assigned to anomeric protons of x-L-Fuc residues with different
sulfation patterns, including 2,4-di-O-sulfated (Fucpsss, 5.61 ppm), 3,4-di-O-sulfated (Fucssss, 5.26 ppm)
and 4-O-sulfated (Fucys, 5.32 ppm) with a molar ratio of 2:2.5:1, according to previous studies [11,28].
The upfield signals at ~1.25 and 1.97 ppm were assigned to the distinctive methyl protons of Fuc and
GalNAg, respectively. The integral ratio of the two signals was approximately 1:1, indicating that
Fuc and GalNAc are equal in mole content [10]. Apart from these characteristic signal peaks, others
especially in the region of 3.40-4.80 ppm were broad and overlapped, thus hindering the elucidation
of the precise structure of PmFG.

To further study the precise structure, its depolymerized product, dPmFG, was prepared by
H,0, in the presence of cupric ion as catalyst. The dPmFG was further fractioned to three fractions,
dPmFG-I - -1II, by GPC using Sephadex G-100 column, among which, dPmFG-II was subjected to
spectra analysis to obtain the structural data of PmFG. Its signals in 'H NMR spectrum were similar
with that of PmFG but obviously more explicit (Figure 5A,B). Its 13C NMR (Figure 5C) and 2D NMR
(*H-'H COSY/TOCSY /ROESY and 'H-13C HSQC/HMBC) were also recorded (Figure 6). In the H
NMR spectrum of dPmFG-II, the signals at ~1.25 and 1.98 ppm could also be readily assigned to
the methyl protons of Fuc residues (-CHj) (Figure 5B), and the signals at 5.61 ppm, 5.27 ppm and
5.32 ppm were ascribed to the anomeric protons of three types of «-L-Fuc residues [11,28]. From
these signals, the intra-residue signals in the three types of a-L-Fuc were determined from the 'H-'H
COSY and TOCSY spectra (Figure 6A,D). The downfield shifts at 4.42/77.9 ppm and 4.80/84.1 ppm,
4.45/78.4 ppm and 4.96/82.4 ppm and 4.70/83.7 ppm indicated that the sulfate substitutions were at
2,4-, 3,4- and 4-positions, respectively [28]. Additionally, the spin-spin coupling systems from GlcA (U)
and GalNAc (A) were also observed based on the COSY and TOCSY spectra. Moreover, the carbon
signals were assigned based on the resonance signals of protons in 'H-13C HSQC spectrum (Figure 6B).
The signals at 4.73/79.1 ppm and 4.27 & 4.10/70.2 ppm in the residue GalNAc indicated that O-4 and
O-6 were both substituted by sulfate esters [11].

The sequence and linkages of these residues were confirmed by the signal correlations in the
1H-13C HMBC and 'H-'H ROESY spectra (Figure 6C,D). Specifically, GlcA and GalNAc residues were
linked with alternating 3-1,3 and -1,4 bonds according to the cross-peak of 3.97 ppm (H-3, GalNAc)
and 4.40 ppm (H-1, GlcA), the correlation of 3.86 ppm (H-4, GlcA) and 4.48 ppm (H-1, GalNAc) in the
ROESY spectrum [10]. The linkages were reconfirmed by the correlations of H-1 (GalNAc) and C-4
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(79.2 ppm, GlcA), and H-1 (GlcA) and C-3 (76.7 ppm, GalNAc) in the HMBC spectrum. Additionally,
three types of a-L-Fuc residues were linked to O-3 of GlcA as side chains according to the correlations
of H/C-1 (Fuc) and H/C-3 (GIcA) in the ROESY and HMBC spectra [28,30].

Based on the above analysis, the structure of dPmFG-II was deduced. The chemical shift
assignments were shown in Table 2. Its backbone sequence was {-4-D-GlcA-f3-1,3-D-GalNAcyges-3-1-},
the same as that of CS-E. The mono-L-Fuc side chains including three types (Fucasas, Fucssag and Fucsg)
were linked to GIcA via «-1,3 glycosidic bonds. Finally, the structure of native PmFG was proposed to
be {-[L-Fucgr-a-1,3]-D-GlcA-3-1,3-D-GalN Acyges-3-1,4-},, in which R was 254S: 354S: 4S with a molar
ratio of 2:2.5:1.

The structure of PmFS was also elucidated by the detailed analysis of its 1D/2D NMR spectra
(Figures 7 and 8). In the 'H NMR spectrum (Figure 7A), the signals at 1.18-1.35 ppm could be readily
assigned to the methyl protons (-CHj) of Fuc residues [5,31]. Five signals observed in the downfield
5.0-5.5 ppm region were attributed to the anomeric protons of «-L-Fuc residues. Starting from the
resonances, five spin-spin coupling systems (marked as residue A, B, C, D and D’, respectively)
were assigned according to the TH-'H COSY and TOCSY spectra (Figure 8A). The chemical shifts of
corresponding carbon resonances in the five intra-residues were assigned based on the '3C and 'H-13C
HSQC spectra (Figures 7B and 8B). The signals at 95-100 ppm were unambiguously ascribed to the
anomeric carbons [5].
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Figure 5. 'H (A,B) and '3C (C) NMR spectra of PmFG (A) and dPmFG-II (B,C) and signal assignments.
I, Fucpsys; 11, Fucasys; 111, Fucys; U, GlcA; A, GalNAc.
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Figure 6. 'H-'H COSY (A), 'H-3C HSQC (B)/HMBC (C), and superimposed 'H-'H TOCSY
(red)/ROESY (green) (D) and signal assignments (purple: the correlation signals of glycosidic bonds).

1, Fucpgys; 11, Fucagygs; 11T, Fucyg; U, GlcA; A, GalNAc.

Table 2. 'H/3C NMR chemical shift assignments of dPmFG-IL

Chemical Shifts 2

Sugar Residues

1 2 3 4 5 6 7 8
U H 440 356 369 386 3.60 -
-4)-B-D-GleA-(1- C 1071 782 800 792 820 178.1
A H 448 400 397 473 388 427/418 - 1.98
3)-p-D-GalNAcsges-(1-  C 1028 545 767 791 748 702 1781 256
I H 561 442 409 480 481 127
o-L-Fucogug-(1- C 994 779 696 841 694 18.8
I H 527 384 445 49 476 1.30
o-L-Fucsgug-(1- C 1022 694 784 824 696 19.1
I H 532 372 394 470 481 127
o-L-Fucyg-(1- C 1014 713 717 837 694 18.8

@ Data were recorded at 298 K in D,O with a Bruker Avance spectrometer of 800 MHz; chemical shifts are given in

ppm with reference to D,0O.
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Figure 7. 'H (A) and '3C (B) NMR spectra of PmFS and signal assignments.
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Figure 8. Superimposed 'H-'H COSY (gray) -TOCSY (red) -ROESY (green) (A), "H-'3C HSQC (B) and
TH-13C HMBC (C) spectra of PmFS.

The H-2 shift values of residues A, B and C at 4.4-4.5 ppm were obviously shifted downfield
compared with those of non-sulfated Fuc residues, indicating the sulfation substitution at O-2 of these
residues [24]. These sulfated patterns were reconfirmed by the C-2 shift values at 73-75 ppm. Likewise,
the YH/13C shift values of residues D/D’ indicated that they possessed 4-/3-O-sulfated substitutions.
Furthermore, the linkages of these residues were proved by the correlation peaks in its "H-'H ROESY
and 'H-13C HMBC spectra (Figure 8A,C). The correlations between H-1 and H-4 of residues A, B and
C indicated the presence of x-1,3 glycosidic bonds between them. These linkages were reconfirmed by
the correlations of H-4 (residues A, B and C) and C-1 (residues C, A and B). The linkage positions were
in agreement with the downfield shifts of C-4 [5,28,31]. Additionally, residues D/D’ were linked to
O-3 of residue B from the ROESY and HMBC NMR data, with a molar ratio of 4:1, according to the
anomeric proton integrals of D and D’. Taken together, the structure of PmFS was determined to be
{-L-Fucps-a-1,4-[L-Fucg-«-1,3]-L-Fucys-a-1,4-1L-Fucyg-a-1,4-},, where R was 4S: 3S with a molar ratio
of 4:1. The chemical shift assignments are shown in Table 3.
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Table 3. 'H/13C NMR chemical shift assignments of the PmFS.

N e a
Sugar Residues Chemical Shifts

1 2 3 4 5 6

A H 5.17 443 414 3.92 444 1.33

C 99.3 75.6 67.1 82.7 68.5 16.2

B H 5.25 4.58 4.22 3.92 4.46 1.28

C 99.8 73.6 79.4 82.9 68.2 15.5

C H 5.22 443 4.16 3.96 4.38 1.35

C 98.8 75.6 67.0 82.7 68.4 15.9

D H 5.05 3.70 4.00 4.56 4.56 1.18

C 96.2 68.6 69.1 80.9 66.5 15.8
D H 5.02 3.66 4.32 3.81 - -

C 96.2 68.6 69.1 80.9 66.5 15.8

@ Data were recorded at 298 K in D,O with a Bruker Avance spectrometer of 800 MHz; chemical shifts were given in
ppm with reference to D,0O.

The structure of PmFG and PmFS is shown in Figure 9A,B, respectively.
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Figure 9. Proposed chemical structures of PmFG (A) and PmFS (B).

Interestingly, FS is always reported as a linear polysaccharide with different repeated unit
numbers [5,24,31]. Previously, our group also obtained an FS from sea cucumber T. ananas with
a high regular structure of {-4-L-Fucys-x-1-}. Compared the two FSs, they have the same backbone of
{-4-L-Fucys-«-1-}, while PmFS is unique in its Fuc branches.

2.4. Anticoagulant Activity Evaluation

To assess the anticoagulant activities of the polysaccharides from P. mollis, their effects on APTT,
PT and TT of normal human plasma were detected compared with LMWH (Table 4).

The results showed that PmFG and PmFS had no significant effect on PT at the concentration up
to 128 pg/mL, indicating that they had no effect on the extrinsic coagulation pathway. In the TT assays,
PmFG exhibited comparable activity to that of LMWH (the concentration required to double TT were
10.7 ug/mL and 6.06 pug/mL for PmFG and LMWH, respectively), while all the other compounds
exhibited no obvious effect on TT at the concentration up to 128 pg/mL [10,29].

The APTT prolonging activity of PmFG was much stronger than that of LMWH (the concentration
required to double APTT was 3.50 pg/mL for PmFG and 11.6 pg/mL for LMWH). The concentrations
of dPmFG-I — -III required to double APTT were increased from 6.24 ug/mL to 19.3 pg/mL along
with the decrease of the molecular weight from 12.8 kDa to 3.71 kDa. This indicated that PmFG and
dPmFGs exhibited intrinsic coagulation pathway inhibition activity, and the potency was related to
their molecular weight.

The concentrations of PmFS and PmFS-I — -III required to double APTT were 24.3 ug/mL,
22.7 ug/mlL, 21.2 ug/mkL and 22.5 pug/mL, respectively. Although their APTT prolonging activity
was weaker than that of PmFG and dPmFGs, they also had significant anticoagulant activity (their
concentrations required for 2APTT were about 2-fold of that of LMWH). Moreover, the activities
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of PmFSs were similar to TaFS from T. ananas (21.7 pg/mL for 2APTT) [5]. Notably, PmFS had the
similar backbone to TaFS, but branched with a sulfated «-L-Fuc, and its Mw (6.12 kDa) was only
1/10 of that of TaFS (61.2 kDa). Additionally, the Mw of PmFS-III (5.06 kDa) was approximate to
dTaFS (5.14 kDa), while the APTT prolonging activity of PmFS-III was about 3-fold of that of dTaFS
(the concentration required for 2APTT was 22.5 ug/mL for PmFS-III and 79.5 pug/mL for dTaFS,
respectively) [5]. Compared with some other FS [5,28,31], PmFSs also showed relatively stronger
anticoagulant activity.

Table 4. APTT prolongation and anti-FXase activities of polysaccharides.

S Molecular Weight APTT Anti-FXase (ICs)
ample
(kDa) (ug/mL) (M) (ng/mL) (nM)
PmFG 60.3 3.50 0.0580 13.7 0.227
dPmFG-I 12.8 6.24 0.488 14.0 1.09
dPmFG-II 6.97 7.97 1.14 17.6 2.53
dPmFG-III 3.71 19.3 5.20 126 34.0
PmFS 6.12 24.3 3.97 74.0 12.1
PmFS-1 8.64 22.7 2.63 87.9 10.2
PmFS-1T 6.23 21.2 3.40 109 17.5
PmFS-IIT 5.06 22.5 4.45 99.2 19.6
TaFS? 61.2 21.7 - 197 -
dTaFS? 5.14 79.5 - 745 -
LMWH 3.50~5.50 11.6 2.11~3.31 59.0 10.7~16.9

@ Data cited from Shang, FN. et al., 2018 [5].

To further study the anticoagulant mechanism of these polysaccharides, anti-factor Ila and
anti-factor Xa activities in the presence of antithrombin (AT) and intrinsic FXase inhibition activity
were detected. These sulfated polysaccharides exhibited no significant anti-factor Ila and anti-factor
Xa activities in the presence of AT compared with LMWH, suggesting that their anticoagulant targets
may be different from the heparin-like compounds [8,10].

Particularly, PmFG displayed potent anti-FXase activity (ICsg, 13.7 ng/mL), similar to the FG from
other sea cucumbers. [10,11,28]. The ICsq values of dPmFG-I, dPmFG-II and dPmFG-III for FXase
inhibition were 14.0 ng/mL, 17.6 ng/mL and 126 ng/mL, respectively, indicating the decrease of activity
with the reduction of the chain length. By contrast, the effect of PmFS (ICsp, 74.0 ng/mL) was much
weaker than PmFG (ICs, 13.7 ng/mL) while comparable to LMWH (ICsj, 59.0 ng/mL). The similar
activities of PmFS-1 - -III (ICsy were 87.9 ng/mL, 109 ng/mL and 99.2 ng/mL, respectively) indicated
their activity-chain length relationship may be different from dPmFGs. Interestingly, compared the
anti-FXase activity of PmFS-IIT and dTaFG which have the approximate molecular weight, the former
was about 7.5-fold stronger than the latter.

According to the chemical structure, PmFS had a similar backbone to dTaFS, while it is uniquely
branched with mono-a-L-Fuc linked via «-1,3 glycocidic bond. Intriguingly, PmFG also contained
such Fuc branches, and the FG removal of side chains had no significant anticoagulant activity [35].
Besides, the backbone of PmFS was different from PmFG, and the sulfation pattern and distribution of
Fuc branches in PmFG and PmFS were also different. PmFG was branched with a sulfated «-L-Fuc
in every disaccharide unit, while PmFS possessed a sulfated a-L-Fuc in every trisaccharide unit;
and the branch substitutes of PmFG were mainly di-O-sulfated «-L-Fuc, while those of PmFS were
mono-O-sulfated a-L-Fuc. The distinctive branch structure of PmFS might contribute to its relatively
more potent anticoagulant action compared with FS from other sea cucumbers, and the study of the
structure-activity relationship of PmFG and PmFS could provide valuable data to further develop the
novel FXase inhibitors.
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3. Materials and Methods

3.1. Materials

Dried sea cucumber P. mollis was purchased from Guangzhou, China. Amberlite FPA98 anion-exchange
resin was obtained from the Rohm and Haas Company (St. Louis, MO, USA). Deuterium oxide (DO,
99.9% Atom D) was obtained from Sigma-Aldrich (Shanghai, China). LMWH (Enoxaparin, 0.4 mL x 4000
AXalU) was obtained from Sanofi-Aventis (Paris, France). The activated partial thromboplastin time (APTT),
prothrombin time (PT) and thrombin time (TT) reagents, and standard human plasma were obtained from
Teco Medical (Neufahrn N.B., Germany). Both Biophen FVIII: C kit and Biophen Heparin Anti-Ila/Anti-Xa
kits were obtained from Hyphen Biomed (Paris, France). Human factor VIII was from Bayer HealthCare
LLC (Berlin, Germany). All other chemicals were of reagent grade and are commercially available.

3.2. Isolation and Purification of Polysaccharides

Crude polysaccharides were extracted from the body wall of the sea cucumber P. mollis according
to the method described previously [24,29,30]. Briefly, 300 g dried body wall of P. mollis was treated
with papain (EC 3.4.22.2), followed by treatment with 0.5 M sodium hydroxide. After neutralization,
the mixture was centrifuged at 4000 rpm x 15 min to remove the residues. The supernatant was
precipitated by addition of ethanol [final concentration of 40% and 60% (v/v)] and centrifuged. The two
precipitates obtained were designated as Fraction-1 and Fraction-2.

Fraction-1 was decolorized with 3% H,O, at 45 °C for 2 h (pH 10) according to our previous
method [30,31]. The solution was then treated with ethanol at a final concentration of 40% in the
presence of KOAc (0.5 M), followed by centrifugation. The precipitate (A) and supernatant (B) were
collected. The precipitate (A) was further purified with strong FPA98 ion-exchange chromatography
and sequentially eluted with H,O, 0.5 M, 1.0 M, 1.5 M, 2.0 M and 3.0 M NaCl aqueous solution.
The 1.5 M NaCl eluate was dialyzed by ultrafiltration with a 3 kDa molecular weight cut-off membrane
(Spectrum Laboratories Inc., Piscataway, NJ, USA) and lyophilized to yielded PmFG. The fraction
eluted with H,O was collected and further purified by ethanol precipitation (40%, v/v) in the
presence of KOAc (0.5 M). After centrifugation, the supernatant was dialyzed and lyophilized to
furnish PmNG-1. Additionally, the supernatant (B) was purified by ethanol precipitation with a final
concentration 60%. After centrifugation, the precipitate was lyophilized to give PmNG-2.

Fraction-2 was decolorized using the same method mentioned above. The mixture was also
treated with a final concentration of 60% ethanol and followed by centrifugation. The precipitate
was collected and further purified by FPA98 ion-exchange chromatography eluted using H,O, 0.5 M,
1.0M,1.5M, 2.0 M and 3.0 M NaCl aqueous solution as eluents. The 2.0 M NaCl fraction was dialyzed
by ultrafiltration with a 3 kDa molecular weight cut-off membrane and lyophilized. The 'H NMR
spectrum of this fraction showed that it contained some trace amino sugars. Thus, it was further
purified by ion-exchange chromatography using a DE-52 column (3.0 cm x 18 cm, GE Healthcare,
Uppsala, Sweden) to yield PmFS.

The purity of these polysaccharides was checked by the HPGPC using an Agilent technologies
1200 or 1260 series apparatus (Agilent Co., Santa Clara, CA, USA) equipped with a Shodex OH-pak
SB-804 HQ column (8 mm x 300 mm) and RID and DAD. Chromatographic conditions and procedures
were performed according to the established method [10,29].

3.3. Analysis of Physicochemical Properties

The optical rotation was measured on the autopol VI, Rudolph research analytical, USA.
The sulfate/carboxyl ratio or sulfate group content of PmFG and PmFS was determined by a classic
conductimetric method [29].

The Mw values of these polysaccharides were estimated by HPGPC using a Shodex OH-pak SB-804
HQ column (8 mm x 300 mm). Chromatographic conditions and procedures were performed according
to the previous method [29]. A standard curve was established by standard D-series Dextrans (D 2-8)
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and corrected by five reference FG (low molecular weight FG with Mw 27.76 kDa, 13.92 kDa, 8.238 kDa,
5.279 kDa and 3.118 kDa) or by an FS with known molecular weight of 2.5 kDa. Molecular weight
calculations were performed by a GPC software, version B01.01 (Agilent Co., Santa Clara, CA, USA).

Monosaccharide compositions of PmFG, PmFS, PmMNG-1 and PmNG-2 were determined by HPLC
after strong acid hydrolysis and derivatization with PMP according to the procedures in our previous
reports [30,32]. Each polysaccharide (2 mg) was dissolved in 2 M trifluoroacetic acid (TFA), then the
vessel was sealed and incubated at 110 °C for 4 h in a heating block. Each reaction mixture was then
evaporated to remove residual TFA with methanol five times, after which, the samples were dissolved
in 500 pL HyO. Then, 100 pL of each sample solution, 200 pL of 0.5 M PMP in methanol and 100 uL
of 0.6M NaOH were mixed and left to react at 70 °C for 30 min. After neutralization, 1 mL of CHCl3
was added to remove the residual PMP (repeated four times). The top aqueous layer was collected for
HPLC analysis.

3.4. FT-IR and NMR Spectroscopic Analysis

The FI-IR spectra (KBr pellets) of PmFG, PmFS, PmNG-1 and PmNG-2 (~1 mg) was recorded by
Nicolet iS10 (Thermo Fisher, Waltham, MA, USA) in a range of 400-4000 cm L.

NMR spectra were obtained at 298K in deuterium oxide (DO, 99.9% D) by Bruker Avance
spectrometer of 600 or 800 MHz, equipped with the 'H/!3C dual probe in FT mode as described
previously [11]. All samples were dissolved in D,O and lyophilized three times to replace exchangeable
protons with D,O and then were dissolved in 0.5 mL of 99.9% D0 at a concentration of 10-20 g/L.
The NMR data were analyzed using MestReNova software version 8.0.

3.5. Preparation of dAPmFG-1 — -1II and PmFS-1 — -111

As a polysaccharide with a high Mw, PmFG showed broad and overlapped signals in the 'H
NMR spectrum. To further elucidate its structure and study the structure-activity relationship in
detail, its depolymerized product, dPmFG, was prepared by H,O, depolymerization according to our
previous methods with minor modifications [28,30,36]. PmFG (290 mg) and 2 mg of copper acetate
were dissolved in 10.6 mL H,O. 3.3 mL 10% H,O, solution was added and the mixture was allowed
to react at 35 °C for 3 h. Residual H,O, was removed by ethanol precipitation (80%, v/v) and the
precipitate was collected by centrifugation (4000 rpm x 10 min) three times to give dPmFG. Then,
dPmFG was fractionated by Sephadex G-100 column (1.5 cm x 150 cm) to three fractions, designated
as dPmFG-L, II and III, according to the molecular weight difference. When compared with FS, which
possesses linear structures as reported in previous literature [5,24,31], PmFS was branched by «-L-Fuc
monosaccharide in every trifucose unit. To further study its structure-activity relationship in detail,
PmFS was also fractionated by Sephadex G-50 (1.5 cm x 150 cm) chromatography to yield PmFS-I,
IT and III. Each fraction had a different molecular weight and showed a narrower molecular weight
distribution than PmFS.

3.6. Anticoagulant Activity Assays

The anticoagulant activity was detected using APTT, PT and TT reagents and standard human
plasma on a coagulometer (TECO MC-4000, Neufahrn N.B., Germany) as previously described [10,29].

According to our previous method [5,10], the inhibition of intrinsic FXase was measured using
the BIOPHEN FVIII: C kits and recombinant human FVIIL The anti-Flla and anti-FXa activities in
the presence of AT were determined using BIOPHEN Heparin Anti-Flla kits and Heparin Anti-FXa
kits, respectively.

4. Conclusions

In this work, two types of sulfated polysaccharides, PmFG and PmFS, were purified from P. mollis.
Their physicochemical properties and chemical structures were analyzed and characterized. PmFG
comprised a CS-like backbone and monosaccharide branches of sulfated L-Fuc (including Fucysss,
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Fucssys and Fucyg with a molar ratio of 2:2.5:1) linked to the GlcA of the backbone via «-1,3 glycosidic
bonds. Particularly, PmFS is structurally distinct from some FS from other sea cucumbers. It has
a backbone consisting of repetitively linked {-4-L-Fucys-«-1-} and unique sulfated Fuc branches (Fucyg
or Fucsg with a molar ratio of 4:1) linked to the backbone also via «-1,3 glycosidic bonds.

Anticoagulant assays indicated that both PmFG and PmFS possessed strong APTT prolonging
activity and intrinsic FXase inhibitory activity. Interestingly, when compared with the FS from other
sea cucumbers reported previously, PmFS showed relatively potent anti-FXase activity, which might
be attributed to its distinct structure of sulfated Fuc branches. The structures and anti-FXase activity of
PmFS and PmFG were compared to further clarify their structure-activity relationship.
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Abstract: Formulas derived from theoretical physics provide important insights about the nematocyst
discharge process of Cnidaria (Hydra, jellyfishes, box-jellyfishes and sea-anemones). Our model
description of the fastest process in living nature raises and answers questions related to the material
properties of the cell- and tubule-walls of nematocysts including their polysialic acid (polySia)
dependent target function. Since a number of tumor-cells, especially brain-tumor cells such as
neuroblastoma tissues carry the polysaccharide chain polySia in similar concentration as fish eggs
or fish skin, it makes sense to use these findings for new diagnostic and therapeutic approaches
in the field of nanomedicine. Therefore, the nematocyst discharge process can be considered as a
bionic blue-print for future nanomedical devices in cancer diagnostics and therapies. This approach
is promising because the physical background of this process can be described in a sufficient way
with formulas presented here. Additionally, we discuss biophysical and biochemical experiments
which will allow us to define proper boundary conditions in order to support our theoretical model
approach. PolySia glycans occur in a similar density on malignant tumor cells than on the cell
surfaces of Cnidarian predators and preys. The knowledge of the polySia-dependent initiation of
the nematocyst discharge process in an intact nematocyte is an essential prerequisite regarding the
further development of target-directed nanomedical devices for diagnostic and therapeutic purposes.
The theoretical description as well as the computationally and experimentally derived results about
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the biophysical and biochemical parameters can contribute to a proper design of anti-tumor drug
ejecting vessels which use a stylet-tubule system. Especially, the role of nematogalectins is of interest
because these bridging proteins contribute as well as special collagen fibers to the elastic band
properties. The basic concepts of the nematocyst discharge process inside the tubule cell walls of
nematocysts were studied in jellyfishes and in Hydra which are ideal model organisms. Hydra has
already been chosen by Alan Turing in order to figure out how the chemical basis of morphogenesis
can be described in a fundamental way. This encouraged us to discuss the action of nematocysts in
relation to morphological aspects and material requirements. Using these insights, it is now possible
to discuss natural and artificial nematocyst-like vessels with optimized properties for a diagnostic
and therapeutic use, e.g., in neurooncology. We show here that crucial physical parameters such as
pressure thresholds and elasticity properties during the nematocyst discharge process can be described
in a consistent and satisfactory way with an impact on the construction of new nanomedical devices.

Keywords: nematocyst discharge process; theoretical model; polysialic acid (polySia); nematogalectin;
nanomedical devices

1. Introduction

The structural development of Hydras can be discussed under the general aspects of morphology
generation as it has been published by Alan Turing in his pioneering paper already in the year
1952 [1]. Hydra is an ideal organism to study morphogenetic models directly derived from the laws of
mathematics, theoretical physics and biophysical chemistry. We focus on different Cnidaria species as
model organisms in general because their biological principles, especially the nematocyst discharge
processes are not too complex for descriptions which originate from mathematics and theoretical
physics. This is therefore a proper example which shows that complex processes in living nature can
be described with such methods [1-9]. These model descriptions have to be combined with data from
structural biology and biochemistry. The nematocyst capsule is filled with y-glutamate polymers,
which binds a 2 M concentration of cations, thereby generating a high osmotic internal pressure of
more than 15 MPa [10,11]. A sialic acid dependent chemical-mechanic trigger initiates exocytosis in a
living model organism [12,13].

The nematocyst ejects a stylet with a highly elastic tubule under the pressure of nearly 7 GPa and
a velocity of over 15 m/s [14]. This punches a hole into the prey’s integument and toxins are injected.
In this case, one can identify nearly identical surface signatures on the cells of preys or predators and
on malignant tumor cells a nematocyst-like device could be the bionic blue-print of a new nanomedical
approach in cancer diagnostic and therapy. Since the nematocyst has a mechanic-chemical receptor on
its surface which interacts with polysialic acid (polySia) fragments and protein-like contact-molecules
in a specific way, the corresponding glycan moieties are proper candidates. PolySia occurs on the
cell surfaces of cnidarians preys and predators as well as on many tumor cells. We have chosen
nematocysts from Hydra and tissue materials from certain jellyfishes in order to start our theoretical
and experimental analysis. Hydra and other cnidarian organisms have proven that these organisms
are feasible objects to study biological phenomena such as immunological principles and stem cell
maintenance [15-21]. Carbohydrate-protein interactions play an important role in interaction processes
on cell surfaces [22-29]. When the nematocyst discharge process is studied on a molecular level,
carbohydrate-protein interactions are of central importance. It has been proven by Alan Turing on a
fundamental morphological level that differential equations describe the time-dependence of activator
and inhibitor concentrations in Hydra. Such equations can be solved and used for computational
simulations which are in accordance with the Gierer-Meinhardt model [3-5,30]. The nematocyst
discharge process itself is often characterized as a kind of Coulomb explosion which has recently
been discussed for a different phenomenon in anorganic chemistry, analytic chemistry and material
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sciences [31-33]. We argue here that the central effect of the nematocyst discharge process, the expulsion
of the stylet is only loosely related to the Coulomb explosions described in the literature cited above.
The nematocyst discharge process is initiated by Coulombic stress due to the buildup of charge inside
the nematocyst and at some threshold values of this stress the stylet is ejected explosively (suddenly
and with large acceleration). It is therefore obvious that the nematocyst discharge process should be
described successfully with formulas from theoretical physics. Further insights concerning the boundary
conditions of the discharge process in respect to material requirements and surrounding conditions
are provided by biophysical experiments such as QCM (Quartz Crystal Microbalance) methods,
EM - Electron Microscopy (especially TEM—Transmission Electron Microscopy), AFM—Atomic
Force Microscopy, SPR—Surface Plasmon Resonance, MS—Mass Spectrometry and NMR—Nuclear
Magnetic Resonance techniques. Furthermore, X-ray crystallographic structure models from the
protein data bank are essential to construct nematogalectin architectures which show the bridging
activity of these molecules with proteoglycan fragments in the tubule cell wall. The nano-architecture in
which mini-collagens, proteoglycans and nematogalectins are involved is responsible for the physical
properties of the nematocyst membrane and the tubule system to which the stylet is connected [21].
The main components of the capsule wall of nematocysts, the explosive organelles of Hydra,
jellyfish, corals and other Cnidaria, are collagens which are termed mini-collagens because of their
shortest known collagen-like sequence of Gly-Xaa-Yaa repeats. Mini-collagens are the major components
of the Hydra nematocysts capsule wall where they form a tight three-dimensional network by disulfide
reassembling of their terminal cysteine-rich domains. Mini-collagens contain a short collagen triple
helix flanked by polyproline stretches and terminal cysteine-rich domains. These N- and C-terminal
proline- and cystine-rich domains of mini-collagen-1 are relatively short peptides (23 and 24 residues,
respectively) containing 6 cysteine residues in an identical sequence pattern. The related synthetic
peptides were found to refold in an oxidation process almost quantitatively into one topoisomer.
Surprisingly, the two refolded domains exhibit different cystine frameworks despite their identical
cysteine pattern and a high sequence homology. Therefore, the structural elements responsible for their
distinct structures were analyzed to gain possible information about the mechanisms of mini-collagen
disulfide rearrangement in their assembly into polymeric fibers. With better information on this
process, mini-collagens containing functional domains of type I and IV collagens could be used for
the preparation of mechanically highly resistant frameworks for cell adhesion and thus constitute
promising innovative biomaterials [34]. However, their architecture is also of interest when nematocyts
in various intact nematocytes are tested concerning its diagnostic feasibility when coming into contact
with sialic acid coated surfaces. It is possible to reference the corresponding molecular concentration
and density with tailor-made sialic acid-coated nanoparticles as outlined later. Sialic acids trigger the
initiation of the Coulomb repulsion inside the nematocyst in an intact nematocyte. In this initiation
process sialic acid mediated protein—carbohydrate interactions on the surfaces of nematocysts play a
crucial role. Itis our aim to figure out whether such bionic concepts provide guidelines for nanomedical
and nanopharmaceutical devices in order to improve cancer diagnostic and therapies. The chemical
and mechanical properties of the nanomedical tools from cnidarian origin can be studied in an ideal
way when using first the well described Hydra nematocysts as blueprints. We show here that classical
physics in combination with structural biology and theoretic biochemistry [1,2,7-9,24,35-41] is essential
for an accelerated biophysical development of new diagnostic strategies analyzing the spread of
highly-malignant tumor cells. It has to be emphasized here that this is only possible with in intact
nematocytes. The corresponding vessels in a living nematocyte must have a robust consistence
which enable them to resist the forces of a nematocyst discharge process. As outlined by "t Hooft [9]:
“Instruments of atomic dimensions could be used for any purpose imaginable, but particularly in
medical sciences. Remote controlled robots could be sent to any part of the human body to resolve
problems. Less advanced, passive robots could be attached to capsules containing medications; the
capsules would be injected into the body, with the robots ensuring administration of the medication in
the right dosages for weeks or even years.” Our approach discussed here emphasizes that blueprints

83



Mar. Drugs 2019, 17, 469

of bionic robot systems already exist in form of Cnidaria nematocysts which can be used due to their
molecular interaction specificity, as nanomedical tools. This is extremely promising because of their
polySia-directed target function as diagnostic and therapeutic devices in order to identify tumor tissues,
especially, polysialic acid rich cancer cells coated in a highly characteristic way which often remain
in the tumor-hole after a neurosurgical intervention due to its location in close proximity to crucial
regions of the brain.

2. Results

The morphologies and consistencies of the drug-containing vessels (Figure 1) and their potential
targets (Figure 2) were analyzed in detail using electron microscopy (EM), especially, transmission
electron microscopy. The structural parameters obtained from Figure 1 are essential to define the
boundary conditions of our theoretical model which is described below. When analyzing potential
target structures for the drug-containing vessels, it turned out that malignant neuroblasts from a
neuroblastoma cell line show peculiar bubble-like morphologies in the electron microscopical pictures
(see arrows in Figure 2). This argues in favor of an alteration in the surface consistency of the
corresponding cell membranes and the existence of peculiar topologies of special target regions.
Besides the occurrence of polySia moieties on the tumor cells, such topological and morphological
data are of highest importance to identify the Achilles heel of cancer cells. Furthermore, an extremely
robust but also elastic consistency of the targeting cells is essential for our nanomedical devices. Under
special consideration are here the nematocyte wall and the stylet-connected tubule system. The stylets
of the nematocysts are ejected by a specific biological signal (sialic acids, especially polySia) which is
present on fish eggs but also on various tumor cells [42,43]. The consistence of the collagen strands and
of the nematogalectins which occur in the tubule walls [44,45] have to be studied on a sub-molecular
level. This is also the case for the proteoglycans [36] in the nematocyst’s cell wall and the collagens in
the exumbrella tissue of jellyfishes after their extraction. It turned out that biophysical methods which
are based on QCM (Quartz Crystal Microbalance) techniques are feasible and helpful tools (Table 1) for
testing the state of the extracted collagen-strands of jellyfish exumbrella tissues (Table 1).

|

Figure 1. Structure of a Hydra nematocyst: Stylet apparatus with large and small spines (SA), external
tubule (ET), capsule membrane (CM), operculum (O). The black scale bar in the lower right corner
corresponds to 1 um.
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Figure 2. Structures of (I,II) neuroblastoma cells from a cell-line as revealed by transmission electron
microscopy (TEM). Neuroblastoma cells show differences in their plasticity which could be of importance
for an attack with a nanomedical device. (III) 1D proton NMR spectrum of broken fish eggs after their
destruction in a nematocyst discharge process. A comparison with a 1D proton NMR spectrum of

0.0

intact fish eggs is shown in Supplementary Materials.

A theoretical model which is discussed under Section 2.1 can be used to analyze experimental data
in a more sophisticated way. As documented in Figure 1; Figure 2 nematocyst cells from Hydra and
brain-tumor cells with a high concentration of polySia molecules on their surface as well as fish-eggs
with a comparable polySia density are available for complementary biophysical and biochemical
experiments. The theoretical model provides a clear standard description in which certain physical
parameters are addressed. NMR experiments in which fish-eggs are used [46] as suited model targets,
e.g., (Figure 2III), can be designed in a better way when the theoretical model description is applied in
a suited way. Furthermore, the influence of certain ions on the nematocyst discharge process can be
studied in the framework of certain NMR experiments in order to shed light on questions which are
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related to neurological diseases and mental disorders [47]. In full agreement with Alan Turing’s vision,
it is indeed possible to use the partial simplicity of cnidarian organisms to answer basic questions with
tools from applied mathematics and theoretical physics.

2.1. Theoretical Model

We describe the discharge of the nematocyst as a five-stage process. The first stage comprises
the triggering of the cnidocil, where an external chemical-mechanical signal provides the key-signal
for the Coulomb explosion. After the process has been started by the external signal, it is translated
to an internal Ca®* signal initiating the next stage of the discharge process. In the second stage, a
chemical trigger initiates proteolysis in the poly-y-glutamic acid (PGGA) resulting in an increase of the
H* concentration in the nematocyst. Since the diffusion constant of H* in water is large, ambipolar
diffusion of H* through the semipermeable wall of the nematocyst leaves behind a negatively charged
matrix. The electrostatic potential developed between the centre of the nematocyst and the surface,
is termed the Donnan potential. The charge density distribution in the nematocyst would be ideally

governed by the expression:
V2 ln(l + i) = ke 1)

eng eD

where 1 is the initial concentration of H* ions, u is the mobility and D is the diffusion constant of H*
ions through the membrane and e is the dielectric constant.
In the third stage, the charge density of the negatively charged matrix would give rise to a high

pressure which would be governed by
ou

P=-%y )

where V is the volume of the nematocyst and U is the internal energy (electrostatic potential energy).
The internal energy is given as:
5
")

—

N
r—=r
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4me

where p is the charge density. When the pressure exceeds a threshold value, the operculum opens up
and after a second threshold the stylet, which is held back by a tough collagen bottle-neck, overcomes
the restraint and is ejected at an immense speed. This stage could be termed as the Coulomb explosion
stage as the movements take place at nanosecond time scales. Subsequently it gives rise to accelerations
in the range of few million times that due to gravity and this explosive process is initiated by Coulomb
repulsion, which is very much like a Coulomb explosion.

In the fourth stage, the opercular chamber is distended by the proteolysis of the matrix in the
opercular chamber and loss of H* ion from it. This further pushes out the stylet thereby locking it with
barbs in the victim or in some cases disposes off the outer sheath of the stylet. In the fifth stage, the
tubule everts (i.e., turns inside out) through the hollow stylet and itself, exposing the poisonous barbs
into its victim.

Here, assuming a homogeneous and spherical nematocyst we get

19,0 P\ me
2 arrzar ln(l + eno) eD @
which can be scaled to a dimensionless form with A = usego, x =Arandy :%: y(x), as,
14,4 B
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Here ny is the initial number density of [H*], p = —e(n — 1) is the charge density, u and D are the
mobility and diffusion constant of [H*] through the semipermeable membrane, ¢ is the dielectric
constant of water and e is the charge of the electron.

The boundary conditions y(c0) = 0 and y’(c0) = 0 does not aid in the solution of this nonlinear
equation and does not reflect the spherical shape of the nematocyst. Since the charge buildup would
be mostly near the inner surface of the nematocyst, a simple linear model is used, which would be
valid near the surface u = R — 7 of the nematocyst and also assuming that p << eng one can write

2
e p ©)
which can be solved to give p = —engexp(—A(R —r))= pgexp(—A(R —r)), assuming that at 7 = R all
H* has diffused out.
This gives the Coulombic self-potential energy as U as

pd (s T, 11, 11 5
U-"5 {(X - 2X 4 X Z)_4(X_ 1) exp(-X) - 7 exp(—ZX)} @)

where X = AR and a Donnan potential

0
=X~ 1)+ exp(-X)) ®)
This gives rise to the Coulombic pressure (p = - ‘;—5) which gives
P2 —(3X2 - 7X+ Y +4(X-2)exp(-X) + 3 exp(—ZX))
P=onx LAXo exp (-X)[(X® = ZX% + UX-11) — 4(X - 1) exp(-X)- 3 exp(~2X)] )

(X2-2X + 2 — 2exp (-2X))
One easily observes that in the limit A — 0 (a homogeneously charged sphere) this reduces to the usual

s
P =5

(10)

2
with a Donnan potential ¢ =2 glj , and, in the limit A — co (a thin spherical shell of charge, with

surface density o = py/A) this reduces to the usual

P=5 (1)

with a Donnan potential ¢ :‘TTR.

The stylet emission is governed by the equation of a static balance of forces

- (-2) 2o

€ B (12)

where the term on the left is the force on the stylet due to the Coulomb pressure, while the term on
the right hand side is the restoring force on the stylet due to elastic materials (the elasticity of the
nematocyst wall and the escape orifice is provided by minicollagen fibrils) restraining the emission of
the stylet. The elastic material restraining the stylet is forced to be extended to the radius B(p) from the
unstretched radius fy due to the pressure p. The radius () of the stylet is assumed to be a function of
the axial position (£) and that the maximum radius of the stylet occurs at &;. The Young’s modulus of
the elastic material surrounding the stylet is Y and is of a cross section a.
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Assuming that the shape of the stylus is governed by the equation

_ag(1-¢)
B T (13)

where f is the radius at the axial position &, with slopes of al/d and —al/(d +1) at & = 0 and /, and

a maximum radius fy= a(l +2d-2+d(1+ d)) at & = +/d(1+d). For certain values of a,  and d, it
looks like a carrot (e.g.,,a = 0.2,1 = 1and d = 0.01) as in Figure 3.

i

Figure 3. The shape of the stylet fora = 0.2,1 = 1and d = 0.01 as given by Equation (12), please see
theoretical part.

The displacement

5(0)—5(1’)+\/(1 @)Z_dﬁ_@_\/(l_@)z_dﬁ_@ (14)

2a 2 2a a 2 2a a

5=

increases nonlinearly with the pressure P (Figure 4), till at a certain threshold pressure f(Pinres) =  the
displacement diverges, and the stylet is ejected. The threshold pressure varies as

(1-d)Yax

2
21‘0

Pihres ~

where Pyres and Y have the same dimensions, and all the lengths are scaled by the length I of the stylus.
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Figure 4. The displacement of the stylet (a=0.2,1=1, and d = 0.01) as a function of the applied pressure
(in units of Y). The threshold pressure is about 3960 and all lengths are in units of the length of the

stylet, please see theoretical part.

The stylet can only accelerate after the pressure exceeds the threshold pressure and the acceleration
of the stylus is then 7R?pypres /1. The maximum acceleration (fmax) of the stylus will be given by
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2
p thresﬂRx

fmax = (16)

With Ry is the maximum radius and m is the mass of the stylet. In terms of the parameters described
above, one may represent this acceleration as,

m

Yana®(1-d)

fmax = 2(

—_— 17
1.18+7d)mr3 a7

and can be very large for small values of 7). Here we see that very large accelerations are possible
if the radius of the exit orifice (rp) is small, and if the shape parameter (a) is large. The threshold
pressure is proportional to the elastic modulus (Y) of the capsule and hence the exit orifice. Now these
findings have to be correlated with experimental settings. In order to do this, biophysical, biochemical
and cell-biological approaches have to be combined in a proper way. In this context it is of highest
importance that in silico molecular modelling calculations support these approaches in an appropriate
way. For a successful application of the theoretical model, it is of importance to know further details
of the materials/molecules which constitute the corresponding parts in a cnidarian organism. This is
outlined in the following paragraph.

2.2. Biophysical Experiments

Two major things have to be taken into consideration before a nematocyst-like device can be
used as nanomedical diagnostic tool for a target directed tumor cell-attack and as promising source
for the design of innovative therapeutic tools in cancer therapy. Firstly, PolySia specific targeting by
lectins, especially, mini-lectins which mimic the receptors on the nematocyst surface must be defined
in detail [25,38,39,48]. Secondly, the interactions between the molecules in the nematocyst’s cell wall
(mini-collagens as well as nematogalectins) and in its stylet-connected tubule system have to be
described in detail on a sub-molecular level in a consistent way (Figure 5a,b and Figure 6a—c). Figure 5
shows two identical conformations at two different orientations. On the left side orientation a is shown
and on the right side orientation b. For comparison, it is also of importance to analyze the collagen
strands in the exumbrella tissue of jellyfishes with Quartz Crystal Microbalance (QCM) techniques.

glycan-fragment

glycan-fragment

collagen-fragment

collagen-fragment

Figure 5. Triple-helical collagen strands in complex with non-sulfated (left side, orientation a) and
sulfated (right side, orientation b) glycan-fragments. These models represent typical interaction state
out of a great variety of other collagen- proteoglycan complexes. Sulfur-groups are highlighted by a
red asterisk (*). Our results are in full agreement with AFM (Atomic Force Microscopy) and in silico
studies on collagen strands interacting with proteoglycans [36].
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2.3. QCM Analysis of Collagen Fragments from Cnidaria

Itis essential to combine our theoretical results with data obtained by biophysical experiments. The
correlation of theoretical and experimental data provides sophisticated information how nematocyst
discharge processes could be used as nanomedical tools in cancer diagnostic and therapy. In this
context the special consistence of the nematocyst cell wall is of highest interest. When testing various
collagen hydrolysates in respect to their molecular composition it is instructive to carry out Quartz
Crystal Microbalance (QCM) measurements [49] as complementary technique to NMR, AFM, SPR an
MS [24,29,37,50]. QCM measurements allow the discrimination between triple helical and non-triple
helical collagen fragments (Table 1). The results shown in Table 1 indicate that the triple helical collagen
strands in mixtures of collagen fragments from jellyfishes exist and can be analyzed by QCM techniques.
The raw material from cnidarian organisms (prepared according to Hoyer [51] and Sewing [52] degrade
and dissociate above 45 °C in an irreversible way. It has to be emphasized that the source (e.g., fish or
jellyfish) is not important for the occurrence of larger fragments but for the special production process.
The upper section of Table 1 documents the results of measurements carried out over a total time
period of 7000 s and a temperature limit up to 45 °C which is reached for the first time after 1500 s.
When the temperature limit is 45 °C one can observe by the frequency alterations that the collagen
strands are denatured and not reversible anymore. After 2500 s a low temperature region of 15 °C is
reached again but the triple helical strands are denatured and did not renaturate anymore. A new
increase of the temperature leads to a different profile of the Av values. When altering the temperature
between 15 °C and 37 °C only the frequency pattern, which is detectable, indicates a completely
reversible processes in respect to the cnidarian collagen strands under study (as documented in the
lower section of Table 1). The collagen strands remain triple-stranded and are proper target-structures
for the proteoglycan saccharide chains as shown in Figure 5. Therefore, this method is beside NMR,
SPR and AFM experiments in combination with molecular modelling calculations [24,36,37] a valuable
supporting technique when nematocyst-like medical devices have to be improved.

Table 1. Measurements on triple and non-triple helical collagen fragments from exumbrellatissue from
the jellyfish species Rhopilema esculentum [36,37,51,52] have been performed on the Quartz Crystal
Microbalance system QCM 200 SRS. The differences of the detected frequencies are given by Av in Hz.
The experimental temperature is T in °C and the experimental time is t in s. In the table on the top
45 °C has been chosen as highest temperature which leads to a denaturation of the collagen strands. In
the case 37 °C is the highest temperature (table on the bottom) no denaturation of the same material
is detected.

Av,Hz 0 300 250 300 -300 300 0 -300 -100 150
T, °C 15 30 45 40 15 45 30 15 15 15
t, sec 0 1000 1500 2000 2500 4000 4500 5000 5500 6000

Av,Hz 0 700 300 100 700 300 100 700 300 100
T, °C 15 37 25 15 37 25 15 37 25 15
t, sec 0 1500 2000 2500 3500 4000 4500 6000 6500 7000

2.4. Molecules Constituting the Nematocyst Membrane

To explain the nematocyst discharge process in a physically consistent way one has to consider the
morphology and the constitution of the nematocyst cell membrane in which proteins and carbohydrates
are interacting with each other in order to generate the elastic properties enabling the high pressure
and velocity values during the Coulomb repulsion process. According to our theoretical model,
this is much more important in the upper part of the nematocyst than in the lower part. Using
this model description, morphological alterations of nematocysts which occur in Hydra, jellyfishes
and sea-anemones can be handled using theoretically derived parameters in combination with
experimentally obtained data. Triple-stranded collagen strands in the nematocyst cell wall which are
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associated with cysteine-rich mini-collagens interact with proteoglycans and nematogalectins and
are therefore the building blocks for nematocyst-like nanomedical devices. Unspecific interactions
between parts from the carbohydrate chains of proteoglycans with collagen strands (Figure 5) as well
as highly specific interactions between certain moieties of proteoglycan carbohydrate chains with
certain lectins (especially nematogalectins, [44,45,53]) (Figure 6a—c) have to be taken into account when
the origin of the flexibility properties in the stylet-connected nematocyst’s tubule system is analyzed
in molecular detail. Due to homology modelling, the nematogalectin structure could be constructed
using the Swiss-model tool [54]: http://swissmodel.expasy.org/.

The rhamnose binding lectin [55] CSL3 (pdb-entry: 2ZX2.pdb) has been identified as the most
suited template. The model structures are shown in Figure 6a—c. As described in the literature, the
proteoglycan carbohydrate chains stabilize the cell-wall structure of the nematocyst in an essential
way [56]. Model structures of the glycan and protein parts of proteoglycans are available [36]. Own
molecular modelling calculations have shown that protein parts of proteoglycans, i.e., the leucine-rich
biglycan [57-59] interact with other proteins in a highly specific way (Figure 7a,b). This is of importance
when interactions with CD14 are in the focus [57-59], however, the interplay of such leucine rich
molecules are also crucial players when the regeneration of the head region of Hydras is studied. In
respect to the nematocyst membrane properties (Table 1) the glycan chains are of highest interest.
Therefore, we have studied various proteoglycan fragments with molecular modelling methods
concerning their interactions with collagen fragments and nematogalectins (Figure 5, Figure 6a—c,
Figure 8a—f). All structural data sets concerning the key-molecules which constitute the nematocyst
membrane and the wall of the stylet-connected tubule systems are considered in our molecular
modelling studies. Molecular Dynamics (MD) simulations of collagen molecules [24] which are
comparable to mini-collagen structures [60-62] in Cnidarian mini-collagens have a triple-helical core.
This provides insights into the corresponding molecular organization processes in respect to their
potential to interact with proteoglycans or collagen-binding proteins [23,36,37]. The corresponding
interactions are mainly dominated by polar hydrogen bonds. Additional ionic interactions have to
be considered. Unspecific associations of carbohydrate moieties from proteoglycans with collagen
(Figure 5) as well as specific carbohydrate protein interactions mediated by nematogalectin (Figure 6a—c)
were studied with molecular modelling method in the same way as described in the literature for
receptor interactions with sialic acids and sulfated carbohydrate chains [24,25,27,38]. These data
are used to test the reliability of the theoretical nematocyst model including all essential physical
parameters. Our electron-microscopical (EM) analysis on nematocyst geometry has shown that the
shape can be characterized as a combination of spherical and conical geometries (Figure 2). This is
of importance for testing the predictions in relation to the theoretical five-stage model. Since the
nematocyst discharge process is triggered by a mechanic-chemical signal which is initiated by sialic
acid/polysialic acid molecules [63] on the skin of Cnidaria’s enemies and preys sialic acid coated
nano-particles are extremely supportive artificial analytical tools beside naturally occurring sialic
acid pattern on tumor cells [25,39]. In this context sialic acid conjugated Fluorescent Silica Nano
Particles (FSNP-Sia) and functionalization of Semiconductor Quantum Dots (SQDs) with sialic acid
are extremely helpful analytic tools (this will be outlined in a follow-up publication). Furthermore,
additional NMR control-experiments have been designed. These control experiments were performed
(this will also be discussed in a follow-up publication) using fish eggs [42] and analyzed by NMR
with a similar setting as described for living eukaryotic cells [64]. The results of the one-dimensional
NMR experiment will be shown in a follow-up publication because the first promising results suggest
extended experimental series with various fish-eggs and nematocytes/nematocysts from different
cidarian species. This experimental setting can be applied to nematocytes/nematocysts (Figure 1)
but also to numerous tumor cells (Figure 2). Echinodermata, which are predators of Cnidaria, have
developed sialic acids in evolution half a billion years ago. A number of special sialic acid molecules
can be found in starfishes [65]. Therefore, it is instructive and intriguing to test various sialic acids
as initiating molecules of the nematocyst discharge process. Our knowledge about the architecture
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of the nematocyst [66-68] including the consistence of its cell-wall and the stylet-connected tubule
system allows us to discuss the question of in which way the presence or the absence of sulfate
groups on the proteoglycan carbohydrate chains have any impact on the material characteristics.
Although, in principle, sulfated proteoglycan fragments are able to interact with triple helical collagen
fragments (Figure 5). We finally conclude that the absence or the presence of a sulfate group has
a kind of sign-function because of the impact on the orbitals of the corresponding carbohydrate
residue [36]. The knowledge concerning the evolution of Cnidaria and Echinodermata [69—72] enables
us to discuss potential clinical applications in diagnostic and therapy under a nano-bionic aspect.
Exploding nematocysts and their effect on tumor cells can be controlled by NMR as it has been shown
for fish-eggs before and after their destruction. Artificial nematocyst-like devices could be used as
powerful nanomedical tool which is able to attack polySia-rich tumor cells [43].

Figure 6. Model presentations of nematogalectin, a lectin which occurs in the capsule membrane (CM)
of nematocysts. Interactions exist between parts from the carbohydrate chains of proteoglycans with
collagen strands (Figure 5¢) as well as highly specific interactions between certain moieties of the
proteoglycan non-sulfated carbohydrate chains and the lectin are responsible for the cell membrane
(CM) properties. Our calculations show that sulfated carbohydrates are also tolerated. The best
template structure in the protein data bank is 2ZX2.pdb from the rhamnose binding lectin CSL3 [71].
(a) Surface presentation of the nematogalectin—showing its function as bridging molecule with two
proteoglycan fragments in a stick structure. (b) Surface presentation—direct view on the binding
pocket. (c) Ribbon structure of one part of the nematogalectin in complex with a proteoglycan fragment
in a stick structure.
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Figure 7. (a): CD14 (colored) and biglycan (green) in their space-filling states associate at a preferred
contact region in order to establish a stable complex. (b): The initial contact point is marked by an
arrow. The matrix component biglycan is proinflammatory and signals through Toll-like receptors 4
and 2 in macrophages [57-59].

L k L

Figure 8. Triple-helical collagen in complex with integrins (a—c, in which a and b with pdb entery:
2m32.pdb, ¢ with PDB entry: 1dzi.pdb, and mini-collagens (d—f, in which d with PDB entry: 1sop.pdb,
¢ with PDB (Protein Data Bank) entry: 1sp7.pdb, f with PDB entry: 1zpx.pdb).

3. Discussions

In order to understand the nematocyst discharge process on a basic physical level, we combined
approaches from applied and theoretical physics. When analyzing this process, a satisfactory model
description allows deeper insights into basic physical details. Our theoretical model permits a
discussion of the nematocyst discharge process in the dependence of key-parameters such as vessel
morphologies, pressure values, forces and ejection velocities. With this model, we are able to depict the
major effects leading to the stylet emission in an adequate way independent from structural deviations
between the nematocysts of various species (Hydra, jellyfishes, box-jellyfishes and sea-anemones).
The elastic properties of the materials surrounding the stylet near the operculum require a special
molecular arrangement. It is necessary that the cell-wall sections in that region have a higher elasticity
because they have to endure higher stresses than the rest of the cell membrane. Experimental data,
including the parameters of various boundary conditions can be determined by a strategic combination
of suited biophysical methods such as Surface Plasmon Resonance (SPR) [28], Atomic Force Microscopy
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(AFM) [24,37,48,73,74], nano-particle analysis supported by confocal laser scanning microscopy [75-79],
Electron Microscopy (EM) (Figures 1 and 2), NMR spectroscopy [37], Quartz Crystal Microbalance
(QCM) techniques [49] (Table 1) and molecular modelling [25,36,38—41] (Figures 5-8) provide essential
biophysical data about the morphological and material characteristics of nematocysts. It is therefore
possible to use these data as a first concept in a feasibility study for the construction of nematocyst-like
nanomedical diagnostic devices, i.e., tailor-made nematocysts which contain therapeutic drugs. These
nanomedical devices have to be effective and specific in respect to various carbohydrate signatures
in the glycocalyx of tumor-cells. For this purpose, it is essential to understand the target-directed
nematocyst discharge process in all aspects of the fundamental physical laws. The biochemical
properties which are correlated with these laws can be modified accordingly when nematocyst-like
nanomedical devices are constructed.

Physical Properties of Nematocysts and Their Potential Targets

In non-equlibrium thermodynamics [80] one has to describe the intact nematocyst in its metastable
state first. This state will be reached after a contact of the intact nematocyte with sialic acids.
The mechanic-chemical contact to the sialic acid sensitive receptor is therefore responsible for
non-reproducible fluctuations. If the stationary state of the process is metastable, then non-reproducible
fluctuations involve local transient decreases of entropy. The reproducible response of the system
increases the entropy back to its maximum by irreversible processes: the fluctuation cannot be
reproduced with a significant level of probability. Fluctuations about stable stationary states are
extremely small except near critical points [80]. The information which we derived by methods from
applied and theoretical physics are sufficient to describe the complete nematocyst discharge process in
its five stages. Furthermore, the initial release mechanism triggered by an interaction of cell-surface
exposed receptor with sialic acid molecules can be studied in detail using biophysical methods in
combination with suited model systems [25,38,41,42]. NMR experiments, molecular dynamics (MD)
simulations and microscopic studies provide complementary information to our theoretical five-stage
model description. These results are the basis for a follow-up NMR study on fish-eggs, nematocysts,
tumor cells and sialic acid coated nanoparticles [75-77] which are a prerequisite for the corresponding
clinical studies. Cancer cells have distinct morphological parameters and a special signature of
carbohydrate chains on their cell surface in which sialic acids play a prominent role. Polysialic acid
(building block: Neu5Ac-alpha2-8-Neu5Ac) in high concentration on the surface of cells (e.g., fish
eggs [42] or tumor cells [25,38,43] can initiate the nematocyst discharge process. However, in some
cases, it is necessary to increase the sialic acid concentration in the vicinity of the nematocysts to support
the discharge processes. It is an advantage for our strategy that the physical properties of cancer cells
in respect to their plasticity differ in a significant way from normal cells as it turned out after TEM
(transmission electron microscopy) studies on neuroblastoma (Figure 2L1I) but also on glioblastoma
(own observation) cells. The cancer cells under study are much weaker and show a higher degree
of protrusions than normal tissue cells. These findings are of importance since neuroblastoma and
glioblastoma cells which carry the polySia molecules on their surfaces are suited targets for modified
nematocysts which are able to attack cancer cells in a specific way. Our five-stage theoretical model
which describes the different phases of the nematocyst discharge process is a first step aiming in a
complete adaption of such a concept for diagnostic and therapeutic applications which focus on a
target-directed destruction of cancer cells.

With the five-stage model, we can explain the basic physical properties of the nematocyst
discharge process providing the force and the energy for the ejection of the toxic stylets when Cnidaria
are defending the attacks from their predators. Molecular dynamics (MD) simulations of collagen
fragments [24] and of crucial parts of the proteoglycan carbohydrate chains [36] (Figure 5) which are
forming the structures of nematocyst cell membrane as well as electron microscopical studies on the
shape variations of nematocysts (Figure 1) deliver the boundary conditions for the five-stage model,
such as elasticity, pressure and other material-dependent parameters, e.g., Figure 4 and Table 1. Values
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for the conical and spherical geometries of the nematocyst vessels and the shape variations of their
stylets (Figures 1 and 3) are also of importance. The number of the nematocyst discharge processes
strongly depends on the concentration of polySia molecules in the environment of the cells (own
observation) and will be analyzed in more detail in a follow-up study with labeled neuraminic acid
molecules [75-79]. The chain lengths of polySia seem to play only a minor role (Figure 5) as revealed
by microscopy and NMR spectroscopy [38,48]. The spider lectin SHL-1 [23] other small lectin-like
structures have to be considered as proper polySia interacting peptides [38,39,48] on nematocyst-like
nanomedical devices. The amino acid sequence of the effector domain of the myristoylated alanine-rich
kinase C substrate (MARCKS-ED) is such a candidate. The amino acid sequence indicates by its
composition that arginine and aromatic amino acid residues play a crucial role for a specific polySia
binding. This is also the case for the spider lectin SHL-1 [38,39]. In particular, the role of aromatic
amino acid residues is underlined by amino acid sequence of the MARCKS-ED control peptide [38]
which has no binding specificity for polySia. The phenylalanines that were changed to alanines in
the control peptide support polySia binding of MARCKS-ED but the alanine residues in the control
peptide are not. As a first test for the effect of exploding nematocysts suited cells are necessary. In our
case we have chosen fish eggs which have polySia in high concentration on their surface in a similar
way than various tumor cells [42,43]. The state of the fish egg before and after its destruction can
be documented by 1D NMR spectra (Figure 2II and Supplementary Materials). Besides microscopic
studies, it is therefore also possible with NMR experiments [64] to figure out in which way an increased
concentration of sialic acids and polySia fragments are able to support the initiation of the nematocyst
discharge process. Of special interest are polySia glycomimetics, e.g., Tegaserod [38,81,82], which
are also interacting partners of sialic acid receptors. It has to be emphasized that the polysaccharide
polySia in which the sialic acid Neu5Ac building-blocks are linked by an «2-8 bond to each other
are the natural triggers which are responsible for the inition of a nematocyst discharge event. Beside
sialic acid binding other specific carbohydrate—protein interactions play a crucial role in this study
and concern nematogalectins. Galectins [83-87] are galactose binding animal lectins which have
various biological functions. In respect to nematogalectins, it is of importance to clearly identify the
corresponding contact region of this cnidarian lectin (Figure 6a—c). Also, in this case, the benefit
of molecular modelling in silico calculations under special consideration of ab initio calculations
is obvious [24,25,36,38-41,88,89], since this theoretical approach shows under which prerequisites
nematocyst-like nanomedical devices can be constructed; in detail: which material requirements are
necessary [90-100]. Fast-growing tumor cells typically have more permeable membranes than healthy
cells, allowing the leakage of marked sialic acid molecules into their cell body. Moreover, tumor
cells lack an effective lymphatic drainage system, which leads to subsequent accumulation of these
particles. Since sialic acids (especially Neu5Ac) initiate the nematocyst discharge process labeled
Neu5Ac molecules, even free in solution could be used to trigger the nematocyst discharge process
and will also be helpful markers inside the nematocyst. Therefore, sialic acid coated nanoparticles
are suited tools to improve the efficiency of our approach [75-79]. Besides a target-directed attack
against tumor cells, nano-bionic nematocyst-like devices from cnidarian origin could in principle be
applied for therapies which support neuronal regeneration because the state of neuronal de- and
re-differentiation depends also on the polySia concentration on the nerve cell surfaces ([25,38] and
literature cited within). Additionally, in the case of treatments against certain pathogens (viruses
and bacteria) [39-41] the use of sialic acid sensitive nematocyst-like vesicles has to be considered as
promising diagnostic and therapeutic option, especially, when multiresistent pathogens have to be
taken into account. Our approach in which nematocysts are used as bionic blueprints has therefore
multiple benefits in the fields of nanomedicine and nanopharmacology. Especially, the theoretical
model described here enables us to modify the nematocyst architecture and adapt it for diagnostic and
therapeutic clinical applications. It is essential in this context to understand the role of nematogalectin
as a component of the tubule system and its interactions with mini-collagen strands and proteoglycans.
As outlined here, corresponding experiments on triple helical collagen fragments can be performed by
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a combination of QCM techniques (Table 1) and molecular modelling methods (Figure 5, Figure 6a—d).
These results have to be combined with NMR data from cellular test-systems. Such suited cellular test
systems are fish-eggs which carry polySia on their cell surfaces. The high tumbling rate of the surface
exposed bio-macromolecules lead to broad signals of the one-dimensional proton NMR spectrum (not
shown). After the destruction of the fish eggs, highly resolved signals from the inside of the cell can be
detected. This is also the case when sialic acid coated nanoparticles are studied.

4. Materials and Methods

4.1. Tumor Cells: Neuroblastoma Cells

Cell line SK-N-AS corresponding to neural bone marrow metastasis cells from a human source
were purchased from American Type Culture Collection (Manassas, VA, USA). Glioblastoma cells:
Cells were taken from a glioblastoma multiforme (WHO stage four).

4.2. Hydra Culture

Experiments were carried out using Hydra vulgaris strain AEP. Animals were cultured according
to standard procedures [101].

4.3. Proteoglycans, Algae Polysaccharides and Collagen Fragments from Marine Organisms and Bacteria

Fish cartilage [102], green algae [39,103] and Cnidaria (Rhopilema esculentum) [36,37,51,52] are our
sources for proteoglycans, polysaccharides and collagen-fragments. Polysialic acid (polySia): Polisialic
acid fragments of various chain lengths are derived from colominic acid of E. coli.

4.4. Electron Microscopy

Specimen were fixed in 6% glutaraldehyde in 0.1 M Na-cacodylate buffer overnight, rinsed three
times for 10 min in 0.1 m Na-cacodylate buffer, and postfixed in 1% osmiumtetroxide (OsO4) for one
hour. Samples were dehydrated in a series of alcohol (50%, 70%, 80%, and 96% ethanol for 15 min,
100% ethanol for 1 h), and embedded in Epon. Semithin sections (1 um) were stained with methylene
blue. Ultrathin sections (100 A) were contrasted with lead citrate (2%) and uranylacetate (0.5%) and
examined in a Zeiss 109 electron microscope.

4.5. Measurements with a QCM System

The quartz crystal microbalance system QCM 200 SRS (Stanford Research Systems, 1290-D
Reamwood Ave, Sunnyvale, CA 94089, USA) was used to analyze jellyfish collagen and collagen
hydrolysate samples under various temperature conditions.

4.6. Molecular Modelling

The conformational analysis and energy optimization of sulfated and non-sulfated glycans was
carried out with Hyperchem 8.0 Prof. (using the CHARMM?27 force field, Chemistry at HARvard
Macromolecular Mechanics, Cambridge (Massachusetts) USA) and Gaussian16 (B3LYP/6-31G¥).
Glycan-protein docking was performed with the Molegro 5.0 trial version. For protein-protein
docking calculations the Webserver Haddock 2.2 version was used. MD-simulations were carried out
with YASARA v.19.4.29 using the YASARA force field under physiological conditions [36,104-106] and
additional references in Supplementary Materials.

4.7. Preparation of FSNP-Sia

FSNP-Sia was synthesized using fluorescein-doped silica nanoparticles (FSNP) and the
photocoupling strategy to conjugate Sia on FSNP, following previously developed protocols [75-79,107].
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4.7.1. Synthesis of Fluorescent Silica Nanoparticles (FSNP)

Fluorescein 5-isothiocyanate (39 mg) was dissolved in anhydrous ethanol (16 mL) and
(3-aminopropyl) trimethoxysilane (17 uL) was added while stirring. The mixture was stirred overnight
at 42 °C to produce the precursor solution. For the synthesis of fluorescein isothiocynate (FITC)-doped
silica nanoparticles, 5.0 mL of the precursor solution was added to anhydrous ethanol (34 mL) while
stirring followed by the addition of tetraethyl orthosilicate (1.7 mL) and aqueous ammonia (1.4 mL,
25% v/v). The mixture was stirred for 48 hours to give the FSNP solution.

4.7.2. Synthesis of Perfluorophenyl Azide (PFPA)-functionalized Fluorescent Silica Nanoparticles
(FSNP-PFPA)

FSNP-PFPA was synthesized by adding a solution of silane-derivatized PFPA in toluene (7.0 mL,
10 mg/mL) into the FSNP solution and stirring at room temperature for 24 h. The product was purified
by repeated washing and centrifugation in acetone (12,000 rpm, 30 min), and was re-suspended in
10 mL of acetone to give FSNP-PFPA.

4.7.3. Synthesis of Sialic Acid-Conjugated FSNP (FSNP-Sia)

To 1 mL of FSNP-PFPA in acetone, an aqueous solution of sialic acid (1.0 mL, 3.6 mg/mL) was
added. The glass jar containing the mixture was covered with a 280 nm long-path optical filter and was
subsequently irradiated with a 450 W medium-pressure mercury lamp for 40 minutes. The resulting
FSNP-Sia was purified by repeated washing in Milli-Q water and centrifugation (12000 rpm, 30 min).
The final product was re-suspended in water.

5. Conclusions

The nematocyst discharge process is initiated by a mechanic-chemical interaction when an object
is in contact with the surface of a nematocyte carrying an intact nematocyst. Furthermore, sialic acids
or polySia molecules have to be involved. Data about the molecular details of this procedure obtained
from theoretical approaches in combination experimentally derived results enables us to consider the
possibilities of nematocysts as blueprints for nanomedical devices in tumor cell diagnostic and cancer
therapy. The chemical reactions related to the nematocyst discharge mechanisms mainly depend on
the de-protonation and the swelling process of y-polyglutamate. In the case of a nematocyst discharge,
which is caused by sialic acids, the chemical and physical-mechanic data can be separated [1]. As
described in our five-stage model, one has to take into account that the sialic acids do not occur in
Cnidaria. Using our theoretical model, it is possible to consider nematocysts of various species with
different morphologies for further studies. Sialic acid molecules which play also a crucial role in
developmental processes [90,91] were invented during the evolution in Echinodermata (e.g., starfishes).
Therefore, Cnidaria (e.g., Hydra, sea-anemones, jellyfishes) have developed a strategy to protect
themselves against the attacks of these enemies, at first Echinodermata, by a diffusion-dependent
polySia sensitive defense system (related to the concentration of sialic acid molecules and their density
on the cell-surfaces). The monosaccharide sialic acid which forms the alpha2-8 linked polysialic acid
(polySia) has been identified as key-molecule which identifies a predator. A potential application in
nanomedicine is possible since polySia occurs also in high concentration in the glycocalyx of tumor
cells and are responsible for their degree of malignancy. When the experimental methods applied
here are supported by approaches from theoretical physics it is feasible to invent new diagnostic and
therapeutic concepts flanked by encapsulation and target strategies. In detail, similar cell surface
signatures which induce the nematocyst discharges are also specific target structures on highly
malignant cells [92,93]. These carbohydrate target structures undergo specific interactions with
lectins [22,38,78,94] but possibly also with carbohydrate chains [95-97]. Besides encapsulation and
targeting of potent anti-tumor drugs, its identification [98-100] also plays a crucial role. Polysaccharides
from marine organisms [39,102,103] provide homogenous encapsulation materials. In combination
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with specially prepared collagen fragments [29,50] it is possible to construct nano-bionic medical
devices [107-110] for which nematocysts are the blueprints. In summary, our investigated theoretical
model describes a nematocyst discharge process which is initiated by a contact with sialic acids [111]
causing a Coulomb repulsion [112] which leads to the ejection of a toxic stylet [113]. This nano-bionic
model has inspired us to analyze such processes under various boundary conditions aiming at new
diagnostic and therapeutic approaches with innovative nanomedical devices. Besides the shape of the
nematocyst, the consistence of the nematocyst membrane and the stylet-connected tubule system are
important to figure out how the sialic acid dependent triggering of the nematocyst discharge process in
an intact nematocyte can be used for cellular targeting. Our theoretical and experimental approaches
enable us to decide which are the most promising nanomedical blueprints for our endeavor to establish
a target-directed tumor cell attack, e.g., in the field of neuro-oncology. Since highly malignant brain
tumor cells are coated on their surfaces with polysialic acid (polySia) molecules similar like fish-eggs
we use these insights for a strike against the Achilles heel of cancer cells. Therefore, we have to
identify the most effective toxin which is able to block the growth and the spreading of brain tumor
cells such as glioblastomas. These toxins have to be encapsulated in a nanomatrix which consists of
liposomes/micelles, polysaccharide- and collagen-fragments (especially mini-collagens, Figure 8d—f) in
a similar composition as found in nematocysts. The target-directed intervention of the toxin-loaded
nanoparticles in the dependence of the polySia rich contact structures on the brain tumor cells is
performed by polySia binding mini-lectins on the surfaces of nematocyst-like nanoparticles.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/8/469/s1,
Comparison between a 1D proton NMR spectrum of intact fish-eggs with a 1D proton-NMR spectrum of the same
fish-eggs which are destroyed in a nematocyst discharge event.
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Abstract: A thermostable [3-1,3-galactosidase from Marinomonas sp. BSi20414 was successfully
heterologously expressed in Escherichia coli BL21 (DE3), with optimum over-expression conditions as
follows: the recombinant cells were induced by adding 0.1 mM of IPTG to the medium when
the ODgq of the culture reached between 0.6 and 0.9, followed by 22 h incubation at 20 °C.
The recombinant enzyme (3-1,3-galactosidase (rMaBGA) was further purified to electrophoretic purity
by immobilized metal affinity chromatography and size exclusion chromatography. The specific
activity of the purified enzyme was 126.4 U mg~! at 37 °C using ONPG (o-nitrophenyl-3-galactoside)
as a substrate. The optimum temperature and pH of rMaBGA were determined as 60 °C and
6.0, respectively, resembling with its wild-type counterpart, wild type (wt)MaBGA. However,
rMaBGA and wtMaBGA displayed different thermal stability and steady-state kinetics, although
they share identical primary structures. It is postulated that the stability of the enzyme was
altered by heterologous expression with the absence of post-translational modifications such as
glycosylation, as well as the steady-state kinetics. To evaluate the potential of the enzyme in synthesis
of galactooligosaccharides (GOS), the purified recombinant enzyme was employed to catalyze the
transgalactosylation reaction at the lab scale. One of the transgalactosylation products was resolved
as 3'-galactosyl-lactose, which had been proven to be a better bifidogenic effector than GOS with
f3-1,4 linkage and (3-1,6 linkages. The results indicated that the recombinant enzyme would be a
promising alternative for biosynthesis of GOS mainly with (3-1,3 linkage.

Keywords: (3-galactosidase; recombinant; thermostable; transglycosylation; galactooligosaccharides;
Marinomonas

1. Introduction

Galactooligosaccharides (GOS) are non-digestible oligosaccharides composed of 3-10 galactosyl
groups and a terminal glucose [1]. As an important type of dietary supplement, GOS is difficult to
digest by the gastrointestine directly, whereas it can specifically stimulate the growth of the prebiotics
inhabited in the intestine, such as Lactobacillus and Bifidobacteria, rather than maleficent bacteria [2]. It is
well known that the growth of probiotics can improve immunity and prevent cancer [3]. As a matter
of fact, it is impossible to obtain enough natural GOS from milk to satisfy the increasing demanding
due to the low amount of GOS in milk [4].

To provide sufficient GOS for humans, chemical and enzymatic approaches have been developed
to synthesis of GOS in practice [5]. However, because of a lack of specificity of the product and the
extreme condition for hydrolysis of lactose to generate monosaccharides, chemical methods are not
utilized on a large scale. In contrast, enzymatic synthesis of GOS exhibits good stereoselectivity and
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regioselectivity, with mild reaction conditions [6]. Thus, GOS present in the market are all produced
from lactose by employing various 3-D-galactosidases (E.C. 3.2.1.23, BGAs) [7].

BGAs could be produced by a great number of organisms, including microorganisms, and animal
and plant cells [8]. All BGAs are capable of catalyzing the hydrolysis of the -glycosylic linkage of
lactose to generate glucose and galactose, as well as transferring of the galactose onto the galactose
moiety of lactose to yield GOS [6]. Generally, the hydrolytic activity of BGA has been employed to
remove lactose from milk for people with lactose intolerance, while the transgalactosylation activity has
been developed for the production of diverse functional galactosylated products, especially prebiotics
like GOS [9].

BGAs catalyze two forms of transglycosylation reactions, including intramolecular and
intermolecular reactions. The former involves the direct transfer of galactosyl groups to glucose to
produce lactose isomers, such as allolactose, which formed (3-1,6 linkage near the end of the hydrolysis
reactions, before the glycosyl molecules diffuse out of the active site. Unlike the intramolecular
reaction, the intermolecular reaction can produce disaccharides, trisaccharides, tetrasaccharides,
and polysaccharides with a higher degree of polymerization. During the catalytic reaction of
[-galactosidase, the synthesized GOS can also serve as a substrate for the hydrolysis reaction, resulting
in dynamic changes in the components and amounts of GOS [10].

As a rule of thumb, thermal stability is imperative for the application of enzymes in practice.
To obtain quantified BGAs for GOS manufacturing, BGAs from various sources had been extensively
studied [11-13]. In our previous study, a novel (3-1,3-galactosidase (MaBGA) from Marinomonas sp.
BSi20414, a strain isolated from the Arctic Ocean, has been purified and characterized [14]. This
enzyme showed robust thermal stability and strict substrate specificity toward 3-1,3 linkage, providing
a competitive candidate for biosynthesis of GOS with (3-1,3 linkage. In the present work, the enzyme
MaBGA was heterologously expressed in Escherichia coli and the purified enzyme was subsequently
employed to catalyze the transglycosylated reaction to generate oligosaccharides, for evaluating the
potential application of MaBGA in biosynthesis of GOS.

2. Results

2.1. Construction of Recombinant Cells

The gene mabga was amplified from Marinomonas sp. BSi20414 using the corresponding primer
pairs. The purified PCR product was digested with restriction endonucleases Ndel and Xhol, as well
as plasmid pET-22b (+). The digested PCR product and vector were ligated together to construct
recombinant plasmid. The recombinant plasmid was transformed into E. coli DH5« and the positive
clones were picked for sequencing. Subsequently, the verified plasmid with correct insert sequence
was transformed into E. coli BL21 (DE3) for expression.

2.2. Optimization of the Expression Condition of rMaBGA

To obtain more soluble recombinant protein, one-factor-at-a-time design was implemented for
optimization of the expression condition of recombinant MaBGA (rMaBGA), using cell density,
concentration of inducer, temperature, and duration for induction as four variables. According
to the soluble expression of rMaBGA under different expression conditions (Figure 1), examined by
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis), the optimized expression
condition was adopted as follows: the recombinant cells were induced by adding 0.1 mM of IPTG to
the medium when the ODgy of the culture reached between 0.6 and 0.9, followed by 22 h incubation
at20 °C.
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Figure 1. SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) analysis of the
production of the recombinant enzyme (3-1,3-galactosidase (rMaBGA) under different expression
conditions. (a) The supernatant of cell lysates induced at different OD. Lane 1-5: OD reached 0.2,
0.6, 0.7, 0.9, and 1.3, respectively. (b) The supernatant of cell lysates induced with different IPTG
concentration. Lane 1-8: the IPTG concentration was 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, and 0 mM,
respectively. (c) The supernatant of cell lysates induced at different temperatures. Lane 1-5: the
induced temperature was set to 15, 20, 25, 30, and 37 °C, respectively. (d) The supernatant of cell lysates
induced for different time. Lane 1-6: the induced time was 22, 10, 8, 7, 4, and 2 h, respectively. Lane M:
protein molecular weight marker. The location of rMaBGA was marked with black arrows.

2.3. Purification of rMaBGA

In general, most recombinant protein containing 6X His-tag could be easily purified to
electrophoretic purity by one-step immobilized metal affinity chromatography (IMAC). However,
rMaBGA cannot be purified to a single band after loading onto a column packed with Ni-NTA
agarose, as shown on the gel in Figure 2a. Therefore, the elute of IMAC was further purified by size
exclusion chromatography (SEC). As expected, the purified enzyme was represented as a homogeneous
band corresponding to 66 kDa on the gel (Figure 2b), indicating that rMaBGA had been purified to
electrophoretic purity. The specific activity of the purified rMaBGA was 126.4 U mg~! at 37 °C using
ONPG (o-nitrophenyl-3-galactoside) as substrate.
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Figure 2. SDS-PAGE analysis of rMaBGA first purified by immobilized metal affinity chromatography
(IMAC) (a) and then purified by size exclusion chromatography (SEC) (b). Lane M: protein molecular
weight marker. Lane IMAC: rMaBGA purified by IMAC. Lane SEC: rMaBGA purified by IMAC and
SEC, sequentially.

2.4. Enzymatic Characterization of MaBGA

2.4.1. Effect of pH and Temperature on the Activity of rMaBGA

The recombinant MaBGA showed its maximum activity at 60 °C (Figure 3a), as well as the wild
type MaBGA (wtMaBGA). Although rMaBGA and wtMaBGA displayed a similar temperature-activity
relationship at temperatures below 60 °C, the activity of rMaBGA dropped to 10% of its highest activity
at 65 °C, whereas wtMaBGA still retained nearly 80% of its highest activity at the same temperature.
The optimum pH of rMaBGA was determined as 6.0 (Figure 3b), resembling wtMaBGA. Moreover,
the pH-activity profile of rMaBGA was also similar to that of wtMaBGA.
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Figure 3. Effects of temperature and pH on the activity of rMaBGA. (a) Effect of temperature on the
activity of rMaBGA; (b) effect of pH on the activity of rMaBGA.
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2.4.2. Thermal Denaturation Kinetic of rMaBGA

As shown in Table 1, the half-life at 50 °C and 60 °C of wtMaBGA was 1.66 and 2.42 times more,
respectively, than those of rMaBGA, indicating that rMaBGA was less stable than wtMaBGA, also
indicated by the values of inactivation enthalpy (AH), inactivation free energy (AG), and inactivation
entropy (AS).

Table 1. Thermodynamics of irreversible thermal denaturation of -1,3-galactosidase (MaBGA).
wt—wild type; r—recombinant enzyme.

Enzyme Temperature (°C) kg (™) ty (h) AH (KJmol ™) AG (KJ mol~1) AS Jmol 1K)

50 00433 16.00 114.03 87.75 8135

wtMaBGA 60 01597 434 113.94 86.94 81.10
50 00721 961 147.75 86.38 189.99

rMaBGA 60 0.3879 1.79 147.66 84.48 189.74

2.4.3. Steady-State Kinetic of rMaBGA

The Michaelis—-Menten constant K;; and the maximum reaction velocity V,» of rMaBGA were
determined as 6.85 mM and 64.13 uM min~! (Table 2), respectively, using a nonlinear fitting plot.
However, the values of K;; and Vx for the recombinant MaBGA showed a significant difference from
those of its wild type counterpart, which were measured as 14.19 mM and 1.05 1M min !, respectively,
in our previous study [14].

Table 2. Kinetic constants of rMaBGA.

Enzyme Ky (mM) Vinax (uM min—1)
rMaBGA 6.85 64.13
wtMaBGA 14.19 1.05

2.5. Synthesis of Galactooligosaccharides

2.5.1. Thin-Layer Chromatography Analysis

The reaction mixture was subjected to thin-layer chromatography analysis after removal of the
enzyme. It is obvious that the reaction mixture (Figure 4) contained spots corresponding to spots A
(galactose), B (glucose), and C (lactose), indicating the occurrence of the hydrolysis reaction. In addition,
several blurry spots can be found from Lane 4 at the position below spot C. It is supposed that the
substance represented as blurry spots might be the products of transglycosylation reaction catalyzed
by rMaBGA.
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Figure 4. Analysis of transgalactosylation activity of rMaBGA by TLC (thin layer chromatography).
Lane 1: galactose (spot A); Lane 2: glucose (spot B); Lane 3: lactose (spot C); Lane 4: the products of
lactose catalyzed by rMaBGA.

2.5.2. Characterization of the Products of Transglycosylation

The transglycosylation products were purified and separated into three components, designated
as LLZ-01, LLZ-02, and LLZ-03, using gel chromatography and HPLC. Based on the ESI-MS and
NMR analyses, component LLZ-01 was characterized as a mixture of a-lactose and (3-lactose with
ratios between 1:7 and 1:8, whereas component LLZ-02 was determined to be the mixture of
a-lactose/B-lactose and trisaccharides with a ratio of 1:1. Unfortunately, the low purity of LLZ-03
resulted in complex MS and NMR signals, which was difficult to resolve. Additional purification steps
are indispensable for characterization of LLZ-03 in further studies.

In the present study, two-dimensional NMR techniques, 'H-'"H COSY and NOESY were
adopted to resolve structure of the trisaccharides presented in LLZ-02 (Figure 5), using trisaccharide
O-p-D-galactopyranosyl-(1-4)-O-3-D-galactopyranosyl-(1-4)-D-glucopyranose (4'-galactosyl-lactose)
as reference in the analysis. All the chemical shifts were tabulated in Table 3 according to the
signal of "H-'H COSY. Clear NOE was detected between H1 of B-galactosyl-A (4.37 ppm) and
H4 of «-glucosyl (3.50 ppm)/p-glucosyl (3.46 ppm), as well as between HI of (3-galactosyl-B
(4.50 ppm) and H3 of B-glucosyl (3.42 ppm). It is suggested that the linking between (3-galactosyl-A
and a-glucosyl/-glucosyl occurred at the 1,4 sites, and the linking between (3-galactosyl-B and
B-glucosyl occurred at the 1,3 sites. Therefore, the trisaccharide of LLZ-02 was determined as
B-D-galactosyl-(1-3)-3-D-galactosyl-(1-4)-D-glucose (3'-galactosyl-lactose, Figure 6).
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Figure 5. Two-dimensional NMR analysis of LLZ-02. (a) "H-"H COSY spectrum. (b) NOESY spectrum.

Table 3. Proton chemical shifts for LLZ-02.

Unit a-glucosyl B-glucosyl -galactosyl-A 3-galactosyl-B
1 5.14 4.59 4.37 4.50
2 3.52 321 3.62 3.62
3 3.79 3.42 3.84 3.70
4 3.50 3.46 4.01 3.86
5 3.85 3.60 3.70 3.67
6 3.75-3.88 3.75-3.88 3.70-3.85 3.70-3.85
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Figure 6. Molecular structures of 3/ -galactosyl-lactose, 4/-galactosyl-1actose, and 6 -galactosyl-lactose.
3. Discussion

In this study, a thermostable (3-1,3-galactosidase from Marinomonas sp. BSi20414 was successfully
heterologously expressed in Escherichia coli BL21 (DE3), with optimized over-expression conditions.
The purified recombinant enzyme was characterized biochemically and employed to the synthesis of
GOS, which were further analyzed by ESI-MS and NMR to resolve the molecular structures.

Although rMaBGA displayed similar optimum catalytic pH and temperature to those of its
wild-type counterpart, these two-form enzymes, which share an identical primary structure, exhibited
different thermal stability and steady-state kinetics. Beyond expectations, the half-life at 50 °C and
60 °C of wtMaBGA were 1.66 and 2.42 times more, respectively, than those of rMaBGA. The decrease
in values of AH and AG of both wtMaBGA and rMaBGA was concomitant with increase in the
temperature, suggesting that the conformation of the protein was altered changed by heat treatment.
The higher values of AG for wtMaBGA than those for rMaBGA indicated that wtMaBGA showed more
resistance against thermal denaturation than rMaBGA at the same temperature, also suggested by the
increase of entropy of inactivation (AS), which is often accompanied by disruption of enzyme structure.
As rMaBGA and wtMaBGA share exactly the same amino acid sequences, it is supposed that the
difference in stability and kinetics between them might be caused by the post-translational modification
(PTM) occurring in the wild-type strain. PTM, such as glycosylation [15], phosphorylation [16],
and methylation [17], affects the kinetic, stability, and structural features of proteins through
regulating their biophysical characteristics. Several studies reported that the glycosylated proteins
exhibited higher stability, which have higher melting temperature and greater free energy than their
non-glycosylated wild-type counterpart [18]. Therefore, it is postulated that the stability of the enzyme
was altered by heterologous expression with the lack of PTM, as well as the steady-state kinetics.
Although the recombinant MaBGA was less stable than its wild-type counterpart, its thermal stability
is still qualified for practical application. Every coin has two sides, the recombinant enzyme showed
superior catalytic activity than the wild-type form, as the V¢ of the former was 61-fold higher than
that of the latter.

Generally, 3-galactosidases from various sources produce diverse GOS mixtures with different
degrees of polymerization (DP) and glycosidic linkages. For instance, 3-galactosidase from Bacillus
circulans produces predominantly 3-1,4 linked GOS, while (3-galactosidase from Kluyveromyces lactis
mainly forms GOS with 3-1,6 linkage [4,19], whereas the dominant transglycosylation product in
this study was identified as trisaccharide with 3-1,3 linkages. Regardless of the fact that 3-1,4 and
3-1,6 are common linkages in GOS, 3-1,3 linkage is relatively rare [20]; the latter showed stronger
prebiotic effect than the former. Previous studies have shown that GOS containing mainly 3-1,3
linkage had a better bifidogenic effect than GOS containing mainly 3-1,4 and (3-1,6 linkages after
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one week of intake by healthy humans [21]. Therefore, owing to its soluble over-expression, thermal
stability, and selectivity toward -1,3 linkage, the recombinant MaBGA was proven to be a promising
alternative for biosynthesis of 3’-galactosyl-lactose, a probiotic with better bifidogenic effect.

4. Materials and Methods
4.1. Expression and Purification of rMaBGA

4.1.1. Strains, Plasmids, and Culture Conditions

Strain Marinomonas sp. BSi20414, isolated from the Arctic Ocean [22], was used as the source
of B-galactosidase. Escherichia coli DH5« and BL21 (DE3), cultivated in Luria—Bertani medium at
37 °C, were used for gene cloning and expression, respectively. Plasmid pET22b (+) was employed to
construct recombinant plasmid. All chemicals were of analytical grade.

4.1.2. Construction of Recombinant Strains

The gene encoding for MaBGA was amplified using DNA of Marinomonas sp. BSi20414 as a
template with the forward primer 5-GGAATTCCATATGAAGTTAGGTGTATGTTACTACC-3" and
the reverse primer 5'-GTTCGCGCTCGAGGATTTCTTGCCAAATGGC-3', carrying the cleavage
sites of Ndel and Xhol (underlined), respectively. The PCR product was digested with restriction
endonucleases Ndel and Xhol simultaneously, and ligated with the vector pET-22b (+) digested by
the same enzymes. The constructed plasmid was transformed into E. coli DH5« competent cells for
sequencing. Subsequently, the verified plasmid harboring the desired gene was transformed into E. coli
BL21 (DE3) competent cells for expression.

4.1.3. Optimization of the Production of rMaBGA

Cells were cultivated in Luria-Bertani broth at 37 °C with 100 pgmL~! ampicillin added.
Subsequently, single-factor experimental design was employed for the optimization of the production
of rMaBGA. Soluble expression of rtMaBGA was estimated under different cell density, IPTG
concentration, incubation temperature, and time adopted for induction.

4.1.4. Expression and Purification of rMaBGA

The expression of the rMaBGA was performed according to the optimization procedure, as
follows: the induction of the recombinant cells was started by adding 0.1 mM IPTG to the broth when
the ODg(p of the culture reached between 0.6 and 0.9, followed by 22 h incubation at 20 °C. Cultures
were collected by centrifugation at 10,000 g for 10 min. The precipitate was washed and suspended
with lysis buffer (50 mM sodium phosphate buffer, 10 mM imidazole, 200 mM NaCl, 0.5% glycerol,
pH 7.0). Cells were then lysed by ultrasonication (burst of 5 s followed by intervals of 10 s repeated
90 times). The cell debris was discarded by centrifugation at 10,000 g for 15 min and the crude
enzyme was loaded onto a column packed with Ni-NTA resin. The resin was washed with wash
buffer (50 mM sodium phosphate buffer, 20 mM imidazole, 200 mM NaCl, 0.5% glycerol, pH 7.0)
and subsequently eluted with elution buffer (50 mM sodium phosphate buffer, 250 mM imidazole,
200 mM NaCl, 0.5% glycerol, pH 7.0). The eluted enzyme was concentrated by ultrafiltration and then
subjected to a prepacked gel filtration column filled with Surperdex G200 with a flow rate of 0.4 mL
min~!. The eluted enzyme was desalted and concentrated by ultrafiltration and stored at —80 °C.
All purification steps were implemented at 4 °C. The protein concentration was measured by Bradford
method using bovine serum albumin (BSA) as a standard [23].
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4.1.5. SDS-PAGE Analysis

The purified rMaBGA was examined by SDS-PAGE running on a 5% stacking gel and an 8%
separating gel [24]. Gel was stained with Coomassie Brilliant Blue R-250. The molecular weight of
rMaBGA was determined using protein molecular weight marker (MBI) as a reference.

4.2. Enzymatic Characterization of rMaBGA

4.2.1. Enzyme Activity Assay

The enzyme activity was measured by monitoring the absorbance of ONP (o-nitrophenyl) at
420 nm in 50 mM PBS buffer (pH 7.0) at 37 °C, with 10 mM of ONPG was used as substrate.
The concentration of ONP was obtained from the standard curve. One unit of (3-galactosidase
activity was defined as the amount of enzyme demanded for catalyzing the formation of 1 umol
ONP per minute.

4.2.2. Effect of pH and Temperature on the Activity of rMaBGA

The optimum pH for rMaBGA was measured by assaying its activity with different pH ranging
from 3.0 to 11.0 in Britton-Robinson buffer. The optimum temperature for rMaBGA was measured by
assaying its activity at different temperatures from 10 to 70 °C.

4.2.3. Thermal Denaturation Kinetic of rMaBGA

The thermal stability of rMaBGA was evaluated by measuring the remaining activity after
incubation of the enzyme at 50 °C and 60 °C for 1 h with 5 min intervals. Thermodynamic parameters
for thermal unfolding of rMaBGA were calculated according to Ding et al. [25].

4.2.4. Steady-State Kinetic of rMaBGA

The activity of iMaBGA was assayed with different concentrations of ONPG ranging from 0.25 to
5 mM to analyze the steady-state kinetic of the enzyme. The kinetic parameters were calculated by
nonlinear fitting of the Michaelis-Menten Equation (1):

v = Viax [S]/ (K + [S]) 1)
where Kj;, and [S] are Michaelis constants and concentration of ONPG, respectively.
4.3. Synthesis of Galactooligosaccharides

4.3.1. Thin-Layer Chromatography Analysis

The transglycosylation reaction was conducted at 40 °C for 5 h by adding 3.5 U rMaBGA to
50 mM PBS buffer (pH 7.0) containing 480 mM lactose. Subsequently, the enzyme was inactivated by
boiling for 2 min. The denatured enzyme was removed by centrifugation at 10,000x g for 15 min and
the supernatant was used for thin-layer chromatography analysis. A solvent mixture consisting of
50% n-butanol, 20% ethanol, and 30% water was employed to develop the TLC plate in a developing
chamber. The visualization reagents contained 0.5% 3,5-dihydroxytoluene and 20% HSOj.

4.3.2. Characterization of the Products of Transglycosylation

The supernatant prepared as described above was concentrated by rotary evaporation and
dissolved by 50% ethanol, which was then subjected to a prepacked column filled with Sephadex
LH-20 and eluted with 50% ethanol. The elute was collected by a fraction collector and was analyzed
by TLC. Fractions containing transglycosylation product were combined and concentrated by rotary
evaporation. The concentrate was dissolved by the appropriate amount of water and filtered through
a 0.22 um membrane. Subsequently, the concentrated products were separated by HPLC (LC-10AdvDP,
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SHIMADZU, Kyoto, Japan) equipped with a semi-preparation YMC-Pack NH2 column, with a flow
rate of 3 mL min~! and temperature of 30 °C. The elution peaks were concentrated by rotary
evaporation, then dissolved by appropriate amount of water, and further characterized by MS
and NMR.

5. Conclusions

In the present work, a thermostable 3-1,3-galactosidase from Marinomonas sp. BSi20414 was
successfully heterologously expressed in Escherichia coli BL21 (DE3), with optimized over-expression
conditions. The recombinant enzyme was further purified to electrophoretic purity and characterized
biochemically. Although rMaBGA showed similar profiles of optimum catalytic pH and temperature
to those of its wild-type counterpart, these two-form enzymes, which share an identical primary
structure, exhibited different thermal stability and steady-state kinetics. It is assumed that the
stability and the steady-state kinetics of the enzyme were altered by heterologous expression with the
absence of post-translational modifications such as glycosylation. Furthermore, owing to the soluble
over-expression, thermal stability, and selectivity toward (3-1,3 linkage, rMaBGA was proven to be a
promising alternative for biosynthesis of 3’-galactosyl-lactose, a probiotic with better bifidogenic effect
than GOS with (3-1,4 linkage and (3-1,6 linkages.
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Abstract: Clg-domain-containing (C1qDC) proteins are rapidly emerging as key players in the
innate immune response of bivalve mollusks. Growing experimental evidence suggests that these
highly abundant secretory proteins are involved in the recognition of microbe-associated molecular
patterns, serving as lectin-like molecules in the bivalve proto-complement system. While a large
amount of functional data concerning the binding specificity of the globular head C1q domain and
on the regulation of these molecules in response to infection are quickly accumulating, the genetic
mechanisms that have led to the extraordinary lineage-specific expansion of the C1qDC gene family
in bivalves are still largely unknown. The analysis of the chromosome-scale genome assembly of
the Eastern oyster Crassostrea virginica revealed that the 476 oyster C1qDC genes, far from being
uniformly distributed along the genome, are located in large clusters of tandemly duplicated paralogs,
mostly found on chromosomes 7 and 8. Our observations point out that the evolutionary process
behind the development of a large arsenal of C1qDC lectin-like molecules in marine bivalves is still
ongoing and likely based on an unequal crossing over.

Keywords: innate immunity; lectins; complement system; C1q; bivalve mollusks; tandem duplication;
pattern recognition receptors

1. Introduction

A growing body of evidence supports the idea that a proto-complement system, composed of C3,
factor B and complement receptors, has an ancient origin in the animal tree of life [1]. Although several
lineage-specific gene losses and acquisitions are likely to have reshaped the organization of the
proto-complement system during its evolution, leading to its complete loss in some major extant
taxa (e.g., insects), the activation of this primary defense system often relies on the recognition of
microbe-associated molecular patterns (MAMPs) by different types of soluble lectin-like molecules.
In vertebrate animals, two different types of pattern recognition receptors (PRRs) are involved
in the lectin pathway of the complement system: mannan-binding lectins (MBLs) and ficolins.
These proteins can recognize carbohydrate moieties associated with pathogens, triggering the activation
of the complement proteolytic cascade, and eventually leading to the opsonization and killing of
invading microbes.

The vertebrate complement component C1q is a connecting link between innate and adaptive
immunity, as it enables complement activation through the recognition of antigen-complexed
immunoglobulins, in the second arm of the complement system—the so-called classical pathway.
Due to the absence of immunoglobulins, a proper classical pathway does not exist in invertebrates,
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making the activation of the complement system only possible in response to MAMP recognition by
lectins, to the spontaneous hydrolysis of C3 (i.e., the alternative pathway), or to the direct binding of
MAMPs by C1q, which is also observed in vertebrates [2]. In addition to the three monomeric units
of the vertebrate C1q complex, the globular head C1q domain is also found in a number of different
proteins with non-complement related functions, such as cerebellin, adiponectin, emilin, multimerin
and others [3], defining the C1q-domain-containing (C1qDC) protein family and highlighting the high
versatility of this structural scaffold [2].

In spite of the absence of an adaptive immune system, a large number of C1qDC proteins are
encoded by the genomes of numerous metazoans which lack an adaptive immune system [4]. Due to
the presence of several hundred C1gDC genes, bivalve mollusks most certainly emerge as the prime
example of an animal group in which C1qDC proteins have met significant evolutionary success.
For example, in stark contrast with most other protostomes, including gastropod and cephalopod
mollusks, which only produce less than a dozen different C1qDC proteins [5,6], the genome of the Pacific
oyster Crassostrea gigas harbors 337 C1qDC genes. Multiple transcriptome [7,8] and genome sequencing
efforts have confirmed that C1qDC genes contribute to 0.5-1.5% of the entire repertoire of protein-coding
genes of most bivalve species (e.g., 296 genes in Pinctada fucata [9], 445 in Modiolus philippinarum [10],
554 in Saccostrea glomerata [11] and over 1200 in Ruditapes philipinarum [12]). Curiously, this massive
gene family expansion has been inferred to have occurred quite recently in bivalve evolution, since it
only targeted all Pteriomorphia and Heterodonta, regardless of the environmental niche, but not the
two remaining basal classes of Palaeoheterodonta and Protobranchia [13].

While it is still unclear whether all bivalve C1qDC proteins are involved in immune recognition [13],
functional studies indicate that many of them play an important role as lectin-like molecules.
The binding properties of the Clq domain enable the recognition of a broad range of MAMPs,
such as peptidoglycan (PGN) and lipopolysaccharide (LPS)—the major components of Gram-positive
and negative bacterial cell walls respectively—but also of other sugars associated with invading
microbes, such as mannan [14,15], beta-1-3-glucan and yeast-glucan [16-18]. The impressive molecular
diversification of bivalve C1qDC proteins has been hypothesized to be linked with a parallel functional
specialization [16], which may further extend the range of potentially recognized MAMPs [19,20].

Bivalve C1qDC proteins are expressed in different tissues [13] and, upon secretion in the
extracellular environment, they might be released in the hemolymph [7], in the extrapallial fluid [21] or
in the mucus that covers the gills [13], offering a first line of defense against invading microorganisms in
different body districts. The recognition of MAMPs by bivalve C1qDC proteins, which is probably aided
by additional humoral factors, promotes the agglutination of bacterial cells [15,22], also triggering the
migration and phagocytic activity of hemocytes [22-24], which clearly indicate an opsin-like function
for these important soluble PRRs.

In vertebrates, the activation of the complement proteolytic cascade by Clq is effected by the
presence a collagen tail, which also enables trimerization and the formation of a typical bouquet
structure and defines the C1q-like type I domain architecture [20]. However, collagen tails are extremely
rare in bivalves, which seem to either rely on a functionally analogous coiled-coil region for the assembly
of oligomeric complexes (Clq-like type II proteins) and often completely lack N-terminal extensions
(sghC1q proteins) [13].

Although several functional aspects remain to be fully investigated, the past decade has witnessed
significant progress in the study of bivalve C1qDC proteins. Although these reports have contributed to
a better elucidation of their functional significance in the context of immune response, the unavailability
of high-quality genome assemblies has so far prevented the study of the genetic and molecular
mechanisms that have led to the generation of several hundred C1qDC genes in this class of aquatic
filter-feeding metazoans. Here, through the analysis of a high-quality chromosome-scale genome
assembly [25], we investigate the genomic organization of the 476 C1qDC genes found in the Eastern
oyster Crassostrea virginica, revealing a highly inhomogeneous distribution across chromosomes and
a still-ongoing gene family expansion process which is mostly based on tandem gene duplication and
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episodic positive selection acting on newly generated gene copies. This process may have a significant
impact of the functional diversification of these lectin-like molecules, resulting in the extension of the
range of recognized MAMPs.

2. Results

2.1. The Repertoire of the Eastern Oyster C1gDC Genes

In total, 476 C1qDC genes were identified in the genome of C. virginica (detailed in Supplementary
File 1). This number is in line with the previous report of 337 C1qDC genes in the congeneric
species C. gigas [13], whose genome is slightly smaller (558 Mb vs. 685 Mb) [26], and similar to other
Pteriomorphia [9-11].

Following the classification scheme previously proposed in another publication [13], oyster C1qDC
proteins were labeled as follows: (i) sghC1qDC proteins, i.e., proteins containing a signal peptide,
immediately followed by the C1q domain; (ii) sC1qg-like type I proteins, i.e., secreted proteins containing
a collagen tail before the Clq domain; (iii) sC1qg-like type II proteins, i.e., secreted proteins containing
a coiled-coil tail before the C1q domain; (iv) smultiClq, i.e., secreted proteins containing multiple Clq
domains; (v) other/uncertain, i.e., proteins with different domain architectures, or those resulting from
likely incomplete annotation.

As in the case of the Pacific oyster, the majority of the C1qDCgenes (262, 55%) belonged to the
sClq-like type II category. SghClq proteins were the second most abundant type, with 111 genes
(23%); 21 genes encoded proteins with multiple C1q domains (three in most cases), which may or may
not include a coiled-coil region (Table 1). No Clg-like type I protein was found in the Eastern oyster,
confirming the observation that the association between the C1q domain and N-terminal collagen
regions, typical of vertebrates, rarely occurs in bivalves [7,13].

Table 1. Details about the number and type of C1qDC genes found in the Crassostrea virginica genome.

chrl chr2 chr3 chrd chr5 chr6 chr7 chr8 chr9 chrl0 Total

Chromosome size (Mb) 65.67 61.72 77.06 59.69 98.70 51.26 57.83 75.94 104.16 32.65 684.68
Number of C1gDC genes 45 17 18 12 17 36 123 123 73 12 476
C1gDC density (genes/Mb)  0.67 028 023 028 017 070 213 163 070 037 0.70

sghClq genes 8 0 4 3 1 2 18 63 12 0 111
sClg-like type II genes 27 6 10 7 12 26 81 36 48 9 262
smultiClq genes 3 1 0 2 1 0 1 14 0 0 21
sSUEL/Clq 0 10 0 0 0 0 6 0 0 0 16
Other ClgDc genes 7 0 4 0 3 8 17 10 13 3 63

A total of 79 genes were classified in the “other/uncertain” category. While in part these may
correspond to truncated genes resulting from incorrect computational prediction (as previously shown
for many C1qDC genesin C. gigas [13]), some may correspond to bona fide cytosolic or membrane-bound
C1gDC proteins, which have been previously identified in other bivalve species [7,13]. An interesting
subgroup of unusual C1qDC proteins was found to contain a p-galactoside/L-rhamnose-binding SUEL
domain (acronym for sea urchin egg lectin), which is typically found in a number of lectins produced
by marine echinoderms [27-29]. Although three sSUEL/C1q genes had been previously reported in the
Pacific oyster, their number in the Eastern oyster (16) largely exceeds that of the congeneric species [13].

2.2. Chromosomal Distribution of Oyster C1gDC Genes

Far from being uniformly split among chromosomes, oyster C1qDC genes displayed a highly
skewed distribution, with more than 50% genes being located on chromosomes 7 and 8.
Indeed, while these two chromosomes contained 123 C1qDC genes each, others encoded as few
as 12 C1qDC genes (i.e., chromosomes 4 and 10). This reflected a very uneven C1qDC gene density,
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ranging from 0.17 genes/Mb (chromosome 5) to 2.13 genes/Mb (chromosome 7), with the average
genomic C1qDC gene density standing at 0.70 genes/Mb (Figure 1).

chr3 chr4 chrb chré chr7 chr8
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Figure 1. Chromosomal distribution of C1qDC genes in the Crassostrea virginica genome. The three main
types of C1qDC genes (sghC1q, sClg-like type 2, and smultiC1q) are indicated with different colors.
C1gDC genes encoding proteins with a diverse domain organization, or of uncertain classification,
were placed in the “other/uncertain” category. Chromosomes are drawn in scale.

C1gDC gene density was also largely non-homogeneous along chromosomes, as the genes were
often placed in packed clusters, which often included more than a dozen units. This resulted in local
peaks of very high gene density (i.e., >20 C1qDC genes/Mb in some regions of chromosome 7 and 8),
as opposed to very large regions (>10 Mb) completely devoid of C1qDC genes (e.g., chromosome 3,
5 and 10) (Figure 1). Overall, 1.38% of the genes encoded by the C. virginica genome pertain to the
C1gDC gene family. The relative abundance of C1qDC genes was however much higher for the two
aforementioned chromosomes, standing at 4.78% and 3.16% for chromosome 7 and 8, respectively.

At the same time, a complete view of the localization of C1qDC genes in the genome (Figure 1)
clearly shows that the different types of C1qDC genes were not evenly distributed. Type Il C1q-like genes
were the most abundant in all chromosomes, with the exception of chromosome 8, where the sghClq
type was the predominant one (Table 1). The high abundance of sghC1qDC genes in chromosome
8 was particularly notable, as 63 out of the 111 C1gDC genes of this type (57%) were found in this
chromosome. Similarly, the majority of smultiC1qDC genes (14 out of 21) were found on chromosome
8, located in a dense cluster (Figure 1). On the other hand, most sSSUELC1q genes (10 out of 16) were
located on chromosome 2.

2.3. Most Oyster C1gDC Genes Are Tandemly Duplicated

The organization of oyster C1qDC genes in monotypic gene clusters (Figure 1) clearly suggest
that these sequences are paralogous, which may have been generated by tandem gene duplication.
We analyzed this evolutionary aspect in more depth by (i) inspecting the pairwise sequence similarity of
the encoded proteins, and (ii) investigating their relative position. The clustering approach evidenced
that 421 C1qDC proteins (88.44%) were grouped in clusters of at least two putative paralogs, and that
172 genes (36.13%) were grouped in large clusters (i.e., including >10 putative paralogous genes).
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The C1qDC genes included in such large clusters were, for the most part, both evolutionarily
closely related and spatially close to each other, as exemplified by one of the largest clusters identified
in chromosome 7 (Figure 2a), which included 34 C1qDC genes, mostly of the Clq-like type II group.
The phylogenetic analysis revealed that, of all C1qDC genes encoded by chromosome 7, these 34 genes
created a well-supported monophyletic group (97% posterior probability), and they were organized in
two distinct gene subclusters, containing 6 and 28 genes, respectively. The two subclusters were found

to be separated by ~1.8 Mb sequence (Figure 2a) and, for the most part, included tandemly duplicated
genes encoded on the same strand.
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Figure 2. (A) Bayesian phylogenetic tree of the C1qDC proteins encoded by Crassostrea virginica
chromosome 7. The three main types of C1qDC genes (sghC1q, sC1q-like type 2 and smultiC1q) are
indicated with different colors. The location of the C1qDC genes pertaining to the monophyletic
group indicated with a red circle is shown in detail in the zoomed-in chromosomal region.
Nodes supported by posterior probability values <50% were collapsed. (B) Number of tandemly
duplicated, proximally duplicated and dispersed C1qDC genes in each C. virginica chromosome.
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The investigation carried out at the whole-genome scale confirmed the widespread occurrence of
tandem duplications, which impacted 297 C1qDC genes (62.39%). In total, 84 genes (17.65%) were
proximally duplicated (i.e., they were not directly flanked by C1qDC genes, but placed within 100
Kb distance from the closest one), and thus were the likely product of similar unequal crossing over
processes [30] (Figure 2b). As previously mentioned, only a tiny fraction of the Eastern oyster C1qDC
genes (i.e., <12%) were single-copy (i.e., they encoded proteins sharing <50% sequence similarity with
other C1qDC proteins) and, in accordance with this observation, the occurrence of dispersed C1qDC
genes (95 genes, 19.96%) was only slightly higher, showing the low prevalence of gene duplications
driven by the activity of transposable elements. Chromosomes 7 and 8—i.e., the two chromosomes with
the highest C1qDC gene density—were also those containing the highest proportion of tandemly or
proximally duplicated genes (91.06% and 86.99%, respectively), confirming the fundamental importance
of these processes in the bivalve C1qDC gene family expansion.

2.4. The Gene Duplication Process Is Still Ongoing and Is Paired with Diversifying Selection

Multiple lines of evidence suggest that the development of a very large repertoire of C1qDC
genes in the Eastern oyster is the product of an evolutionary process that is still presently ongoing.
Evidence in support of the very recent origin of paralogous C1qDC gene copies by tandem duplication
is provided, for example, by the existence of eight nearly-identical genes, which encode proteins
sharing 100% sequence identity at the amino acid level. In particular, three paralogous sghC1qDC
genes located on chromosome 7 (i.e., LOC111103100, LOC111103101 and LOC111103102) share 100%
sequence identity at the nucleotide level within the coding sequence, and only display small intronic
indels due to the presence of microsatellites. A total of 65 C1qDC genes (13.63%) encode proteins
with >95% sequence identity with the closest paralog, and this number rises to 89 genes (18.66%) for
a sequence similarity threshold equal to 90%.

An additional example of this evolutionary process is given by a group of six highly similar
paralogous sClg-like type 2 genes found in chromosome 8 (i.e., LOC111105959, LOC111105960,
LOC111105962, LOC111106427, LOC111106428 and LOC111109313), which all encode proteins of very
similar length (249-251 aa) and share >90% sequence identity (Figure 3a). The six genes retain the same
gene architecture, with conserved splicing donor and acceptor sites. Similarly, they display a nearly
identical size of exons (with the only two exceptions of a 3nt-long in-frame deletion in LOC111105962
exon 1, and a Int-long deletion at the end of the coding sequence of LOC1111105960, which resulted in
the acquisition of an additional codon at the 3" end of the ORF). As expected, the intron was subject to
more relaxed selective constraints compared with the two exons, displaying a higher evolutionary rate,
as evidenced by the higher number of indels and SNPs (Figure 3a).

A exon 1 intron 1 | exon 2
. 2?0 4?0 6"‘)0 50‘0 LOIOO 1‘2‘00
loc111106428 310nt _ 4660t 4310t
3190t (99.699%) 466nt (97.86%) 4310t (97.94%)
L0C111109313 -
310nt (98.75%) 467nt (97.00%) 4340t (99.08%)
L0C111105960 —
. 4 = 431nt (92.43%
L0C111106427 S10nti(98161%) 474nt (88.24%) 310t (92.43%)
: 486nt (87.93% 4310t (92.20%
LOC111105959 3190t (96.24%) nt (¢ ) 310t (92.20%)
3160t (94.98%) 465nt (88.10%) 431t (92.66%)
LOC111105962
B | B | | | ITT N i | | | i |
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Figure 3. Cont.
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Figure 3. (A) Sequence comparison among the six sC1q-like type 2 paralogous genes LOC111105959,
LOC111105960, LOC111105962, LOC111106427, LOC111106428 and LOC111109313, all found in
chromosome 8. Identity percentages are shown for exonl, intron 1 and exon 2 separately, using the
LOC111106428 sequence as a reference. Sequence conservation is shown with a heat map and indels
are shown as line breaks. (B) Position of sites subject to positive selection in the six largest clusters of
paralogous C1qDC genes identified in C. virginica. Strongly supported sites (i.e., detected with at least
2 different prediction methods) are shown in red. Sites with moderate support (i.e., detected with just
one prediction method) are shown in yellow. The position of the beta strands in the human C1q chain
A (PDB: 1PK®6) are indicated by blue blocks.

BUSTED revealed strong evidence (p-value < 0.05) of episodic positive selection in the six largest
clusters of paralogous C1qDC genes identified with a genome-wide analysis, suggesting that the gene
duplication process is rapidly followed by molecular (and possibly functional) diversification through
positive selection acting on a limited number of specific sites. In contrast with these hypervariable sites,
the vast majority of the sites included in the globular C1q domain were found to evolve under negative
selection, likely due to selective constraints linked with the maintenance of the typical 10-strand
jelly-roll fold structure of the C1q domain itself, as well as of the contact surfaces between subunits
required for oligomerization. The number of sites subject to significant diversifying selection, and their
statistical support, largely varied from one cluster to the other. The four clusters that included C1q-like
type 2 genes (i.e., cluster 10: 18 genes, cluster 22: 26 genes, cluster 81: 15 genes, and cluster 88: 19 genes)
displayed between seven and 11 positively selected sites; i.e., roughly 5-10% of the sites included in
the globular C1q head. The two clusters comprising sequences of different types (i.e., cluster 25: 16
sSUELC1q genes; cluster 102: 21 sghC1q genes) displayed a somewhat lower number of positively
selected sites compared to the four aforementioned cases (four and five, respectively) (Figure 3b).

3. Discussion

In eukaryotes, small-scale gene duplication (i.e., independent from whole-genome duplication)
can occur through a number of different mechanisms [31], which may or may not include the activity
of transposable elements. Tandem gene duplications result in the creation of two adjacent paralogous
genes, which are usually separated by a few Kb of intergenic sequence. Proximal gene duplications
similarly result in the creation of two paralogous genes, which are placed at slightly longer distances
compared with tandem duplications, and usually separated from each other by one or more genes.
Both types of duplication are generally thought to arise from an unequal crossing over; i.e., from the
misalignment of homologous regions of sister chromatids during meiosis [30]. An alternative process
behind the creation of paralogous gene copies depends on the activity of transposable elements (TEs),
such as DNA transposons [32] or retrotransposons [33]. In this case, new gene copies may either retain
the original exon/intron architecture and regulatory features (DNA transposons), or completely lack
introns, being detached from the promoter region of the original paralogous copy (retrotransposons).
Even though the activity of TEs is sometimes spatially localized [34], in most cases, the new gene
copies are dispersed; i.e., they are placed in genomic regions distant from their paralogs, often in
different chromosomes.

Our investigation demonstrates that the predominant evolutionary process behind the massive
expansion of the C1qDC gene family in bivalves is tandem gene duplication. This conclusion is
supported by the observation that 62.39% of paralogous C1qDC genes are tandemly duplicated and
that an additional 17.65% are proximally duplicated (Figure 2b). Hence, the widespread presence
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of C1qDC gene clusters in the Eastern oyster genome suggests that an unequal crossing over might
be considered as the primary driving force behind this gene family expansion event. Our study
further suggests that this process is still actively ongoing, since numerous identical or nearly-identical
gene copies, inferred to have a very recent evolutionary origin, are present in dense gene clusters,
which shows a highly inhomogeneous distribution along the genome.

However, this remarkable gene family expansion, with the extensive retention of newly generated
gene copies, requires some additional explanation, as it seemingly contradicts the observation that the
majority of duplicated genes with redundant function evolve under more relaxed selective constrains,
being more prone to loss-of-function mutations, pseudogenization and consequent loss [35,36].
Over the years, multiple and partially overlapping theoretical models have been proposed to explain
the fixation of duplicated genes in populations, which depend on a complex combination between the
evolutionary dynamics of a given gene family and functional properties of the encoded proteins [37,38].
The retention of hundreds of C1qDc genes in the Eastern oyster, as well as in other bivalve species [5,7,13],
most certainly indicates that the generation of tandemly and—in a minor way—proximally duplicated
C1gDC genes represents an important evolutionary advantage in these filter-feeding organisms.
Based on the functional information collected so far in oysters, scallops, mussels, clams and other
bivalves, this advantage could arise from the neofunctionalization or subfunctionalization of new
gene copies [39], which may acquire the ability to recognize additional MAMPs, extending the range
of pathogenic microorganisms recognized, through the mutation of key sites involved in glycan
recognition [16].

One key aspect that remained to be investigated was whether such molecular diversification is
the result of relaxed selective constraints on redundant gene copies, or of positive selection acting on
selected sites potentially involved in MAMP-binding, which could significantly affect the lectin-like
function of oyster C1qDC proteins. The analysis of the six largest clusters of paralogous genes found in
the C. virginica genome revealed highly supported traces of episodic positive selection, suggesting that
duplicated gene copies undergo rapid molecular, and possibly functional, diversification. This process
only seemed to act on a limited number of localized residues (4-11 per cluster, Figure 3b), which were
in part shared by the different clusters and displayed a higher frequency in the hypervariable and
gap-rich C-terminal part of the C1q domain (Figure 3b). On the other hand, the vast majority of the
sites included in the C1q domain was subject to strong purifying selection, likely due to structural
constraints. Our current knowledge of the sites involved in MAMP recognition in bivalve C1qDC
proteins is virtually non-existent, and most of the information available concerning the residues
involved in Clq ligand binding derives from very distantly related model organisms, such as mouse
and human [40,41]. Consequently, the possibility to infer whether the position of positively selected
sites in the 3D structure of the globular head C1q domain is paired with a functional specialization and
to the acquisition of the ability to recognize novel ligands in tandemly duplicated C1qDC genes falls
beyond our current reach.

Another interesting aspect revealed by this study was the complete lack of Clq-like type I
proteins in C. virginica. In light of the recent report of the presence of this domain architecture
in early-branching metazoans [42], its absence in the Eastern oyster suggests that bivalves do not
necessarily require collagen tails for the activation of the proto-complement system. The presence of
a very few non-orthologous Clq-like type I genes in other bivalve species [7,13] further reinforces
the idea that alternative N-terminal structures (i.e., coiled-coil regions) are the predominant structure
used for C1qDC protein oligomerization and the subsequent activation of the complement proteolytic
cascade. The finding that 16 sSSUEL/C1q genes were present in the Eastern oyster genome was another
relevant result, since this domain combination, unique to Bivalvia, is highly reminiscent of the recently
reported case of Clqg-related proteins (QREPs) found in a few Caenogastropoda and Heterobranchia
gastropod species [42]. As with sSSUEL/C1gq, these unusual proteins combine the C-terminal globular
C1q domain with N-terminal domains with marked binding properties (i.e., two immunoglobulin-like
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domains). Altogether, these findings stimulate further research towards the functional characterization
of these potentially multifunctional lectin-like proteins.

In summary, this study provides, for the first time, evidence supporting the important role of
tandem gene duplication and an unequal crossing over in the expansion and molecular evolution of
the C1qDC gene family in bivalves. Based on preliminary results, this rapid and still-ongoing process
is likely paired with episodic diversifying selection, which only acts on a limited number of spatially
localized residues, whose functional significance in MAMP binding should be investigated in depth
in the future. Evolutionary processes analogous to those we have described for the Eastern oyster
C1gDC genes may have targeted several other gene families involved in immune response, either as
receptors or as effectors, that have similarly reportedly undergone massive lineage-specific expansion
and molecular diversification [5,43,44].

4. Materials and Methods

4.1. Identification of C1qgDC Genes

The annotated chromosome-scale nuclear genome assembly v.3.0 of Crassostrea virginica (Gmelin,
1791) [25] was downloaded from the GenBank repository (GCA_002022765.4). Protein-coding genes
were virtually translated and the resulting amino acid sequences were screened for the presence of
one or more C1q domains with HMMER v.3.2.1 [45], based on a 0.05 e-value threshold, using the
PFAM profile of the C1q domain (PF00386) as a query. Positive hits were further refined by removing
sequences with partial domains, taking into account the possibility of incorrect annotations.

All C1gDC proteins were further characterized as follows: the presence of N-terminal signal
peptides and transmembrane regions was inspected with Phobius [46]; additional conserved protein
domains were predicted with InterProScan v.5 [47] and coiled-coil regions were predicted with
COILS [48], with a window length of 14, 21 and 28 amino acids, based on a probability threshold > 0.5.
Protein nomenclature followed the scheme proposed in a previous publication [13] (see Section 2.1
for details).

4.2. Sequence Analysis of C1gDC Genes

The coordinates of each C1qDC gene were obtained from the genome GFF (General Feature
Format) annotation file, and their positions were indicated on chromosomes, drawn to scale. The four
gene categories indicated in Section 4.1 (with the exception of type I Clg-like genes, as no sequence
of this type was identified) were indicated with different colors. The C1qDC gene density per Mb of
genomic DNA sequence was computed using a 1 Mb sequence window length, and represented as
a heat map on the side of each chromosome.

The amino acid sequences were clustered by similarity using CD-HIT v.4.8.1 [49], with different
sequence identity thresholds to identify the products of putative gene duplication events.
Sequences sharing > 50% pairwise identify were considered to be part of paralogous gene clusters and
further classified as (i) tandemly duplicated genes, if they were flanked by at least one paralogous
C1qDC genes, either at the 5" or 3 side; (ii) proximally duplicated genes, if the flanking genes were
not pertaining to the C1qDC family, but the closest paralogous C1qDC was located within 100 Kb of
distance; and (iii) dispersed genes, if the closest C1qDC gene was not located within 100 Kb of distance.

The evolutionary history of the C1qDC genes encoded by chromosome 7 (i.e., the oyster
chromosome displaying the highest C1qDC gene density) was further investigated by generating
a multiple sequence alignment (MSA) of all the encoded amino acid sequences. The MSA file,
obtained with MUSCLE v.6.0 [50], was trimmed to only include the Clq domain; i.e., the region
shared by all proteins. For smultiClq proteins, each domain was separately added to the
MSA. ModelTest-NG v.0.1.5 [51] estimated the WAG (Whelan And Goldman) model of molecular
evolution [52], with a proportion of invariable sites and a gamma-shaped rate of variation across sites
(WAG+G+I), as the best-fitting for the dataset analyzed. Phylogenetic inference was carried out with
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MrBayes v.3.2.7a [53], running two parallel MCMC analyses with four chains each. The convergence of
all estimated parameters was assessed with Tracer v.1.7.1 [54], based on the reaching of an effective
sample size > 200; i.e., with 400,000 generations. The resulting phylogenetic tree was represented
as a 50% majority rule consensus tree (i.e., nodes supported by posterior probability values <50%
were collapsed).

4.3. Positive Selection Analysis

The six largest clusters of paralogous C1qDC genes, identified as described in Section 2.2,
all containing 15 genes or more, were analyzed to detect the signatures of positive and negative
selection as follows. First, the nucleotide sequences of the open reading frames were aligned with
MEGA X [55], using MUSCLE [50], preserving the integrity of codon triplets. The obtained MSA files
were trimmed to remove positions containing gaps in the alignment, as well as regions not included in
the globular C1q domain. The resulting processed MSA files were processed with BUSTED [56] to detect
domain-wise signatures of episodic positive selection, based on a p-value threshold < 0.05. The position
of sites subject to positive selection was predicted with FUBAR, SLAC, FEL and MEME [57-59], based
on a p-value threshold < 0.05 (or posterior probability > 0.95). All these tools were implemented with
the use of the online Datamonkey 2.0 platform (https://datamonkey.org) [60]. Sites evolving under
positive selection were categorized either as strongly supported (i.e., detected with at least two different
methods) or as moderately supported (i.e., detected with just one method). Sites subject to positive
selection were graphically represented in the alignment between the consensus sequences of the six
selected clusters, using the experimentally determined structure of the chain A of the human Clq
(PDB: 1PK6) [19] as a reference. The multiple sequence alignment was implemented with structural
information using Expresso [61].

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/583/s1,
Table S1: list of C1qDC genes identified in the Crassostrea virginica genome.
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Abstract: Lectins play diverse roles in physiological processes as biological recognition molecules.
In this report, a gene encoding Tachypleus tridentatus Lectin (TTL) was inserted into an oncolytic
vaccinia virus (oncoVV) vector to form oncoVV-TTL, which showed significant antitumor activity in
a hepatocellular carcinoma mouse model. Furthermore, TTL enhanced oncoVV replication through
suppressing antiviral factors expression such as interferon-inducible protein 16 (IFI16), mitochondrial
antiviral signaling protein (MAVS) and interferon-beta (IFN-). Further investigations revealed that
oncoVV-TTL replication was highly dependent on ERK activity. This study might provide insights
into a novel way of the utilization of TTL in oncolytic viral therapies.

Keywords: TTL; oncolytic vaccinia virus; viral replication; ERK

1. Introduction

The horseshoe crab, as a “living fossil”, has survived for more than 500 million years [1].
It can live solely on its hemolymph that contains granular hemocytes comprising 99% of the total
hemocytes. The granules store many soluble defense molecules, such as lectins, clotting factors,
clottable protein coagulogens, and C-reactive proteins [2,3]. Among those, Lectins, which are
multivalent carbohydrate-binding proteins recognizing and binding with conserved pathogen associated
molecular patterns (PAMPs) [4,5], agglutinate Gram-negative and Gram-positive bacteria by recognizing
the structures of lipopolysaccharide (LPS) and lipoteichoic acid (LTA).

Lectins play diverse roles in physiological processes [6,7], including mediating interactions between
cells during development and differentiation [8], and recognizing foreign molecules during immune
responses [9]. Several lectins with a broad range of specificity have been identified in horseshoe
crab [10]. In the Japanese horseshoe crab, there are six types of lectins, Tachylectin-1 (TL-1), Tachylectin-2
(TL-2), Tachylectin-3 (TL-3), Tachylectin-4 (TL-4) from hemocytes, and Tachylectin-5A (TL-5A) and
Tachylectin-5B (TL-5B) from plasma. In the Taiwanese horseshoe crab, two types of lectins, Tachypleus
plasma lectin 1 (TPL1) and Tachypleus plasma lectin 2 (TPL2), have been isolated and characterized
as novel hemolymph proteins in the plasma of Tachypleus tridentatus [11]. TPL2, also named as
Tachypleus tridentatus lectin (TTL), shows an 80% sequence identity with TL-3, and both TTL and
TL-3 show ligand specificity toward lipopolysaccharides (LPSs), particularly O-antigen [12]. It has been
reported that TTL directly interacted with L-rhamnose but not interact with D-galactose as demonstrated
by a glycan array and Magnetic Reduction (MR) assay, implying that TTL might perform biological
functions through recognizing rhamnose-containing molecules [12,13].

Oncolytic viruses are therapeutically useful viruses that preferentially replicate in cancer
cells to elicit the killing effect [14]. A number of viruses including adenovirus, coxackie virus,
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vesicular stomatitis virus, measles virus, newcastle disease virus, parvovirus, poliovirus, reovirus,
and vaccinia virus have now been clinically tested as oncolytic agents [15-18]. Vaccinia virus (VV)
became famous as the most successful live biotherapeutic agent in the worldwide smallpox eradication
program. VV replication occurs in the cytosol independent from the host cell nucleus [19,20].
Therefore, there is no possibility of chromosomal integration in contrast to other vector systems.
Due to its unique features, VV is exploited as a therapeutic agent for the treatment of cancer. VV can
be used for cancer therapy as cancer vaccines to stimulate antitumor immunity, or as a replicating
virus vector sometimes harboring therapeutic genes to directly lyse tumor cells [21]. Arakawa et al.
used an attenuated vaccinia virus to cure patients with metastatic lung and kidney cancer [22].
Kawa and Arakawa treated a multiple myeloma patient with the same attenuated vaccinia virus
strain [23]. These studies indicated that oncolytic vaccinia virus had significant anticancer efficacy in
various types of cancer. In previous studies, Haliotis discus discus sialic acid binding lectin (HddSBL),
Dicentrarchus labrax fucose-binding lectin (DIFBL), and Strongylocentrotus purpuratus rhamnose-binding
lectin (SpRBL) exogenously expressed through adenovirus vector showed suppressive effect on
a variety of cancer cells invitro [24,25]. Lectin from Mytilus galloprovincialis (MytiLec) was
shown to be cytotoxic to diverse cancer cells through eliciting autophagy or apoptosis [26-28].
These data suggested that marine lectins may provide a distinct source of cancer therapeutic agents.
Furthermore, our previous studies showed that oncolytic adenovirus vector harboring mannose
binding lectin Pinellia pedatisecta agglutinin (PPA) showed an antileukemia effect in a mouse model [29],
suggesting that harboring lectin genes may enhance the therapeutic effect of oncolytic viruses. In this
study, marine lectin TTL was inserted to an oncolytic vaccinia virus (oncoVV) vector, which is deficient
of thymidine kinase for cancer specific replication [30], to generate recombinant virus oncoVV-TTL.
The antitumor effect of oncoVV-TTL and the underlying mechanisms were analyzed.

2. Results

2.1. oncoVV-TTL Suppressed Liver Cancer Cell Growth In Vivo

The FLAG tagged TTL was detected through Western blot with an antibody against FLAG in
oncoVV-TTL treated cancer cells, but not in cells treated with PBS or oncoVV (Figure 1a), indicating that
TTL is able to be expressed in cancer cells. To assess the efficacy of oncoVV-TTL against liver cancer
in vivo, Balb/c nude mice were subcutaneously engrafted with MHCC97-H liver cancer cells stably
expressing fire fly luciferase to establish a tumor-bearing mouse model [31]. The mice then received
two injections of oncoVV-TTL or oncoVV for 1 x 107 plaque forming unit (PFU) each. PBS served as
the negative control. As shown in Figure 1b, both oncoVV-TTL and oncoVYV elicited antitumor efficacy.
However, treatment with oncoVV-TTL resulted in a superior antitumor efficacy as compared to both
oncoVV and PBS controls. Furthermore, bioluminescence was also monitored for the cancer cell burden
in mice. Results confirm the antitumor effect of oncoVV-TTL as compared to oncoVV and PBS (Figure 1c).
The significant suppressive effect of oncoVV-TTL compared with PBS and oncoVV was determined by
statistical analysis (Figure 1d). Our data demonstrated the antitumor efficacy of oncoVV-TTL.
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Figure 1. Intracellular expression of Tachypleus tridentatus lectin (TTL) in oncoVV-TTL infected cancer
cells and the efficacy of oncoVV-TTL against hepatocellular carcinoma in vivo. (a) The expression of
FLAG tagged TTL was determined by Western blot with an antibody against FLAG. Tubulin served as
the loading control. (b) MHCC97-H cells were injected into the Balb/c nude mice. Mice were injected
with PBS, oncoVV, or oncoVV-TTL after tumor size reached 120 mm?3. Arrows indicate two injections.
Values are displayed as mean tumor size £SEM. Statistically significant differences between treatments
were represented by asterisks (* p < 0.05). Tumor growth curve of MHCC97-H tumors treated by
different injections. (c) Representative MHCC97-H tumors 44 days after first treatment. Mice were
imaged using the IVIS imaging system. (d) Quantification of fluorescence intensity of the MHCC97-H
tumors 44 days after first treatment.

2.2. Oncolytic Vaccinia Virus Replication Improved by TTL

We then investigated the underlying mechanism of the antitumor effect of oncoVV-TTL. The viral
replication was examined for oncoVV and oncoVV-TTL in liver cancer cell lines MHCC97-H and
BEL-7404. As shown, oncoVV-TTL replicated significantly faster than oncoVV in MHCC97-H
(Figure 2a), which was further confirmed in BEL-7404 cell line (Figure 2b). Thus, our data demonstrated
that arming oncolytic vaccinia virus with TTL improved viral replication.

Intracellular signaling elements related to viral infection and replication were then analyzed.
As reported previously, extracellular signal-regulated kinase (ERK) is required for vaccinia virus
replication [32,33]. Interferon-inducible protein 16 (IFI16) senses viral DNA in the cytoplasm
as well as the nucleus to initiate innate immune responses [34], and plays an important role in
the initial steps of the inflammatory processes that precede the onset of autoimmune syndromes [35].
Mitochondrial antiviral signaling protein (MAVS) acts as an important factor in the induction of
antiviral and inflammatory responses [36,37]. We then analyzed the phosphorylation level of ERK as
well as the expression of IFI16 and MAVS through Western blotting. As shown in Figure 3a,b, oncoVV
infection induced ERK phosphorylation in both MHCC97-H and BEL-7404 cell lines. Interestingly,
oncoVV-TTL led to a significantly higher level of ERK phosphorylation as compared to oncoVV.
We then investigated the effect of oncoVV-TTL on cellular levels of MAVS and IFI16. In MHCC97-H
cells, oncoVV but not oncoVV-TTL induced the expression of MAVS and IFI16 (Figure 3a). In BEL-7404
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cells, oncoVV triggered the expression of IFI16. On the contrary, oncoVV-TTL did not induce the IFI16
expression (Figure 3b). Our data demonstrated that TTL facilitated vaccinia virus replication in cancer
cells through regulating intracellular signaling elements related to viral infection and replication.
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Figure 2. Replication of oncoVV-TTL in hepatocellular carcinoma cell lines. Replication of oncoVV and
oncoVV-TTL in MHCC97-H cells (a) and BEL-7404 cells (b). Mean viral replication was determined by
TCIDs( assay on MHCC97-H cells. Statistical analysis was carried out using a Students unpaired ¢ test
at each time point. (* p < 0.05).

Interferon-beta (IFN-[3) regulates a wide range of genes, most of which are involved in the antiviral
immune response, playing an important role in inducing non-specific resistance against a broad range
of viral infections [38,39]. To determine the effect of oncoVV-TTL infection on IFN-3 induction,
IFN-p reporter assay was performed in MHCC97-H cells. Results showed that oncoVV induced
the upregulation of IFN-f transcription, which was significantly suppressed through TTL harboring
(Figure 3c). Taken together, our results indicated that TTL favors oncolytic vaccinia virus replication
through suppressing the antiviral response of cancer cells.

2.3. The Role of ERK Activity on oncoVV-TTL Replication

The role of ERK activity in oncoVV-TTL replication was further analyzed. U0126, an inhibitor
of mitogen-activated protein kinase kinase (MEK) 1/2-mediated phosphorylation of ERK1/2 [40,41],
was used to treat liver cancer cell lines in combination with oncoVV or oncoVV-TTL. Results showed
that in MHCC97-H cells the virus titers of oncoVV-TTL but not oncoVV were markedly reduced with
the combination of U0126 (Figure 4a). In BEL-7404 cell lines, the effect of U0126 on oncoVV-TTL
and oncoVV replication yielded essentially similar results as in MHCC97-H (Figure 4b). Our results
indicated that oncoVV-TTL replication was highly dependent on ERK activity.
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Figure 3. Intracellular signaling elements regulated by oncoVV-TTL. MHCC97-H cells (a) or BEL-7404 cells
(b) were treated with 5MOI of oncoVV-TTL or oncoVV for 24 h, and cells were also treated with PBS
as a negative control. Western blot was performed with antibodies against phosphor-extracellular
signal-regulated kinase (ERK), ERK, interferon-inducible protein 16 (IFI16), mitochondrial antiviral
signaling protein (MAVS) and f-actin. (-actin served as the loading control. (c) Activity of
interferon-beta (IFN-f) promoter was analyzed through a duo-luciferase reporter assay kit. Statistically
significant differences between treatments were represented by asterisks (* p < 0.05).
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Figure 4. Virus replication was dependent on ERK activity. MHCC97-H cells (a) or in BEL-7404
cells (b) were infected with oncoVV, oncoVV-TTL respectively with or without the combination of
ERK inhibitor U0126. Virus titers were then measured through TCIDs( aasay. Statistically significant
differences between treatments were represented by asterisks (* p < 0.05).

3. Discussion

The utilization of lectins in antitumor therapies are greatly limited by their in vivo immunogenicity
and toxicity. Vaccinia viruses provide promising vectors for oncolytic therapies and have been developed
to be valuable agents for preclinical and clinical evaluations due to their safety and effect [42-45].
In the work presented, A Tachypleus tridentatus plasma lectin TTL was genetically inserted into
an oncoVV vector and the antitumor activity was evaluated. We showed that TTL enhanced
the antitumor activity of oncoVV due to its ability to promote virus replication in liver cancer cells.
Further studies showed that the TTL harboring significantly suppressed the oncoVV induced antiviral
factors, and the replication of oncoVV-TTL was highly dependent on ERK activation. Importantly,
our study did not find obvious toxicity of oncoVV-TTL in this hepatocellular carcinoma mouse model.
Therefore, our studies suggest that harboring lectin genes in oncolytic viral vectors could be an important
novel direction to overcome the in vivo toxicity of lectins for further development of lectin based
antitumor agents.

Viruses need to overcome host antiviral responses for effective replication and spreading.
Human cells have evolved a series of viral restriction factors that directly inhibit various steps
of viral replication [46,47]. Nucleus associated IFI16 protein, as an innate DNA sensor, regulates
inflammatory cytokines and type I interferon (IFN) production [48]. In addition, Mitochondrial
antiviral signaling protein (MAVS) acts as an important factor in the induction of antiviral
and inflammatory responses [49]. In this study, TTL upregulated the oncoVV induced ERK
phosphorylation and suppressed the antiviral factors such as IFN-§, IFI16 and MAVS induced by
oncoVV. Therefore, the relationship between ERK activity and antiviral factors still remains unclear
pending further investigations.

4. Materials and Methods

4.1. Cell Culture and Transfection

The human embryonic kidney cell line 293A, hepatocellular carcinoma cell lines MHCC97-H
and BEL-7404 were provided by American Type Culture Collection (Rockville, MD, USA). Cells were
incubated in Dulbecco’s modified Eagle’s medium supplemented with 1% penicillin/streptomycin
solution, 1% L-Glutamine and 10% fetal bovine serum, maintained at 37 °C in a humidified 5%
CO,. Appropriate amounts of plasmids were transfected into cells by using Thermo Scientific
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TurboFect Transfection Reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) following
the manufacturer’s instruction.

4.2. Plasmid Construction

The plasmid pEGFP-Flag-TTL encoding TTL (GenBank accession no. AF264068) gene was
purchased from Shanghai Generay Biotech Co., Ltd., Shanghai, China. For recombinant expression in
cell lines MHCC97-H and BEL-7404, the Flag-TTL gene was cloned into the pCB plasmid using primers
5-GAAGATCTATGGATTACAAGGATGACGACGATAAGGGAATTTTCAAAGTGT-3 (forward) with
a BgllI site (italic) and 5-GCTCTAGATTACTTAATTATTATAATAGGTCCA-3' (reverse) with a Xbal site
(italic). The sequence was confirmed by Shanghai Generay Biotech Company.

4.3. Vaccinia Virus Construction

The vaccinia virus was generated in our laboratory previously. After HEK-293A cells infected with
wild type vaccinia virus about 2—4 h, pCB-Flag-TTL were transfected into 293A cells. Mycophenolic acid,
dioxopurine, and hypoxanthine were added to screen effective oncoVV-TTL. Recombinant viruses were
gathered from cell culture medium, and purified through CsCl gradient centrifugation. The virus titers
were determined by TCIDs5, (median tissue culture infective dose).

4.4. Infectious Progeny Production

To determine virus progeny production, 5x 10* cells (MHCC97-H, BEL-7404) were plated in 24-well
plates. Cells were infected with 5SMOI (multiplicity of infection) of the Vaccinia virus oncoVV-TTL or
oncoVV. After 24 h, 36 h and 48 h, cells were collected and washed twice with PBS. After three freeze/thaw
cycles in —80 °C and 37 °C, the production was determined by TCIDs5, assay on 293A cells.

4.5. Animal Experiments

Balb/c nude mice of 4-5 weeks age were used for hepatocellular carcinoma tumor-bearing mouse
model. MHCC97-H at 2.5 x 10° cells/mouse were injected subcutaneously into the mice on the back.
Mice were randomly grouped and in situ injected with two injections of oncolytic vaccinia virus for
1 x 107 plaque-forming units (PFU) each. Then we measured the volume of tumor every five days.
The tumor volume was calculated using the formula: length (mm) x width (mm)? x 0.5. After injection
of D-luciferin into mice, bioluminescence was measured through the Caliber IVIS kinetics (Caliper life
sciences, Hopkinton, MA, USA). Regions of interest were measured through the IVIS software.

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC)
of Zhejiang Sci-Tech University (2017-1), Hangzhou, Zhejiang, China.

4.6. Reporter Assay

IEN-B firefly luciferase reporter plasmid was constructed previously. Reporter assay was
performed using a duo-luciferase assay kit (GeneCopoeia, Inc., Rockville, MD, USA) according to the
manufacturer’s instructions. Briefly, MHCC97-H or BEL-7404 cells were co-transfected with Renilla
luciferase control plasmid and IFN-§ luciferase reporter plasmid, followed by treatment with PBS,
5 MOI of oncoVV or oncoVV-TTL for 24 h. Then cells were lysed and IFN-f luciferase activity was
normalized to Renilla luciferase activity.

4.7. Western Blotting Analysis

The cell extracts were separated in SDS-PAGE gel and transferred onto nitrocellulose membranes.
The membranes were then immersed in Tris-buffered saline and Tween-20 containing 5% of
bovine serum albumin at room temperature for 1 h. Subsequently, the membrane was incubated
with the primary antibody, followed by incubation with secondary antibodies for 1 h at room
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temperature. After washing with Tris-buffered saline, the bands were detected under a Tanon 5500
chemiluminescence image system (Tanon Inc., Shanghai, China).

Goat anti-MAVS, IFI16 antibodies were purchassed from Santa Cruz Biotechnology Inc.
(Dallas, TX, USA). Rabbit anti-ERK1/2 and phospho-ERK1/2 antibodies were purchased from
Cell Signaling Technology Inc. (Danvers, MA, USA). Rabbit anti-f-actin was purchased from
Bioss Antibodies (Beijing, China). The HRP conjugated goat anti-rabbit and goat anti-mouse antibodies
were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China).

4.8. Statistical Analysis

Differences among the different treatment groups were determined by student’s t-test. p < 0.05
was considered significant.

5. Conclusions

Our studies showed that oncoVV-TTL elicited significant antitumor activity in a hepatocellular
carcinoma mouse model. TTL enhanced viral replication through inhibiting the antiviral immune
response in hepatocellular carcinoma cells. Furthermore, oncoVV-TTL replication was demonstrated
to be depended on ERK activity. Our studies might provide insights into the utilization of marine
lectin genes such as TTL in oncolytic viral therapies. However, the underlying mechanism of the TTL
functions in cancer cells still remains unclear pending further investigations.
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Abstract: Although oncolytic viruses provide attractive vehicles for cancer treatment, their adverse
effects are largely ignored. In this work, rat C6 glioblastoma cells were subcutaneously xenografted into
mice, and a thymidine kinase-deficient oncolytic vaccinia virus (oncoVV) induced severe toxicity in this
model. However, oncoVV-HddSBL, in which a gene encoding Haliotis discus discus sialic acid-binding
lectin (HddSBL) was inserted into oncoVYV, significantly prolonged the survival of mice as compared
to the control virus. HAdSBL reduced the tumor secreted serum rat IL-2 level upregulated by oncoVYV,
promoted viral replication, as well as inhibited the expression of antiviral factors in C6 glioblastoma cell
line. Furthermore, HAddSBL downregulated the expression levels of histone H3 and H4, and upregulated
histone H3R8 and H4R3 asymmetric dimethylation, confirming the effect of HddSBL on chromatin
structure suggested by the transcriptome data. Our results might provide insights into the utilization of
HdAdSBL in counteracting the adverse effects of oncolytic vaccinia virus.

Keywords: HddSBL; oncolytic vaccinia virus; glioblastoma; adverse effects

1. Introduction

Glioblastoma is the most common primary brain tumor and shows poor prognosis. The 2-year
overall survival of glioblastoma patients is approximately 25% after current standard radiation and
chemotherapy [1,2]. The failure of effective treatment for glioblastoma is at least partly due to the restricted
permeation of drugs across the blood-brain barrier (BBB) [3,4]. Therefore, novel technologies for safer
and effective clinical application are essential.

Oncolytic virotherapy is a promising treatment modality that selectively targets cancerous
tissues without harming normal tissues [5]. In this strategy, virus vectors are usually designed
by deleting genes important for viral replication in normal cells and inserting therapeutic genes.
Through specifically infecting cancer cells, viruses amplify in the tumor and infect more cancer cells [6].
Several viruses, including measles virus (MV) [7], myxoma virus (MYXV) [8], adenovirus (Ad) [9,10],
herpes simplex virus (HSV) [11-13], and vaccinia virus (VV) [14] have been utilized in glioblastoma
treatment. Compared with other viral vectors, vaccinia virus offers several advantages, including large
packing capacity of exogenous genes, the ability of overcoming BBB for effective tumor treatment,
and rapid replication in cytoplasm, instead of integration into the host genome [15]. Oncolytic vaccinia
viruses (oncoVV) have been used in clinical trials, including GLV-1h68 [16] and JX-594 [17-20].
JX-594 has a deletion of the thymidine kinase gene, and expression of human granulocyte-macrophage
colony stimulating factor (GM-CSF) and [3-galactosidase ([3-gal) proteins, and has showed enhanced
cytotoxicity in mouse GL261 glioma cells, compared with reovirus or VSVAM51. However, the adverse
effects of oncolytic viruses have been largely ignored.

Mar. Drugs 2018, 16, 141; doi:10.3390/md16050141 140 www.mdpi.com/journal /marinedrugs
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Lectins, distributed ubiquitously in plants, animals, and fungi, are highly diverse
carbohydrate-binding proteins, which selectively recognize and bind distinct sugar-containing
receptors on cellular surfaces [21,22]. Regarding their biochemical properties, lectins hold not only
potential for cancer diagnosis and prognosis, but also show great potential for application in cancer therapy,
through activating apoptotic- or autophagic-related signaling pathways. Previous studies have showed
the anticancer potential of various lectins, including galectin [23,24], mistletoe lectin [25], concanavalin
A [26], and MytiLec [27-30]. In our previous work, we have demonstrated the anticancer efficiency
of adenovirus-mediated lectin expression, including mannose-binding lectin from Pinellia pedatisecta
agglutinin (PPA) [31], Ulva pertusa lectin 1 [32], Strongylocentrotus purpuratus rhamnose binding lectin
(SpRBL), Dicentrarchus labrax fucose binding lectin (DIFBL) [33], and Haliotis discus discus sialic acid-binding
lectin (HAdSBL), which elicited significant in vitro and in vivo suppressive effects on a variety of tumor
cells. HAdSBL exogenously expressed from adenovirus vectors has shown significant growth inhibition
on hepatocellular carcinoma Hep3B cells, colon carcinoma SW480 cells, and lung cancer cell lines A549
and H1299 [34].

Here, we show that an oncoVV with the deletion of thymidine kinase gene was toxic to
mice subcutaneously xenografted with rat C6 glioblastoma cells. Interestingly, the survival of C6
glioblastoma xenograft mice was prolonged by oncoVV harboring HddSBL (oncoVV-HddSBL) as
compared to the control oncoVV virus. We further showed that HddSBL downregulated serum rat
interleukin-2 (IL-2) levels, inhibited the production of intracellular antiviral factors, promoted viral
replication, and influenced histone methylation.

2. Results

2.1. HAdSBL Reduced the Toxicity of OncoV'V in a Subcutaneous C6 Glioblastoma Xenograft Mouse Model

We first assessed the efficacy of oncoVV and oncoVV-HdAdSBL in a subcutaneous glioblastoma
xenograft model. Rat C6 glioblastoma xenografts were grown in the right flank of athymic BALB/c
nude mice. The xenograft model was established by day 10 and the tumor volume reached about
100 mm?, followed by intraperitoneal injection of PBS, oncoVV, or oncoVV-HddSBL. As shown in
Figure 1a, oncoVV exhibited severe toxicity. However, the survival of the oncoVV-HddSBL group was
significantly prolonged as compared to the oncoVV group. Our unpublished data have demonstrated
the safety of this control oncoVV virus to several other tumor-bearing mouse models, indicating that
the toxicity of oncoVV shown here was induced through acting on C6 tumors. Therefore, we further
investigated the effect of oncoVV-HddSBL on C6 xenografts, as well as C6 tumor cells.

2.2. OncoVV-HddSBL Reduced Tumor Secretion of Rat IL-2

We then investigated the potential mechanisms underlying prolonged survival of mice by
oncoVV-HAdASBL. After 15 days of the first injection of VV, secretion of rat IL-2 in the xenograft
tumors was measured by ELISA assay (Figure 1b). Compared to the PBS control, the oncoVV enhanced
the secretion of IL-2 (p < 0.05), while the oncoVV-HddSBL significantly reduced the secretion of IL-2
compared to the oncoVV group (p < 0.05). The transcription levels of rat IL-2 in vitro were investigated
by RT-PCR analysis after C6 cells were infected with 5 multiplicity of infection (MOI) of VVs (Figure 1c),
which was consistent with ELISA assay results. Furthermore, the activity of inflammation related
transcription factors nuclear factor-«B (NF-«kB) and activator protein-1 (AP-1) was upregulated in
oncoVV-HddSBL-treated C6 cells, as compared to PBS and oncoVV controls (Figure 2). Taken together,
our data suggested that the prolonged survival of C6 mice by oncoVV-HddSBL might be due to
the significant reduction of IL-2 secretion from tumor cells, whereas the activation of inflammatory
transcription factors NF-kB and AP-1 limited this effect.
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Figure 1. The oncolytic vaccinia virus (oncoVV)-Haliotis discus discus sialic acid-binding lectin
(HddSBL) reduced toxicity and prolonged survival of mice compared to the oncoVV. (a) Kaplan-Meier
survival curves of C6 glioblastoma xenograft mouse model. (b) ELISA assay of IL-2 secretion.
(c) Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of rat IL-2 at mRNA levels.
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Figure 2. The effects of oncoVV and oncoVV-HdAdSBL on (a) NF-kB and (b) AP-1 activation in
C6 glioblastoma cells using NF-«B or AP-1 reporter assay. * p < 0.05.

2.3. Virus Replication in Rat C6 Glioblastoma Cells

After rat C6 glioblastoma cells were infected with 5 MOI oncoVV or oncoVV-HddSBL for
36 h, total RNA was extracted from cells, differentially expressed genes were screened, and
transcriptome sequencing analysis was carried out. The result of gene enrichment analysis is shown
in Figure 3. Then, the representing differentially expressed genes were selected and shown in Figure 4,
including several factors related to intracellular viral controlling. Therefore, C6 glioblastoma cells were
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then infected with 5 MOI oncoVV or oncoVV-HddSBL, and virus replication was investigated at 24 h
and 36 h. The results showed that the oncoVV-HddSBL was nearly 2-fold higher at 24 h and 7-fold
higher at 36 h than that of control oncoVV (Figure 5a). We then investigated the transcription levels of
antiviral factors IFIT2 (interferon-induced protein with tetratricopeptide repeats 2), IFIT3, and DDX58
(DEAD-box helicase 58) by RT-PCR. The transcription of IFIT2, IFIT3, and DDX58 was upregulated in
oncoVV group, while the oncoVV-HddSBL dramatically decreased their levels as compared to oncoVV
treatment (Figure 5b), which was consistent with the transcriptome data shown in Figure 4.
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Figure 3. Functional categorization of up-regulated genes based on gene ontology (GO) annotations
between oncoVV and oncoVV-HddSBL treatments.
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Figure 5. HddSBL promoted viral replication and inhibited antiviral factors in C6 glioblastoma cells.
(a) Viral replication in C6 glioblastoma cells; (b) RT-PCR for mRNA levels of antiviral genes. * p < 0.05.

2.4. The Effect of HddSBL on Histone Modification

As shown in our transcriptome data, among the most significant categories, we found terms
related to chromatin structure such as “nucleosome”, “protein-DNA complex”, “DNA packaging
complex”, and “chromatin”. We then verified the effect of HddSBL on chromatin structure regulation.
The oncoVV-HAASBL treatment showed significant downregulation of histone H3 and histone H4,
and upregulation of histone H3 Arg8 asymmetric methylation (H3R8me2a), and histone H4 Arg3
asymmetric methylation (H4R3me2a) in C6 glioblastoma cells (Figure 6). Our results indicated that
HddSBL influenced histone modification, which was consistent with the result of transcriptome
data. Furthermore, the expression of FLAG-tagged HddSBL was also verified by Western blot with

an antibody against FLAG.
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Figure 6. The effect of oncoVV-HddSBL on histone modification. C6 glioblastoma cells were treated
with PBS, 5 MOI of oncoVV or oncoVV-HddSBL, and histone H3, H4, H3R8, and H4R3 asymmetric
dimethylation levels, as well as the expression of FLAG-tagged HddSBL were analyzed by Western blot.

3. Discussion

Oncolytic viruses provide an alternative tool for cancer treatment. The transgenes can be integrated
into recombinant vectors to form tumor-selective, multi-mechanistic antitumor agents. Deletion of viral
genes that are necessary for replication in normal cells greatly enhances cancer cell-specific replication of
oncolytic viruses [35]. Their oncolytic effects can be enhanced through the insertion of foreign antitumor
genes [36,37]. Due to the large packing capacity of exogenous genes, VV is particularly attractive as
a potential therapeutic agent for the treatment of malignant tumors. However, the adverse effects of
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VV have been ignored in many studies. In this work, we demonstrated the potential for lectin HddSBL
carried by oncoVV for reducing the oncoVV-induced severe toxicity in treatment of glioblastoma.

The interferons (IFNs) induced protein with tetratricopeptide repeats (IFITs) family participates
in diverse processes in response to viral infection [38]. IFIT2 is located in microtubules, and plays
an important role in cell proliferation and microtubule dynamics. IFIT3 is located in the cytoplasm and
mitochondria, and is also recognized as an antiviral protein. Our study showed that HddSBL inhibits
the oncoVV-induced antiviral factors, which favored oncoVV replication in C6 cells. In addition,
previous studies have demonstrated that a high dose of IL-2 led to substantial acute toxicity [39,40].
In our study, a decrease in IL-2 secretion was shown to be associated with prolonged survival of
oncoVV-HddSBL-treated mice. Thus, our results have suggested that HddSBL affected multiple
signaling pathways related to immune responses induced by oncoVV. Therefore, further investigations
into the underlying mechanism may help to develop oncoVV-HddSBL into an agent for controlling
oncoVV toxicity.

4. Materials and Methods

4.1. Cell Culture and Production of oncoVV-HddSBL

Rat C6 glioblastoma cells and human embryonic kidney cells HEK293A were obtained from
American Type Culture Collection (Rockville, MD, USA) and were cultured in DMEM medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal bovine serum (FBS, Gibco).
The gene encoding Haliotis discus discus sialic acid-binding lectin (HddSBL, GenBank accession
No. EF103404) was integrated into the plasmid pCB with a thymidine kinase (TK) gene deletion to
form pCB-HddSBL. The plasmid was cotransfected into HEK293A cells using Effectene Transfection
Reagent (Qiagen, Hilden, Germany) with WR vaccinia virus to generate oncoVV-HddSBL through
homologous recombination. OncoVV without transgene has been constructed previously as control virus.
The viruses were amplified in HEK293A cells and purified by sucrose-gradient ultracentrifugation.

4.2. Subcutaneous C6 Glioblastoma Xenograft Mouse Model

Mice were cared for in accordance with the Guide for the Care and Use of Laboratory Animals.
Xenograft tumors (rat C6 glioblastoma) were established by injecting 1 x 10° cells in 100 uL PBS
subcutaneously into the right flank of 4-5 weeks old female BALB/c nude mice (Shanghai Slack Animal
Laboratory, China), with each group consisting of 7 mice. Treatment started when tumor size reached
about 100 mm?. OncoVV or oncoVV-HddSBL was injected intraperitoneally at 1 x 107 plaque-forming
units (pfu) in 100 uL. PBS twice. Control animals received intraperitoneal injections of PBS. The survival
of mice was monitored every day.

4.3. ELISA Assay for IL-2 Secretion

The secretion of IL-2 in tumors was determined by ELISA assay using the Rat IL-2 ELISA Kit
(Multi Science, CA, USA) according to the manufacturer’s instructions. Briefly, mice serum samples
were obtained from tumor veins after 15 days of the first injection of VVs. Serum samples were
incubated with anti-Rat IL-2 antibody in ELISA plate for 1.5 h at room temperature. Then, the samples
were washed 6 times with washing buffer and incubated with streptavidin-HRP for 0.5 h at room
temperature. After washing three times in washing buffer, samples were incubated with substrate
solution for 30 min at room temperature. The absorbance of the sample at 450 nm was read on
an absorption spectrophotometer after the addition of stop solution.

4.4. Screening and Functional Analysis of Differentially Expressed Genes and Analysis of Gene Enrichment

Rat C6 glioblastoma cells were plated at 5 x 10° in 10 cm dishes (1 = 3). After culture overnight, cells
were infected at a multiplicity of infection (MOI) of 5 with oncoVV or oncoVV-HdAdSBL for 36 h. PBS served
as the negative control. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Waltham,
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MA, USA). Differentially expressed genes were screened, and the transcriptome sequencing and analysis
was carried out by Vazyme Biotech Co., Ltd. (Nanjing, China).

4.5. Virus Replication Assay

To determine the viral replication capacity of VVs in C6 glioblastoma cells, cells were plated on
24-well plates at 1 x 10° cells per well one day before treatment with viruses. Then, cells were infected with
oncoVV or oncoVV-HAdSBL at a MOI of 2 for 2 h, 24 h, and 36 h. Cells and culture medium were collected
and lysed with three cycles of freeze-thawing at the time interval indicated. Then, the supernatants
were collected by centrifugation, and viral titers were measured through tissue culture infectious dose
(TCID50) assay.

4.6. Semi-Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis

C6 glioblastoma cells were seeded at a density of 8 x 10* cells per well on the 24 well plate. MOI of
5 oncoVV or oncoVV-HddSBL were added, respectively, the next day. Total RNA was extracted from cells
using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The total RNA was then
reverse transcribed into cDNA using reverse transcription kit (TOYOBO). Primer sequences for GAPDH
used were 5-ATGGTGAAGGTCGGTGTGAAC-3' (sense) and 5'-ATGGGTTTCCCGTTGATGAC-3
(antisense). The PCR primers for rat IL-2 were 5-ATGTACAGCATGCAGCTCGC-3/
(sense) and 5-GATATTTCAATTCTGTGGCC-3' (antisense). The PCR primers for IFIT3
were 5-CCATTGCCATGTACCGCCTA-3 (sense) and 5-GCATCTTCAACCAACCGCTC-3
(antisense). The PCR primers for IFIT2 were 5-ATGCCACTTCACCTGGAACC-3' (sense)
and 5-CTTCGGCTTCCCCTAAGCAT-3 (antisense). =~ The PCR primers for DDX58 were
5-TGCAAGGCGCTCTTTCTGTA-3' (sense) and 5'-CAAAGCCTTCAAACCTCCGC-3' (antisense).

4.7. Western Blot Analysis

Cells were plated at 1 x 10° in 60 mm dishes. After infected with MOI of 5 oncoVV or
oncoVV-HdAdSBL respectively, cells were harvested in ice-cold cell lysis buffer (Beyotime Institute of
Biotechnology, Shanghai, China). The extracts were then subjected to SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were subsequently blocked with 5% bovine serum albumin
for 2 h at room temperature and incubated at 4 °C overnight with corresponding antibodies. After washing
with TBST buffer (0.01 M Tris-buffered saline with 0.1% Tween-20), the membrane was incubated
with HRP-conjugated secondary antibodies for 1 h at room temperature. After washing with TBS
buffer, membranes were exposed to the Tanon 5500 chemiluminescence image system (Tanon Inc.,
Shanghai, China). Anti-histone H3, anti-histone H4, anti-flag, and anti--actin antibodies were obtained
from Cell Signaling Technology Inc. (Danvers, MA, USA). Histone H3 dimethyl Arg8 asymmetric and
Histone H4 dimethyl Arg3 asymmetric antibodies were purchased from Active Motif (Carlsbad, CA, USA).

4.8. Reporter Assay

To determine the impact of viruses on NF-kB and AP-1 activation, we co-transfected rat C6
glioblastoma cells with the Renilla luciferase control plasmid together with reporter plasmids coding
for firefly luciferase gene downstream of NF-kB or AP-1 binding sites, followed by treatment of C6
glioblastoma cells with PBS, oncoVV (MOI 5), or oncoVV-HddSBL (MOI 5) for 24 h (1 = 3). The ratio of
firefly to Renilla luciferase activity was measured using a dual-luciferase assay system (GeneCopoeia, Inc.,
Rockville, MD, USA).

4.9. Statistical Analysis

Statistical significance was determined with Student’s t-test. p < 0.05 was considered significant.
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5. Conclusions

In this work, a subcutaneous C6 glioblastoma xenograft model was established, and oncoVV-HddSBL
exhibited the ability to prolong the survival of tumor-bearing mice as compared to the control virus
oncoVV. The tumor secreted serum IL-2 level was downregulated in the oncoVV-HddSBL group
compared to the oncoVV group. Furthermore, oncoVV-HddSBL exhibited higher viral replication
capability, and intracellular antiviral factors, including DDX58, IFIT2, and IFIT3, induced by oncoVV,
were dramatically decreased by HAdSBL. HddSBL was also shown to modulate the histone modification
and may influence the chromatin structure. Taken together, HAddSBL reduced the oncoVV induced toxicity
in a C6 glioblastoma mouse model by affecting multiple signaling pathways.
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Abstract: MytiLec-1, a 17 kDa lectin with 3-trefoil folding that was isolated from the Mediterranean
mussel (Mytilus galloprovincialis) bound to the disaccharide melibiose, Gala(1,6) Glc, and the
trisaccharide globotriose, Galw(1,4) GalB(1,4) Glc. Toxicity of the lectin was found to be low
with an LCsy value of 384.53 ug/mL, determined using the Artemia nauplii lethality assay.
A fluorescence assay was carried out to evaluate the glycan-dependent binding of MytiLec-1
to Artemia nauplii. The lectin strongly agglutinated Ehrlich ascites carcinoma (EAC) cells cultured
in vivo in Swiss albino mice. When injected intraperitoneally to the mice at doses of 1.0 mg/kg/day
and 2.0 mg/kg/day for five consecutive days, MytiLec-1 inhibited 27.62% and 48.57% of cancer cell
growth, respectively. Antiproliferative activity of the lectin against U937 and HeLa cells was studied
by 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) assay in vitro in RPMI-1640
medium. MytiLec-1 internalized into U937 cells and 50 ug/mL of the lectin inhibited their growth of
to 62.70% whereas 53.59% cell growth inhibition was observed against EAC cells when incubated for
24 h. Cell morphological study and expression of apoptosis-related genes (p53, Bax, Bcl-X, and NF-«B)
showed that the lectin possibly triggered apoptosis in these cells.

Keywords: apoptosis-related genes; Ehrlich ascites carcinoma; toxicity; lectin; MytiLec-1;
Muytilus galloprovincialis

1. Introduction

Over time, well-organized defense mechanisms have been evolved in living systems for their
survival. Lectins are a group of structurally diverse glycan-binding proteins that take part in the
defense mechanism of invertebrates by specifically recognizing foreign particles and as effector
molecules [1]. Lectins can bind to cell-surface glycoconjugates present in organisms that result in cell
agglutination. They are also responsible for various intracellular and intercellular cell signaling and
signal transduction. These proteins are present in diverse organisms, implicated in many essential
cellular and molecular recognition processes and play a number of physiological roles including
immunomodulatory [2], antitumor [3,4], antifungal [5,6], antibacterial [7,8], and antiviral [9] activities.

Over the last 30 years, lectins from marine organisms have received much attention from
researchers. Though lectins from marine species are relatively new, researchers are trying to reveal
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their characteristics and biological applications in living organisms. They are present in more than
300 species and most of their structures, amino acid sequences, and carbohydrate specificities have
been determined [10].

Lectins from marine organisms are classified into many families: C-type lectins, P-type lectins, F-type
lectins, galectins, intelectins, rhamnose-binding lectins, and R-type lectins [1,11-13]. MytiLec (formerly
MGL), which is an -galactose-binding lectin, was first placed in the R-type lectin family, though it
did not possess the additional toxic domain, a characteristic feature of R-type lectins [14]. Later,
a new family known as ‘mytilectin’ was introduced [8]. At present, there are four members in the
mytilectin family. Identification and elimination of microbial pathogens are the suggested physiological
functions of the members of this family, whereas distinct antimicrobial activities are considered to be
their hallmarks. As the first member of the mytilectin family, an x-p-galactose binding mussel lectin
from Crenomytilus grayanus (CGL) interacted with gram positive and gram negative bacteria [15,16].
The third and fourth member of the mytilectin family, MCL (from Mytilus californianus) and MTL (from
Muytilus trossulus) also showed growth suppressive activities against different bacteria and fungi [1,17].

The second member, MytiLec, a 17-kDa polypeptide, was isolated from the bivalve Mytilus
galloprovincialis [14]. Based on the transcriptome analysis, three isoforms (MytiLec-1, -2, and -3)
of this protein have been reported so far [8,14], whereas the aerolysin-like domain was present in
MytiLec-2 and -3. Despite of not having that domain, MytiLec-1 could inhibit bacterial growth like
its counterparts [8] and similar to CGL, interacted with Gb3-containing glycosphingolipid-enriched
microdomains on Burkitt’s lymphoma (Raji) cell surface to trigger apoptosis [18-20]. In this study,
glycan-based cell regulatory activities of MytiLec-1 was observed using two different living systems,
i.e., aquatic crustaceans (brine shrimp Artemia nauplii) and various cancer cells. Toxicity of MytiLec-1
was checked against brine shrimp with evidence to its ability to bind with glycans expressed on
those. Previous reports on the anticancer activity of MytiLec-1 were based on in vitro studies. In this
work, for the first time, in vivo antiproliferative activity of MytiLec-1 was checked against Ehrlich’s
ascites carcinoma cell lines using Swiss albino mice. An effort was also made to partially elucidate the
apoptotic pathway of this anticancer activity. In addition, antitumor effect of the lectin against U937
and HelLa cell lines was investigated in vitro.

2. Results

2.1. Purification and Confirmation of the Molecular Mass of MytiLec-1

Purified MytiLec-1 showed strong hemagglutination activity as it agglutinated human erythrocytes
at the minimum concentration of 12 pg/mL. It migrated on SDS-PAGE as a single band with a molecular
mass of 17 kDa (Figure 1).

MytiLec-1
kDa
97 —
66 —

44—
29 —

20—

Figure 1. Purification of MytiLec-1 with a molecular weight of 17 kDa. Markers: Phosphorylase b
(97 kDa), serum albumin (66 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), trypsin inhibitor
(20 kDa), and lysozyme (14 kDa).
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2.2. Toxicity of MytiLec-1 against Brine Shrimp Artemia Nauplii

At the concentrations of 25-200 pg/mL of MytiLec-1, mortality rate of Artemia nauplii was 0% to
33%, and the rate increased to 50% when the concentration rose to 400 pug/mL and the LCs, value was
determined to be 384.53 ug/mL (Figure 2).
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Figure 2. Percentage of mortality of brine shrimp nauplii treated with different concentrations of

MytiLec-1. Data are expressed in mean + S.D.
2.3. Binding of FITC-Labeled Lectins to Artemia Nauplii Detected by Fluorescence Microscopy

Binding of MytiLec-1 to Artemia nauplii was confirmed by fluorescence microscopy. Figure 3A
and 3B showed the absence and presence of green color of Fluorescein isothiocyanate (FITC)-BSA and
FITC-MytiLec-1 in their digestive tracts, respectively. This binding was affected by the presence of
melibiose (ligand sugar of MytiLec-1), as intensity of the green color became diminished (Figure 3C).

.
Figure 3. Binding of Fluorescein isothiocyanate (FITC)-labeled MytiLec-1 to Artemia nauplii detected by
fluorescence and brightfield microscopy. Green color indicates the presence of FITC-labeled MytiLec-1
in the digestive tract of the animal. (A,D): FITC-BSA; (B,E): FITC-MytiLec-1; (C,F): FITC-MytiLec-1

with melibiose sugar.

152



Mar. Drugs 2019, 17, 502

2.4. Agglutination of Ehrlich Ascites Carcinoma Cells

MytiLec-1 strongly agglutinated Ehrlich ascites carcinoma (EAC) cells at concentrations of 50 and
100 pg/mL (Figure 4), whereas the minimum agglutination concentration was 16 pg/mL.

Figure 4. Agglutination of Ehrlich ascites carcinoma (EAC) cells by MytiLec-1. (A). Untreated control
cells; (B). EAC cells treated with 50 pg/mLand (C). 100 ug/mL of MytiLec-1. Scale bar: 25 pm.

2.5. In Vivo Antitumor Activity of MytiLec-1

When treated with intraperitoneal injection of MytiLec-1 for five days, growth of EAC cells in
tumor-bearing Swiss albino mice became reduced comparing to EAC cells in untreated (or control)

mice. At the doses of 1 and 2 mg/kg/day of MytiLec-1, around 28% and 49% cell growth inhibition
were found (Figure 5).
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Figure 5. Inhibition of the growth of control and MytiLec-1 treated EAC cells. Data are expressed in
mean = S.D (n = 6).

2.6. Morphological Examination of Ehrlich Ascites CarcinomaCells

EAC nuclei from cells in the control group were found to be in round and normal shape (Figure 6A).
Contrarily, MytiLec-1 treated cells showed characteristic morphological alterations (irregular shapes,
nuclear condensation, and presence of apoptotic bodies) when observed by fluorescence (Figure 6B)
and bright field microscopes (Figure 6C).
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Figure 6. MytiLec-1 induces apoptotic morphological features in EAC cells. Cells were stained
with Hoechst-33342 dye to be observed by fluorescence (A,C) and bright field microscopes (B,D).
(A,B) Untreated control cells. (C,D) Cells treated with 50 mg/mL of MytiLec-1 for 24 h. Scale bar:
50 pm. White and black arrows represent cells undergoing apoptosis.

2.7. Expression of Apoptosis-Related Genes

The expression level of Bax was high in MytiLec-1 treated EAC cells although no expression
was found in control EAC cells. Opposite results were found in case of Bcl-X and NF-«B genes.
Expression of these genes became upregulated in control EAC cells and lectin-treated EAC cells showed
no expression at all. Though it was very low, expression of p53 gene was observed in the lectin-treated
cells. Expression of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was satisfactory to confirm
the quality of mRNA from lectin-treated and control EAC cells (Figure 7).

MytiLec-1 MytiLec-1
Marker + — + — Marker

Figure 7. Amplification of apoptosis related genes. Total RNA was extracted from MytiLec-1 treated
(+) and untreated (—) EAC cells and reverse transcription was performed. PCR reaction was carried
out using primers specific for Bax, NF-«B, p53, Bcl-X, and GAPDH whereas products were separated
on 1.5% agarose gel and stained with ethidium bromide.

2.8. Internalization of MytiLec-1 into U937 Cells

Not only binding with U937 cells, MytiLec-1 was observed to be internalized into those cells by
fluorescence microscopy. Similar result had been found for Burkitt’s lymphoma cells where the lectin
induced morphological changes in cells [19]. In this case, changes in cell morphology were observed
after 1 h of incubation with MytiLec-1 (Figure 8).
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Figure 8. Internalization of MytiLec-1 into U937 cells. Cells were observed by phase contrast (A,C) and
fluorescence microscopy (B,D). Incubation time: 5 min (A,B)and 1 h (C,D). Scale bar: 25 um.

2.9. In Vitro Antiproliferative Activity of MytiLec-1 against U937 and HeLa Cell Lines

MTT assay showed a dose dependent effect of MytiLec-1 against U937 and HeLa cells. U937 cells
were slightly more susceptible to MytiLec-1 comparing to HeLa cells. Around 36-63% of cell
growth inhibition of U937 cells was found at the protein concentration of 12.5-50 ug/mL (Figure 9A),
whereas against HeLa cells, 32-54% of cell growth inhibition was observed (Figure 9B).
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Figure 9. Growth inhibition of human cancer cells after treatment with MytiLec-1. Cell proliferation of
U937 (A) and HeLa (B) cells was measured by an MTT assay (1 = 3, mean + S.D) after treating those
with different doses of MytiLec-1.
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3. Discussion

MytiLec-1 showed mild lethality with an LCs value of 384.53 ug/mL (Figure 2). In a previous
study, CvL-2, another galactose-binding trimeric lectin from Cliona varians, was reported to have
lower lethality (LCsg value of 850.1 ug/mL) since the Sea cucumber (Holothuria grisea) lectin HGL was
highly toxic (LCsg value of 9.5 ng/mL) against Artemia nauplii [21]. Two other lectins, H-1 and H-2,
from a marine sponge Haliclona caerulea, showed higher toxicity (LCsy value of 6.4 and 142.1 pug/mlL,
respectively) than MytiLec-1, putting it in a category of mildly toxic lectins [22].

It became evident that the lectin bound to the digestive tract of Artemia nauplii (Figure 3B).
Heavily glycosylated digestive tract of nauplii might contain x-galactoside sugars that became
specifically recognized by MytiLec-1 as addition of 0.1M melibiose [Gal(xx1-6)Glc] sugar reduced
the binding of FITC-labeled MytiLec-1 (Figure 3C). This finding was in line with the properties of
previously reported lectins from the genus Canavalia [23]. Though plant lectins are usually more toxic
than animal lectins, this result suggested that animal lectins follow similar mechanisms to interrupt
the functions of gut cells of Artemia or to destroy those cells [24,25].

A number of marine lectins, including MytiLec-1, have been reported to bind the outer sugar
chains of glycoconjugates on cancer cell surface and induce anti-cancer effects [4]. Members from
the Mytilidae lectin family are fairly distributed in nature and many of the structural and biological
properties of MytiLec have already been elucidated. It is a lectin with p-trefoil fold and specific
binding property to Gb3 (Gala1-4GalB1-4Glc). Antitumor activities and mechanism of action of both
forms, natural and artificial, of MytiLec-1 has been studied in vitro against Burkitt’s lymphoma Raji
cells [17,19,20,26]. As both animal studies and clinical studies are essential to check the possibility to
utilize the lectin for chemotherapeutic treatment, this work attempted an in vivo study on Ehrlich’s
ascites carcinoma.

Ehrlich ascites carcinoma cells are the adapted ascites form of mammary adenocarcinoma cells.
Many lectins agglutinated these cells in various concentrations and inhibited their growth [27-30].
It has long been established that cell membranes of EAC cells contain a family of «-p-galactosyl
containing glycoproteins and glycolipids [31,32], which are ligand sugars of MytiLec-1. The lectin
strongly agglutinated EAC cells (Figure 4) with a minimum concentration of 16 pg/mL. It had been
reported that Jacalin, another x-p-galactosyl specific lectin from Jackfruit, agglutinated the same cells
at a minimum concentration of 8 ug/mL [33].

After confirming the glycan-specific agglutination activity, the lectin was injected into Swiss
albino mice to study its antiproliferative activity. At doses of 1 mg/kg/day and 2 mg/kg/day, MytiLec-1
showed around 28% and 49% of cell growth inhibition (Figure 5). A lectin from Pisum sativum exhibited
growth inhibition rates of 63% and 44% against EAC cells at concentrations of 2.8 mg/kg/day and
1.4 mg/kg/day, respectively [34]. In the case of KRL-2 from Kaempferia rotunda, 41% and 59% of EAC
cell growth inhibition was found at the doses of 3 mg/kg/day and 6 mg/kg/day [27]. At a fixed
concentration of 100 ug/mL, plant extracts with lectin activity from Ricinus communis and Amaranthus
hybridus led to 54 and 45% growth inhibition of EAC cells, respectively [35,36]. Considering these
results, antiproliferative activity of MytiLec-1 to EAC cells is quite significant despite of its low toxicity
to brine shrimp. In Figure 6, fluorescence and optical microscopy of EAC cells from the MytiLec-1
treated mice showed early-apoptotic morphological changes in shape and size along with membrane
blebbing, cell shrinkage, nuclear condensation and formation of apoptotic bodies, comparing to round
sized cells with regular nuclei from the control mice.

Apoptosis, a common type of programmed cell death, takes place in response to various cellular
damages, stress, and molecular stimuli. This highly regulated process plays significant roles in the
development and homeostasis of eukaryotic organisms. Induction of apoptosis by a lectin from
Kaempferia rotunda has been reported to occur in EAC cells. Expression of Bax genes increased
significantly with a marked decrease of Bcl-2 and Bcl-X genes [37]. Involvement of p53 genes had
also become evident through its increased expression when two other plant lectins from Geodorum
densiflorum and Solanum tuberosum inhibited the growth of EAC cells [28,30]. In p53-dependent
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mitochondrial pathways, p53 upregulates the transcription of pro-apoptotic genes, including Bax
and Bak, and downregulates anti-apoptotic genes, including Bcl-2, Bcl-X, and Bcl-w, to augment
apoptosis in many cancer cells [38]. In this study, a faint band of p53 was observed in MytiLec-1
treated cells, whereas the band for Bax was very prominent. Upon binding to Bcl-2 family proteins,
P53 aids Bax to become available to transmit an apoptotic signal to mitochondria. Cytochrome ¢
got released through the Bax-Bak oligomeric pores and switched on the caspase cascade, leading to
apoptosis [39]. Figure 7 shows complete downregulation of the expression of anti-apoptotic gene Bcl-X
and transcriptional factor NF-«B indicating a possible augmentation of the above process [40]. We also
noticed the overexpression of Bax, which probably regulated the function of Bcl-X [28]. We should not
rule out the possibility of a p53-independent pathway as Bax and Bak had been previously reported to
trigger apoptosis in the absence of p53 [41-43] and both these pathways can run concurrently [39].

It had been reported that U937 and HeLa cells possess glycosphingolipids Gb3 as a cell surface
receptor to bind with various molecules like lectins and toxins [44,45]. MytiLec-1 was previously
reported to internalize into Burkitt’s lymphoma cells to cause cytotoxicity [19]. In the present study,
the lectin showed the same tendency to incorporate into U937 cells (Figure 8). Another marine lectin,
HOL-18 from Japanese black sponge (Halichondria okadai) also went inside of a number of cancer cells
including HeLa, MCF-7, and T47D to inhibit their growth but did not response to Caco-2 cells [46].
A lactose-binding fungal lectin showed the same behavior but did not cause cytotoxicity of HeLa
cells [47]. Therefore, MytiLec-1 perhaps specifically interacted with Gb3 to reduce the growth of both
U937 and HeLa cells. The MTT assay also showed that U937 cells were more susceptible (63%) to
MytiLec-1 than HeLa cells (54%) at the concentration of 50 pug/mL (Figure 9). Being a lot more toxic in
nature, ricin (first member of the lectin with p-trefoil folding) triggered cell death in U937 cells in a
much lower concentration [48,49]. Many other lectins from animal and plant sources had been reported
to exert dose-dependent growth inhibitory effects against U937 and HeLa cell lines, proceeding to
apoptosis and cell death [50-53].

4. Experimental Design

4.1. Materials

Melibosyl-agarose column was prepared by packing agarose gel immobilized melibiose
(Galo1-6Glc) (EY Laboratories Inc., San Mateo, CA, USA) in Poly-Prep chromatography column
(Bio-Rad Laboratories, Irvine, CA, USA). RPMI-1640 medium, fetal calf serum, and Hoechst-33342
were purchased from Sigma Aldrich (St. Louis, MO, USA). Penicillin-streptomycin was bought from
Roche Diagnostics. Standard protein markers for SDS-PAGE were purchased from Takara Bio Inc.
(Kyoto, Japan). Poly-L-lysine-coated slides used in this study were from MilliporeSigma (Darmstadt,
Germany). All other chemical/reagents, each of the highest purity grades were from Wako Pure
Chemical Co. (Osaka, Japan) and Sigma Aldrich (St. Louis, MO, USA).

4.2. Purification of Protein

Muytilus galloprovincialis mussels were commercially purchased from the local market of
Yokohama, Japan. Gills and mantles are homogenized with 2-amino-2-(hydroxymethyl)propane-
1,3-diohydrochloride (Tris-HCI) buffer (pH 7.4). The crude supernatant was applied on a
melibiosyl-agarose affinity column and MytiLec-1 was eluted by using Tris-HCl buffer containing
100 mM of melibiose sugar [14]. Eluted MytiLec-1 was dialyzed against Tris-HCl buffer to remove the
sugar. Purity of the protein was checked by using SDS-PAGE (sodium dodecyl sulfate polyacrylamide
gel electrophoresis) in 16% (w/v) polyacrylamide gel as described by Laemmli [54].

4.3. Brine Shrimp Nauplii Lethality Assay

Toxicity of MytiLec-1 was checked using brine shrimp nauplii (Artemia salina) lethality assay [55].
Shrimp nauplii were placed in six vials (ten in each vial) and MytiLec-1 was added to the vials at final
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concentrations of 0.0, 25.0, 50.0, 75.0, 100.0, and 200.0 pg/mL. The volume of each vial was adjusted
by adding artificial sea water. Artificial sea water was prepared by dissolving 38 g of NaClin 1 L of
distilled water. To adjust the pH to 7.0, sodium tetraborate salt was added to it. The vials were kept at
30 °C for 24 h under a light source. Three replicates were used for each experiment. Percentage of
mortality of the nauplii was calculated for each concentration and LCs value of MytiLec-1 was
determined using Probit analysis [56].

4.4. Preparation of Fluorescein Isothioycanate (FITC)-Labeled Proteins

FITC-labeled MytiLec-1 was prepared by conjugating purified MytiLec-1 (2 mg) with NH;-reactive
fluorescein isothioycanate (Dojindo Laboratories, Kumamoto, Japan) following the manufacturer’s
protocol. A washing buffer (PBS, i.e., phosphate-buffered saline: 0.01M sodium phosphate buffer,
0.027M KClI and 0.15M NaCl, pH 7.4) was prepared. FITC-lectin was passed through a Sephadex G-25
column to remove unconjugated FITC molecules. The FITC-labeled MytiLec-1 was then dialyzed
for 12 h against distilled water. Similarly, Bovine serum albumin (BSA) protein was labeled to FITC,
which produced FITC-BSA.

4.5. Fluorescence Microscopy of Artemia Nauplii

Artemia nauplii were incubated with FITC-MytiLec-1, FITC-BSA (50 ug/mL) and FITC-MytiLec-1
(with 0.IM melibiose sugar) and kept overnight. The shrimp were then washed thrice in PBS, placed on
slides, and examined using an optical and fluorescence microscopy (Olympus IX71, Seoul, Korea).
498 nm lasers were used for the excitation of FITC.

4.6. Experimental Animals and Ethical Clearance

Swiss albino mice were collected from the ICDDR’B (International Center for Diarrheal Diseases
Research, Dhaka, Bangladesh). This investigation was officially recognized by the Institutional
Animal, Medical Ethics, Biosafety, and Biosecurity Committee (IAMEBBC) for Experimentations on
Animals, Human, Microbes and Living Natural Sources (Memo No. 55/320/IAMEBBC/IBSc), Institute of
Biological Sciences (IBSc), University of Rajshahi, Rajshahi, Bangladesh.

4.7. Ehrlich Ascites Carcinoma Cell Agglutination

In this next step, 50 L of hemagglutination buffer was prepared and used to check the agglutination
of EAC cells. The protein solution (50 pL) was serially diluted in a titer plate and then 50 uL of 2%
EAC cells in saline were added. The plate was shaken for 7 min by a microshaker as well as incubated
at 34 °C for 60 min.

4.8. Determination of Growth Inhibition of Ehrlich Ascites Carcinoma Cells

EAC cells were maintained through an intraperitoneal transformation into the Swiss albino mice in
every two weeks. Development of ascites carcinoma in all mice was confirmed by the increase of their
weight (data not shown). Cells were collected from a mouse bearing 1-week old ascites tumors and
their concentration was adjusted to 4x 10° cells/mL with 0.9% normal saline. After counting cells using
a haemocytometer, their viability was verified by 0.4% trypan blue exclusion assay. Further, 0.1 mL of
tumor cells (99% viable) were injected intraperitonealy into each Swiss albino mouse. The mice were
divided into three groups with a minimum number of six mice in each group. One group was kept as
the control group and after 24 h, the other two groups of mice were treated with an intraperitoneal
injection of MytiLec-1 at the doses of 1.0 and 2.0 mg/kg/day. After five days treatment, mice in each
group were slaughtered on the sixth day. EAC cells from each mouse was harvested in 0.9% saline
by intraperitoneal injection and counted by a haemocytometer. The total number of viable cells in
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every mouse of the treated groups was compared with those of the control group. The percentage of
inhibition was calculated by using the following formula:

Percentage of inhibition = 100 — {(cells from MytiLec-1 treated mice/cells from control
mice) X 100}

4.9. Examination of Morphological Alteration and Nuclear Damages of Ehrlich Ascites Carcinoma Cells by
Hoechst Staining

Signs of apoptosis of EAC cells were morphologically observed without and with MytiLec-1 using
an optical and fluorescence microscopy (Olympus IX71, Seoul, Korea). EAC cells were collected from
the mice treated with and without MytiLec-1 (2.0 mg/kg/day) for five consecutive days and washed
thrice with PBS. Cells were then stained with 0.1 pg/mL of Hoechst-33342 at 37 °C for 20 min in the
dark and washed again with PBS to remove the unbound dye.

4.10. Isolation of RNA from Ehrlich Ascites Carcinoma Cells and Expression of Apoptosis-Related Genes

Tiangen Biotech reagent kit (Beijing, China) was used to isolate the total RNA from EAC cells
collected from lectin-treated and lectin-untreated Swiss albino mice. Concentration and purity of
the isolated RNAs were determined by a spectrophotometer at 260 and 280 nm. RNA quality was
checked by 1.4% agarose gel electrophoresis as the gel was stained with 10 ug/mL of ethidium bromide
and the bands were visualized with a gel documentation system (Cleaver Scientific Ltd., Rugby, UK).
cDNA samples were prepared from the isolated RNA following the manufacturer’s protocol (Applied
Biosystems, Walthum, MA, USA). Primer sequences used in this study are shown in Table 1.

Table 1. List of primers.

Primer Forward Reverse
GAPDH GTGGAAGGACTCATGACCACAG CTGGTGCTCAGTGTAGCCCAG
Bax CCTGCTTCTTTCTTCATCGG AGGTGCCTGGACTCTTGGGT
Bel-X TTGGACAATGGACTGGTTGA GTAGAGTGGATGGTCAGTG
NF-«B AACAAAATGCCCCACGGTTA GGGACGATGCAATGGACTGT
p53 GCGTCTTAGAGACAGTTGCCT GGATAGGTCGGCGGTTCATGC

The program for amplification reactions was fixed at 95 °C for 3 min, 94 °C for 30 s, 55 °C 30 s,
72 °C for 50 s, and 72 °C for 10 min. Eventually, it was held at 20 °C in the thermal cycler (GeneAtlas,
Tokyo, Japan). Expression of a housekeeping gene (GAPDH) was checked to confirm the quality of
mRNA of the lectin-treated and untreated samples. All PCR reactions were analyzed by 1.4% agarose
gel electrophoresis in the presence of a 100 bp DNA ladder (Sigma) as marker.

4.11. Cell Culture

HelLa (cervical cancer cells) and U937 (myeloid leukemia cells) were obtained from the Riken Cell
Bank, Tsukuba, Japan and were cultured in RPMI-1640 medium with 10% fetal calf serum, and 1% (v/v)
penicillin-streptomycin, in 25 cm? tissue culture flasks at a humidified atmosphere of 5% COj at 37 °C.
Cells were sub-cultured at regular intervals whenever the confluence reached to 70-80%.

4.12. Incubation of Fluorescein Isothiocyanate (FITC)-Conjugated MytiLec-1 with U937 Cells

Next, 2 mg of MytiLec-1 was conjugated with NHj-reactive fluorescein Isothiocyanate (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. U937 cells were cultured,
taken on 18 mm round cover slips, and incubated with 100 pg/mL of FITC-MytiLec-1 from 5 min to 1 h.
Cells were fixed with 4% paraformaldehyde for 15 min and observed using a Leica TCS SP5 confocal
microscope (Wetzlar, Germany).
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4.13. 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide (MTT) Colorimetric Assay of Different
Cancer Cell Lines

MTT colorimetric assay was performed to determine the proliferation of U937 and HeLa cells
according to a previous report [27]. Cells (2 X 10% in 150 uL RPMI 1640 media) were seeded in a 96-well
flat bottom culture plate and incubated at 37 °C in a CO, incubator for 24 h. Cells were then incubated
again for 48 h in the absence and presence of various concentrations (50-12.5 ug/mL) of MytiLec-1.
Media containing only U937 and HeLa cells were used as positive controls. After carefully draining the
aliquot, 10 mM of PBS (180 uL) and MTT (20 uL, 5 mg/mL MTT in PBS) were added and incubated for
8 hat 37 °C. The aliquot was removed again and 200 uL of acidic isopropanol was added to every well
and incubated again at 37 °C for 30 min. The absorbance was recorded at 570 nm by a culture plate
reader. Three wells were employed for each concentration and the following equation was followed to
calculate the cell proliferation inhibition ratio:

Proliferation inhibition ratio (%) = {(A — B) x 100}/A

where A is the ODsyp nm of the cellular homogenate (control) without MytiLec-1 and B is the ODsy
nm of the cellular homogenate with MytiLec-1.

4.14. Statistical Analysis

For each of the studied parameters, experimental results were presented as mean + standard error
(SE) for three replicates. Data were subjected to one-way analysis of variance (ANOVA) followed by
Dunnett’s test, using the SPSS Statistics software package, v. 10 (IBM Corporation, Armonk, NY, USA).
Differences with p < 0.05 were considered as statistically significant.

5. Conclusions

In this study, it became evident that MytiLec-1 was mildly cytotoxic, strictly glycan-dependent in
its actions, and effectively inhibited the growth of different cancer cells in vivo and in vitro. The protein
activated Bax/Bak genes eventually caused apoptosis, possibly through a p53-dependent pathway.
MytiLec-1 can be considered significantly active against cancer cells, but further studies are necessary
to resolve the explicit intrinsic molecular mechanism of action of MytiLec-1.
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