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Abstract

Sulfated fucans (SFs) from echinoderms, such as sea cucumbers and sea urchins, present linear
and regular sulfation patterns within defined oligosaccharide building blocks. The high molecular
weights of these polymers pose a problem in advanced structure-activity relationship studies for
which derived oligosaccharides are more appropriate tools for investigation. However, enzymes
capable of specifically depolymerizing SFs, fucanases, are not very common. Scarce abundance
and unknown catalytic activities are additional barriers to exploiting fucanases. Oligosaccharide

“To whom correspondence should be addressed: +1 662-915-3114; vpomin@olemiss.edu.
The two authors contributed equally to the work.
Author contributions: V.H.P. conceptualization; S.B.K., M.F.,, S.K.M., S.M., J.S.S., R.J.D., V.H.P. methodology; S.B.K., S.K.M.,

S.M., V.H.P. validation; S.B.K., M.F,, S.K.M., S.M., J.S.S., V.H.P. formal analysis; S.B.K., M.F,, S.K.M., S.M. investigation; S.B.K.,
S.K.M,, S.M,,J.S.S., RJ.D., V.H.P. resources; S.B.K., S.K.M., S.M. data curation; S.B.K., M.F., S.K.M., S.M., V.H.P. writing-original

draft; S.B.K., S.K.M,, J.S.S., R.J.D., V.H.P. writing-review & editing; S.B.K., S.K.M., S.M., V.H.P. visualization; J.S.S., R.J.D.,

V.H.P. supervision; V.H.P. project administration; J.S.S., R.J.D., V.H.P. funding acquisition. All authors agreed with submission of the

manuscript in its final form.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review

of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered

which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of interest statement

The authors declare that they have no conflicts of interest with the contents of this article. The funders had no role in the design,
writing, or decision of this publication.

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Supplementary information

This article contains supplementary information.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 2

production by controlled chemical reactions such as mild acid hydrolysis then becomes a
convenient strategy. As a consequence, physicochemical studies are necessary to understand
the structural modifications caused on SFs by this chemical hydrolysis. Hence, in this work,
we subjected three tetrasaccharide-repeating SFs from sea cucumbers, /sostichopus badionotus
(IbSF), Holothuria floridana (HfSF), and Lytechinus variegatus (LvSF) to mild acid hydrolysis
for oligosaccharide production. Interestingly, selective 2-desulfation reaction was observed in
all three SFs. Through our study, we indicate that selective 2-desulfation is a common and
expected phenomenon in oligosaccharide production by mild acid hydrolysis of SFs, including
those composed of tetrasaccharide-repeating units.
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1. Introduction

Fucose (Fuc)-rich sulfated polysaccharides can be divided into two main groups depending
on the complexity of their structures. These groups are namely fucoidans, commonly found
in brown algae, and sulfated fucans (SFs), more commonly found in marine invertebrate
animals (Pomin & Mourdo, 2008). As opposed to structurally complex brown algal
fucoidans (Li et al., 2008; Luthuli et al., 2019; Pereira et al., 1999; Pomin & Mourdo, 2008),
sulfated fucans (SFs) found in echinoderms such as sea cucumbers and sea urchins present
regular structures composed of defined repeating oligosaccharide building blocks (Berteau
& Mulloy, 2003; Pereira et al., 1999; Pomin & Mourdo, 2008). These building blocks
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present the following structural features: (i) glycosidic linkage at positions C3 or C4, (ii)

a anomeric configuration in the composing Fuc units, (iii) oligomeric length varying from
mono to tetrasaccharide Fuc units, (iv) sulfation patterns occurring at Fuc ring positions C2
and/or C4, and (V) structural occurrence in a species-specific manner (Pomin & Mouréo,
2008).

Marine invertebrate SFs exert various biological activities including anticoagulation (Pereira
et al., 2002; Pereira et al., 1999), antivirus (Dwivedi et al., 2021), and anticancer (Teixeira et
al., 2018), besides being structural and functional components in the holothurian body cell
walls (Panagos et al., 2014) and egg jelly coat of female gametes in sea urchins (Vilela-Silva
et al., 2002). In this latter case, the sea urchin SFs participate in species-specific regulation
of the acrosome reaction during the fertilization process (Biermann et al., 2004). Although
these glycans enable advanced structure-activity relationship studies due to their regular
sulfation patterns and repetitive oligosaccharide units (Pereira et al., 2002; Pereira et al.,
1999; Pomin & Mourao, 2008), their high molecular weights (MW), usually above 100
kDa, pose an issue in biophysical investigations where medium-size oligosaccharides seem
more appropriate (Bezerra et al., 2020; Queiroz et al., 2014). Depolymerization of SFs is
then necessary to achieve oligosaccharide production. Currently, two major ways exist to
accomplish this goal, degradation by enzymes, called fucanases, and chemical hydrolysis.
Although descriptions of specific fucanases capable of cleaving SFs exist in the literature
(Chen et al., 2021; Colin et al., 2006; Shen et al., 2020), their exploitation is difficult due

to multiple factors, including limited availability and unknown biochemical and catalytic
properties. Hence, the method of chemical hydrolysis is by far the most common and
preferable way (Bezerra et al., 2020; Li et al., 2022; Ning et al., 2022; Pomin et al., 2004;
Pomin et al., 2005; Queiroz et al., 2014).

In our previous work of oligosaccharide preparation by mild acid hydrolysis of the 3-linked
tetrasaccharide-repeating SF from the sea urchin Lytechinus variegatus (LvSF), we were
able to identify a selective 2-desulfation during the reaction (Pomin et al., 2004; Pomin

et al., 2005). The LvSF structure is depicted in Figure 1A. Its sulfation code can be

written as [2,4-2-2-4]n. In this work, using multiple analytical techniques, we produced
and characterized oligosaccharides from two other tetrasaccharide-repeating SFs from the
sea cucumbers /sostichopus badionotus (IbSF) and Holothuria floridana (HfSF), also by
mild acid hydrolysis. The structures of IbSF and HfSF are depicted in Figures 1B and

1C, respectively. The sulfation code of these two molecules are respectively [2,4-2-2-0],
and [2,4-0-2-2],,. Interestingly, selective 2-desulfation was noted again on both IbSF and
HfSF. We hypothesize that selective 2-desulfation is a common and expected phenomenon
in oligosaccharide production of regular SFs by mild acid hydrolysis of SFs, including those
composed of tetrasaccharide-repeating units.

Materials and methods

Materials

Hydrochloric acid (# 320331, Sigma-Aldrich, St. Louis, MO, USA) and sulfuric acid (#
258105, Sigma-Aldrich, St. Louis, MO, USA) were used for mild acid hydrolysis. Dialysis
(# 9201735, Spectra Por, Waltham, MA, USA) was used for de-salting after isolation of
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sulfated fucans through anion-exchange chromatography. Bio-Gel P-10 resin (# 150-4144,
Bio-Rad Laboratories, Hercules, CA, USA) and chromatography column (1.5 x 170 cm,

# 7371598, Bio-Rad Laboratories) were employed for size-exclusion chromatography of
hydrolyzed sulfated fucan fragments. Sephadex G-15 resin (# G15120-10G, Sigma-Aldrich)
and chromatography column (1.5 x 50 cm, # 7376607, Bio-Rad Laboratories) were used

for de-salting of sulfated fucans fragments. Chromatographic columns were connected to a
peristaltic pump (# P-1, Pharmacia Fine Chemicals, Piscataway, NJ, USA) to control the
flow rate. Fractions from anion-exchange chromatography and SEC were collected using a
fraction collector (# 2110, Bio-Rad Laboratories). After each chromatography, samples were
dried by lyophilization (# 7522900, Labconco, Kansas, MO, USA). 1,9-dimethylmethylene
blue (DMB) was used for the metachromatic assay. The power supply (# E0304, Edison,
NJ, USA) and electrophoresis kit (# 1658001, Bio-Rad Laboratories) were employed in
polyacrylamide gel electrophoresis (PAGE). An ELISA reader (# SpectraMax ABS, San
Jose, CA, USA) was used to measure the absorbance (525 nm) in the DMB assay. LCMS
grade acetonitrile and water were purchased from Fisher Scientific (Fair Lawn, NJ, USA).
Ammonium acetate was purchased from Fisher Scientific (Fair Lawn, NJ, USA).

Extraction of holothurian SFs

The sea cucumbers /. badionotus and H. floridana were purchased from the Gulf Specimen
Lab (Gulf of Mexico, Florida Keys). The sulfated fucans of IbSF and HfSF were isolated
from the body wall of the sea cucumbers following a modified protocol to that reported
(Chen et al., 2012; Chen et al., 2011; Shi et al., 2019). The dried (lyophilized) holothurian
body walls were individually suspended in 0.1 mol/dm?3 sodium acetate (# S22040, RPI,
Mt. Prospect, IL, USA) buffer (pH 6.0) with papain from papaya latex (1.0 mg papain/g
tissue) (# P4762, Sigma-Aldrich), 5 mM EDTA (# 03609, Sigma-Aldrich), and 5 mol/cm3
cysteine (# C7352, Sigma-Aldrich), and incubated at 60 °C for 24 h. The digested mixture
was centrifuged (4000 rpm for 30 min), and the supernatant was precipitated using two
volumes of 95% ethanol at 20 °C. After 24 h, a precipitate was obtained by centrifugation
at 4000 rpm for 30 min. The precipitate was dissolved in water and dialyzed three times
against distilled water prior to lyophilization to obtain the dry extract.

Isolation and purification of SFs

The purification was performed using the method previously reported (Dwivedi et al.,
2021). The crude polysaccharides of /. badionotus and H. floridana were subjected to anion-
exchange chromatography using a DEAE Sephacel (# 17-0500-01, Cytiva, Marlborough,
MA, USA) column (2.5 x 20 cm, # Bio-Rad Laboratories) equilibrated with 0.1 mol/dm3
sodium acetate buffer (pH 6.0) with 3 mol/dm3 NaCl as the second mobile phase to generate
a salt gradient. The gradient produced by a gradient mixer (# GM-1, Pharmacia Fine
Chemicals, Uppsala, Sweden) was applied over 24 h and ranged from 0 to 3 mol/dm3 NaCl
in 0.1 mol/dm?3 sodium acetate. The flow rate was set to 18 cm3/10 min/fraction for IbSF
and 9 cm3/10 min/fraction for HfSF and the fractions were collected in a fraction collector
(# 2110, Bio-Rad Laboratories). Fractions of different anionic content were monitored by
DMB (Farndale et al., 1982). The IbSF and HfSF fractions were also monitored for the
presence of hexoses using phenol-H,SO4 reactions (DuBois et al., 1956), uronic acids using

Carbohydr Polym. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 5

the Carbazole reaction (Cesaretti et al., 2003) and sialic acids using the Ehrlich assay
(Warren, 1959) (data not shown).

2.4. Depolymerization of IbSF

Mild acid hydrolysis conditions were optimized by incubating a 1.0 mg/cm?3 1bSF solution
in 0.05 mol/dm3 HySO, at 60 °C for 5, 7, 9 and 11 h (Chen et al., 2012). After

hydrolysis, samples were neutralized by adding 1.0 cm?3 of ice-cold 0.05 mol/dm3 NaOH.
Depolymerized IbSF were analyzed by PAGE (22%) to determine the MW distributions of
each time course (Fig. 2). From the results, the 9 h hydrolysis time was selected as showing
suitable molecular distribution by PAGE. This unfractionated hydrolyzed IbSF sample was
named hIbSF. The process was scaled up for the preparation of 30.0 mg of hlbSF dissolved
in 6.0 cm3 of 0.1 mol/dm3 H,SO4 for 9 h. The pH was adjusted to 7.0 by the addition of 6.0
cm?3 of 0.1 mol/dm?3 NaOH.

2.5. Depolymerization of HfSF

2.6. PAGE

2.7. SEC

Mild acid hydrolysis for partial depolymerization of HfSF was carried out at 60 °C with
0.05 mol/dm3 H,S0, for 1, 1.5 and 2 h and 0.01 mol/dm3 HCl for 1, 3 and 5 h. The sample/
solvent ratio was designed with 5.0 mg/cm? then neutralized by adding 0.05 mol/dm3 and
0.01 M NaOH, respectively. The depolymerized HfSF products were analyzed by PAGE
(22%). From the results, the 5 h hydrolysis time with 0.01 mol/dm3 HCI was selected as
showing suitable MW distribution by PAGE. This unfractionated hydrolyzed HfSF sample
was named hHfSF. The process was scaled up for the preparation of 27.3 mg hHfSF
dissolved in 5.5 cm?3 of 0.01 mol/dm3 HCI for 5 h. The pH was adjusted to 7.0 by the
addition of 5.5 cm3 of 0.01 mol/dm3 NaOH.

The MW distribution of all sulfated polysaccharides and oligosaccharides were applied to a
22% polyacrylamide gel slab in 250 mM Tris and 1.92 M glycine running buffer (pH 8.3)
and run for 15 min at 60 V followed by 110 min at 100 V. After electrophoretic migration,
0.1% toluidine blue in 1% acetic acid was used to stain the sulfated polysaccharides

and oligosaccharides, which were then destained for 8 h using 1% acetic acid. The MW
distribution has been compared with various standard compounds of known MWs, low
molecular weight of heparin (LMWH, ~7.5 kDa), unfractionated heparin (UFH, ~15 kDa),
chondroitin sulfate A (CS A, ~40 kDa), and chondroitin sulfate C (CS C, ~60 kDa).

The selected hydrolyzed IbSF and HfSF materials were fractionated by SEC on a Bio-Gel
P-10 column (1.0 cm3/15 min/fraction) with 10% ethanol containing 1.0 M NaCl following
the protocol of previous work (Bezerra et al., 2020; Pomin et al., 2004; Pomin et al., 2005;
Queiroz et al., 2014). The collected fractions were measured for metachromatic assay using
DMB (Farndale et al., 1982). The major fractions of hlbSF and hHfSF were desalted using
a Sephadex G-15 column (1.0 x 30 cm) eluted with distilled H,O. Derived fractions were
analyzed by 1D and 2D NMR.

Carbohydr Polym. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 6

2.8. HILIC-MS

29. NMR

The fractions (IbSF and HfSF Fr 5) were dissolved in 90% acetonitrile and injected into

an Acquity UPLC BEH amide HILIC column (130 A, 1.7 pm, 1.0 mm X 50 mm) at 80
mm?3/min. The fractions were separated using solvent A (water with 10 mM ammonium
acetate) and solvent B (acetonitrile with 2% of solvent A). The gradient consisted of starting
with 90% solvent B to 30% B in 15 min, hold at 30% B for 8 min and returned to 85% B

in 2 min and equilibrate the column at 85% B for 10 min. The fractions eluting from the
column were analyzed by Orbitrap Exploris 240 system coupled to Dionex Ultimate 3000
(Thermo Fisher, San Jose, CA). The source voltage was set at 3300 V and the data was
collected in negative ion mode. The ion transfer tube temp was 200 °C and the vaporization
temp was set to 100 °C. MS1 data was collected at Orbitrap resolution of 60000 in the
profile mode. MS/MS was performed for the top ten parent ions with HCD fragmentation
energy set to 30%. The MS/MS data was collected in profile mode in Orbitrap resolution
of 30000. The MS experiments were first optimized by running a highly sulfated standard
(Arixtra) to confirm that the sulfation compositions of the oligosaccharides remained intact
during ionization and that sulfate loss was a result of the mild acid hydrolysis and did not
happen during ionization for ESI MS. This was further confirmed by having the LC peaks
eluting at different retention times.

1D (*H NMR) and 2D (*H-13C HSQC) spectra were recorded using a Bruker Avance 11
HD 500 MHz with 5 mm prodigy H/F-BBO cryoprobe. Native and depolymerized sulfated
fucan were dissolved in 150-200 mm3 of 99.9% D0 (CIL, Tewksbury, MA, USA). Samples
were prepared in 3 mm and 5 mm NMR tubes for the data acquisition. Spectra were
acquired at 25 and 50 °C by the BCU-I temperature control unit using a 90° experiment
with a receiver gain from 69 to 99 for 1H spectra and to 189 for the 1H-13C HSQC. The
total number of scans used was 256 for 1H and 128 for 1H-13C HSQC for the complete
acquisition. The post-acquisition data processing was performed using zero-filling of the
64K free induction decay data points for H spectra, 1024 x 128 (F2/F1) for 1H-13C HSQC
spectra, a Lorentzian-Gaussian window function (exponential factor 0.3 Hz, Gaussian factor
1.0 Hz in GF mode), and used multiple point baseline correction. 1H-13C HSQC acquisition
was performed via double insensitive nuclei enhancement by polarization transfer (INEPT),
including phase sensitivity using Echo/Antiecho-TPPI gradient selection with decoupling
during acquisition and using trim pulses in INEPT transfer with multiplicity editing during
the selection step. The acquired spectra were processed using the Mnova NMR software
package (v14.2.0, MestreLab Research SL, A Coruna, Spain).

2.10. Computational modeling

Structures of all possible combinations of the 2- and 4-sulfated Fuca.(1-3)Fuca
disaccharides and sulfated octasaccharide units of IbSF and HfSF were generated using
Glycam_web. (Woods et al., 2022) The lowest potential energy conformer was selected as
the starting structure for MD simulations for the cases where more than one conformer
was generated by Glycam_web. MD input files of all the sulfated di- and octasaccharide
structures were prepared using t/eap. Each structure was first solvated in an octahedral
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TIP3P water box extending 15 A from its surface. Sodium ions (Na*) were added to
neutralize the overall charge of the system to zero. The SFs were treated using the Glycam06
forcefield (Kirschner et al., 2008).

The systems were subjected to molecular dynamics simulations using cuda version pmemd
in Amber20 (Case et. al. 2021, p. 20). A three-step equilibration protocol was used for

the solvated system in which the system was energy-minimized for 25,000 steps with the
conjugate gradient method, followed by heating the system to 300 K using the Berendsen
temperature control (n#t=1), with final density-equilibration for 500 ps at 300 K. The
coordinates of the equilibrated structure were used for a production run 1 microsecond

(us) MD simulation at NPT using the MD settings: temperature 300 K, temperature scaling
by Berendsen temperature control, 2 ps temperature coupling (faufp=2), pressure relaxation
every 1.2 ps, SHAKE constraints, nonbonded interaction cutoff of 8 A, and 2 fs integration
time step. MD trajectories were analyzed using the cppiraj package of AmberTools (Roe &
Cheatham, 2013).

We used glycosidic dihedral angles defined as ¢= H;-C1-O3-Cz and ¥ = C;-O3-C3-H3

for each Fuca(1-3)Fuca glycosidic linkage. The ¢ and ¥ dihedral angles from the MD
trajectories were calculated using cpptraj. A 2D histogram of the ¢ and ¥ dihedral angle
distribution in bins of 6° ranging from —180° to 180° was calculated. The probability (P
of conformations being found in each bin was calculated by the number of conformations
present in each bin divided by the total number of conformations in all of the bins. The
2D conformation free energy landscape was then obtained from the probabilities using the
equation: AG = —RT In(P) with AG the free energy, R the gas constant (8.314 J-K~1.mol™1)
and T the temperature of the MD simulation (300 K). A free-energy profile was plotted
using the program R (R Core Team 2021).

3. Results and discussion

3.1

3.2.

Purification of holothurian SFs

The crude polysaccharide extracts from the two sea cucumbers, /. badionotus and

H. floridana, were obtained from enzymatic digestions of their respective body walls

as described previously (Dwivedi et al., 2021), and subjected to anion-exchange
chromatography using a DEAE Sephacel column. The resultant fractions were monitored

by 1,9-dimethylmethylene blue (DMB) assay. Each chromatogram displayed two peaks, the
first one related to the fucosylated chondroitin sulfate (FucCS) and the second one related

to the SF (Figure S1). The FucCS and SF from /. badionotus, IbFucCS and IbSF, eluted
from the DEAE column at NaCl concentrations of 1.4 and 2.0 mol/dm3, respectively (Figure
S1A). The FucCS and SF from H. floridana, HfFucCS and HfSF, eluted from the DEAE
column at NaCl concentrations of 1.2 and 1.7 mol/dm3, respectively (Figure S1B).

Production and preliminary analysis of IbSF and HfSF oligosaccharides

Partial depolymerization of 1IbSF and HfSF to produce medium-sized oligosaccharides was
performed by mild acid hydrolysis using 0.05 mol/dm3 H,SOj at 60 °C for IbSF and 0.01
mol/dm3 HCl at 60 °C and 0.05 mol/dm3 H,SO, at 60 °C for HfSF, within different time
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courses. The H,SO,4 was chosen for IbSF hydrolysis as described previously (Chen et al.,
2012). For HfSF, both H,SO,4 and HCI were chosen as these acids were never investigated
for this SF but were used in previous hydrolysis of IbSF (Chen et al., 2012) and LvSF
(Bezerra et al., 2020; Pomin et al., 2004; Vitor H. Pomin et al., 2005; Queiroz et al., 2014).
Results shown by PAGE (Figure 2) indicate a controlled chemical reduction in the MW of
both SFs as a function of hydrolysis time. The lack of narrow bands in PAGE of hydrolyzed
IbSF and HfSF, as opposed to previous analysis of LvSF, indicates a more heterogenous
oligosaccharide preparation for the current SFs.

Selected hydrolysis times were chosen for further scaled-up production of oligosaccharides
with similar MW distribution of the low MW heparin (LMWH) since this standard is well-
known to fractionate well in size-exclusion chromatography (SEC) using a Bio-Gel P-10
column (Oliveira et al., 2015). These times were 9 h for 0.05 mol/dm3 H,SO, of IbSF, 5 h
for 0.01 mol/dm3 HCI of HfSF and 2 h for 0.05 mol/dm?3 H,S0, of HfSF. Figure 3 shows
the assigned 1D IH NMR spectra of both native and hydrolysates from 1bSF and HfSF
obtained within these selected hydrolysis times. As indicated with the upfield 1H resonance
shifts of residue A in IbSF (2,4-di-sulfated unit in Figure 1B), and residue B in HfSF
(2-sulfated unit in Figure 1C), chemical modifications, likely desulfations, were observed
at these residues now labeled as A' (Figure 3A) and B' (Figure 3B). The presence of the
four 1D a-anomeric 1H signals (84 range from 5.4 to 4.9 ppm, Table 1) in both hydrolyzed
SFs, A'/B/C/D in IbSF and A/B'/C/D in HfSF, confirm the tetrasaccharide-repeating building
blocks in the SF hydrolysates (four Fuc units), although one of the units in each SF (A'

in IbSF and B' in HfSF) showed different chemical shifts than the native counterparts
indicating chemical modification. The same 1D *H NMR spectral profile was observed in
the hydrolysis of HfSF with the two acids (5 h for 0.01 mol/dm3 HCI, top spectrum, and 2 h
for 0.05 mol/dm?3 H,S0, of HfSF, bottom spectrum, Figure 3), indicating the same chemical
modification in HfSF regardless of the acid employed. Since both acids showed the same
1D 1H NMR profile, we randomly opted to use HCI as acid for scaled-up production of
HfSF oligosaccharides for SEC fractionation. Figure 4 shows the chromatograms obtained
for IbSF (panel A) and HfSF (panel B).

The lack of defined SEC peaks of IbSF and HfSF, as opposed to previously defined peaks in
Bio-Gel P-10 chromatograms of LvSF (Bezerra et al., 2020; Pomin et al., 2004; Queiroz

et al., 2014), corroborates the interpretation of a more heterogeneous oligosaccharide
production in IbSF and HfSF, as previously noticed by the lack of narrow bands in the PAGE
analysis (Figure 2). Hence, the decision on fractions to be pooled in the SEC chromatograms
of IbSF (Fr 1-5, Figure 4A) and HfSF (Fr 1-6, Figure 4B) was random. As detailed below,
analysis through a series of 2D NMR spectra and mass spectrometry (MS) of the IbSF

and HfSF oligosaccharides, and a LvSF octasaccharide from previous work (Bezerra et al.,
2020), was conducted.

3.3. Selective 2-desulfation of IbSF and HfSF during mild acid hydrolysis

The 1H-13C heteronuclear single quantum coherence (HSQC) spectrum of Fr 5 from the
Bio-Gel P-10 column of 1bSF (Figure S2) showed two sets of tetrasaccharide-based building
blocks. One had H and 13C chemical shifts like the fully sulfated tetrasaccharide assigned
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as A/B/C/D. Another one was from a tetrasaccharide with a 2-desulfated A (2,4-di-sulfated)
unit now labeled as A" (4-sulfated). The upfield resonance shifts of *H1 and 1H2 from the
native A unit with §, respectively, at 5.26 and 4.42 ppm compared to 4.94 and 3.78 ppm

in the octasaccharide (respectively, ~0.3 and —0.6 ppm differences) (Table 1) is typical of
2-desulfation as reported before (Pomin et al., 2004; Pomin et al., 2005; Queiroz et al.,
2014).

Results from LC-MS analysis on Fr 5 of IbSF (Figure 5A and 5C, Table 2) have

indicated two main octasaccharides with different sulfation contents: Fuc8S7 (triply

charged deprotonated ion peak of 581.05 m/z) with MW of 1746 Da and Fuc8S6

(triply charged deprotonated ion peak of 554.40 m/z) with MW of 1666 Da, among all
observed octasaccharides (Figure S3A). This indicates mono and di-desulfation in the most
abundant components. Combining this MS-based result with full 1H and 13C chemical shift
assignments in the HSQC spectrum, we were able to conclude that Fr 5 of IbSF is composed
of two main octasaccharides with the following structures [2.4-2-2-0-4-2-2-0] and [4-2-2-0],
in a 4:6 ratio. The cross-peaks of these two structures are respectively assigned in the

NMR spectra as A-B-C-D-A'-B-C-D/'(a.)/D/'(B) and A'-B-C-D-A'-B-C-D;'(a)/D,"(B). This
data indicates that selective 2-desulfation can occur at different extents during mild acid
hydrolysis of IbSF but selectively at the 2,4-di-sulfated unit labeled as A.

It is curious to see that the extracted ion chromatograms of IbSF (top panels of

Figure 5A and C) show multiple minor peaks with earlier retention time than the most
abundant isomers [2.4-2-2-0-4-2-2-0] and [4-2-2-0],. This suggests the existence of other
heptasulfated and hexasulfated octasaccharide isomers for IbSF. These less abundant
isomers were undeteced in the 1H-13C HSQC spectrum (Figure S2) since this analytical
technique is much less sensitive than MS.

Comparative H-13C HSQC spectral analyses of the native HfSF (Figure S4A) with the
unfractionated hydrolyzed HfSF materials, exposed for 5 h to 0.01 mol/dm3 HCI (top
spectrum in Figure S4B) or for 2 h to 0.05 mol/dm?3 H,S0, (bottom spectrum in Figure
S4B) shows a clear upfield shift only for unit B (Table 1). The upfield resonance shifts of
1H1 and 1H2 from the native B unit with &, respectively, at 5.39 and 4.57 ppm compared
to 5.09 and 3.97 ppm in the oligosaccharides (respectively, ~0.3 and ~0.6 ppm differences)
(Table 1) is typical of 2-desulfation, as discussed above.

Like the presence of multiple IbSF octamers with different sulfation levels, results from
LC-MS analysis on Fr 5 of the Bio-Gel P-10 column of HfSF indicate different sulfation
contents also in its octasaccharide-rich fraction (from disulfation, Fuc8S2, to octasulfation,
Fuc8S8) (Figure S3B). The di-desulfated octasaccharide (Fuc8S6) of the triply charged
deprotonated ion peak of 554.40 m/z (Figure 5D, Table 2) has the structure [2,4-0-2-0],
based on the HSQC analysis (assigned as [A-D-C-B'],) and is the most abundant component
in the mixture, as seen by the MS profile. The second most abundant octasaccharide is

the mono-desulfated (Fuc8S7) of the triply charged deprotonated ion peak of 581.04 m/z
(Figure 5B). Its structure [2,4-0-2-2-2,4-0-2-0] can be inferred from the HSQC spectrum

of HfSF Fr 5 (Figure S4B) together with the fact that desulfated units become liable for

Carbohydr Polym. Author manuscript; available in PMC 2024 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al. Page 10

protonation and subsequent cleavage during mild acid hydrolysis (Pomin et al., 2004; Pomin
et al., 2005; Queiroz et al., 2014). For the case of HfSF, this Fuc unit is the one labeled as B.

3.4. Selective 2-desulfation of LvSF during mild acid hydrolysis

Although we have already observed selective 2-desulfation in LvSF (2-sulfated unit labeled
as A in Figure 1A) (Pomin et al., 2004; Pomin et al., 2005), non-desulfated LvSF
oligosaccharides can also occur in LvSF when subjected to mild acid hydrolysis (Bezerra
et al., 2020). This intriguing fact, together with the occurrence of oligosaccharides with
different sulfation contents in IbSF and HfSF, including non-desulfated oligosaccharides,
as discussed above, through the NMR and MS analyses, led us to reinvestigate LvSF,
particularly its octasaccharide-rich fraction also obtained from a Bio-Gel P-10 column
from previous work (Bezerra et al., 2020). Results from the 1D 1H (Figure S5A), 2D
1H-13C HSQC (Figure S5B), 1H-1H correlated spectroscopy (COSY) (Figure S6), H-1H
total correlation spectroscopy (TOCSY) (Figure S7) and MS (Figure S8) on this LvSF
octasaccharide preparation indicate that two components can exist: a fully sulfated one
(Fuc8S10) identified by the triply-charged deprotonated ion peak of 661.0 m/z (MW

of 1986 Da) whose sulfation pattern is [4-2,4-2-2], and a selectively 2-desulfated one
(Fuc8S9) identified by the triply-charged deprotonated ion peak of 634.35 m/z (MW of
1906 Da) whose structure is [4-2,4-2-2-4-2,4-2-0], in a ratio of 9.0:1.0. The conformation
and dynamics of the selectively 2-desulfated LvSF octasaccharide was previously studied
(Queiroz et al., 2014). Desulfation and cleavage of LvSF oligosaccharides occur at the
reducing end A residue as mechanistically explained in previous work (Pomin et al., 2004).

3.5. Conformation of composing difucose units

Conformations of various SF-derived disaccharides (Table S1) were analyzed in terms of
dihedral angles around the a.1-3 linkages (Fig. S9) to understand the molecular basis behind
desulfation and cleavage of IbSF and HfSF during mild acid hydrolysis, as previously
performed for LvSF (Queiroz et al., 2014). Differently sulfated difucoses show three

main conformational states in the free-energy (¢/y angle) maps. A fully non-sulfated
Fuc(a1-3)Fuc shows the conformational state A (¢=55°, v=50°) as the global minimum
but another minor minimum state B (¢=50°, y=-30°) can also be noted (Figure S9A).

This minor minimum state B is also observed in all the difucoses when the reducing end

is not sulfated but the non-reducing end Fuc is sulfated (Figure S9, A-D). However, if the
non-reducing end is 2-sulfated (whether it is 2- or 2,4-sulfated) and the reducing end is 4-
sulfated, the global minimum is shifted to state B, and a third minimum energy conformation
C (¢=0°, y=-50°) appears (Figures S9J, SIL and S10). Shifting of the conformation from
state A to B is due to the steric hindrance that occurs between equatorial 2- and axial
4-sulfate groups of the adjacent residues, forcing the glycosidic linkage to adopt the B
conformation. Similar behavior of 2- and 4-sulfated glycans has been reported earlier in
investigations of chondroitin sulfate and related disaccharides (Zsiska & Meyer, 1993) and
LvSF (Queiroz et al., 2014). The major conformation of the difucoses shifts from state B to
state C when their reducing end has additional 4-sulfation (Figures S9N, S9P and S11).

Overall, three major conformations are possible and the presence of equatorial 2- and axial
4-sulfate groups of the adjacent residues influences major conformational changes. The
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difucose unit maintains an inter-residue hydrogen bond between hydroxyl and sulfate groups
of the adjacent fucose residues unless the 2- and 4-positions of the adjacent residues are
occupied by either both hydroxyls or both sulfates groups. State A is highly populated in
Fuc(a1-3)Fuc2,4S (Figure S12) in cases in which the non-reducing end is fully desulfated
and the reducing end has both 2- and 4-sulfate groups. The structures commonly deviate
from conformation A when sulfate groups are present in the non-reducing end and can repel
each other, for example in Fuc2S(a1-3)Fuc4sS and Fuc2,4S(a1-3)Fuc4sS. In this case, the
most common conformation shifts to states B and C, for example in Fuc2S(a.1-3)Fuc2,4S
and Fuc2,4S(a 1-3)Fuc2,4S (Figure S11). Since different major conformations are seen in
the Fuc(a1-3)Fuc2,4S and Fuc2S/2,4S(a1-3)Fuc4S/2,4S difucose blocks, it seems clear that
the sulfation pattern of the non-reducing end Fuc causes structural changes that ultimately
help selective 2-desulfation and further linkage cleavage during oligosaccharide formation
by mild acid hydrolysis.

3.6. Oligosaccharide conformation

We further performed 1 ps molecular dynamics (MD) simulations of hypothetical 1bSF

and HfSF octasaccharides (Figures 6 and 7), which also showed very similar influences

of the sulfate groups on the ¢/y angle distributions between their composing Fuc units.

The Fuc units were labeled as Dy-Cp-Bpr-Anr-Dr-Ci-B-A as previously labeled (Queiroz
et al., 2014), for comparison (Figure 8). The HfSF | octasaccharide mainly shows state A
for all the glycosidic linkages other than for that of Fuc2Sa(1-3)Fuc2,4S between A,-Dy,
which is highly flexible and shows all three conformations, A, B, and C. Due to the high
population of conformation C, in which the 2-sulfates are ~6 A apart from each other

and the 2-sulfate of residue A, forms a hydrogen bond with the 2-hydroxyl of residue B,
(with 37% occupancy), the octasaccharide bends a lot at this position compared to the other
glycosidic linkages (Figure S12C). This bending of the octasaccharide along this glycosidic
linkage likely allows acid to interact with the 2-sulfate of A, and this favors desulfation at
this specific position.

Upon 2-desulfation of Ay, the An-D; glycosidic linkage changes the resulting sulfation
pattern to Fuca.(1-3)Fuc2,4S, therefore giving a highly rigid conformation A (Figures 7
and S11). Fuca(1-3)Fuc2,4S is the most rigid conformation seen among all the sulfation
patterns of the difucoses we studied. And for it there is the least flanking of functional
groups (either sulfates or hydroxyls) along its An-D; glycosidic linkage. This most likely
allows protonation during mild acid incubation to access the oxygen of the glycosidic
linkage and hence cleave this glycosidic bond during hydrolysis. This hypothesis also
matches very well with the desulfation and cleavage of LvSF previously studied, for which
desulfation of Ap; and cleavage of the An-D; glycosidic linkage resulted in very similar
conformational changes (Queiroz et al., 2014).

However, in the case of IbSF, IbSF | octasaccharide did not show any significant bending
as it has the Fuca(1-3)Fuc2,4S sulfation pattern along its A,-D; glycosidic linkage. Since
this sulfation pattern has been found to show a highly populated conformation A in all
cases (whether for difucoses or HfSF), the A,-D; glycosidic linkage in the IbSF I structure
should be able to undergo mild acid cleavage without any need of 2-desulfation of D;.
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However, desulfation of 2-sulfate in D, was observed in the NMR results, and this could

not be explained based on the conformation and dynamics of the IbSF octasaccharide. There
are very consistent inter-residue hydrogen bonds between the sulfate and hydroxyl groups
of the adjacent residues in IbSF (Table 3), so it is possible that the cleavage of the Ap-Dy
glycosidic linkage occurs without the 2-desulfation of D, and that the 2-desulfation could be
occurring subsequently.

4. Conclusions

From previous works, selective 2-desulfation was observed to occur in mild acid hydrolysis
of LvSF. In another report, an intact (non-desulfated) LvSF oligosaccharide was conversely
observed. In this current work, we expanded our analysis of mild acid hydrolysis by
reinvestigating LvSF octasaccharides and the oligosaccharides of IbSF and HfSF submitted
to the same depolymerization strategy, mild acid hydrolysis. Selective 2-desulfation reaction
was observed again on LvSF as well as IbSF and HfSF. From our current findings, we
conclude that 2-desulfation is a common and expected phenomenon in oligosaccharide
production by mild acid hydrolysis of SFs, including those composed of tetrasaccharide-
repeating units such as LvSF, IbSF and HfSF. An independent study recently reported the
partial 2-desulfation during hydrolysis of the fully 2-sulfated 3-linked SF from sea cucumber
Stichopus hermanni (Li et al., 2022) and this supports our observations and conclusions.
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Fig. 1.
Structure of sulfated a-L-fucans (SFs) from (A) the sea urchin Lytechinus variegatus

(LVvSF), and sea cucumbers (B) /sostichopus badionotus (IbSF) and (C) Holothuria floridana
(HfSF). They are composed of 3-linked a-L-fucose units with 2- and/or 4- sulfation
substitutions within repeating tetrasaccharide building blocks. The four types of fucose units
are indicated by the letters A-D in each structure. The sulfation patterns of these SFs are (A)
[2,4-2-2-4],, (B) [2,4-2-2-0],, and (C) [2,4-0-2-2],.
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Fig. 2.

M?Id acid hydrolysis of (A) /. badionotusand (B and C) H. floridana sulfated fucans (IbSF
and HfSF) analyzed by 22% polyacrylamide gel. Hydrolysis conditions were (A) 0.05
mol/dm3 H,S0, at 60 °C for 5, 7, 9, and 11 h to IbSF, (B) 0.01 mol/dm3 HCl at 60 °C for 1,
3 and 5 h to HfSF, and (C) 0.05 mol/dm3 H,SO, at 60 °C for 1, 1.5 and 2 h. Samples (10 ug
each) were stained with toluidine blue after adequate electrophoretic migration. Molecular
weight (MW) markers include low molecular weight heparin (LMWH) (MW ~ 8 kDa),
unfractionated heparin (UFH) (MW ~ 15 kDa), chondroitin sulfate-A (CS-A) (MW~ 40
kDa), and chondroitin sulfate-C (CS-C) (MW ~ 60 kDa).
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Fig. 3.

1[§)J 1H NMR spectra of (A) native (top) and hydrolyzed 1bSF (0.05 mol/dm?3 H,SO, at 60 °C
for 9 h) (bottom), and (B) native (top), and hydrolyzed HfSF (0.01 mol/dm3 HCI at 60 °C for
5 h) (middle), and (0.05 mol/dm3 H,S0, at 60 °C for 2 h) (bottom) recorded in 99% D,0

at 50 °C on an AVANCE 111 500 MHz Bruker NMR spectrometer equipped with a prodigy
probe. 1H chemical shifts are referenced to trimethylsilylpropionic acid to 0 ppm. The 1H
resonances marked as A-D in the native sulfated fucans are related to the fucose (Fuc)

units labeled in Fig. 1. The 1H resonances assigned as A' and B' in the oligosaccharides are
from desulfated Fuc units. The signal assigned as Dy is from the reducing-end 4-sulfated

Fuc unit (D) in IbSF. Sharp signals marked with asterisks are from residual solvent during
oligosaccharide production.
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Fig. 4.

Olgigosaccharide fractionation of (A) hydrolyzed 1bSF (0.05 mol/dm?3 H,S0, at 60 °C for

9 h), and (B) hydrolyzed HfSF (0.01 mol/dm3 HCI at 60 °C for 5 h) in a Bio-Gel P-10
column. Fractions (1 cm3 each) were eluted by aqueous 10% ethanol solution containing

1.0 mol/dm?3 NaCl and detected by metachromasy using 1,9-dimethylmethylene blue with
absorbance at 525 nm. Fractions (Fr 1- Fr 5 for IbSF, and Fr 1-Fr 6 for HfSF) were pooled as
indicated in the panels.
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Fig. 5.

Extracted ion-chromatogram (top) and negative ion mode spectra (bottom) from HILIC
electron spray ionization-mass spectrometry (HILIC-ESI-MS) of (A and C) hlbSF and
(B and D) hHfSF. The deprotonated ions observed as [M-3H]3~ peaks are from (A and
B) heptasulfated octa-fucose fragments (Fuc8S7), and (C and D) hexasulfated octa-fucose

(Fuc8s6) fragments.
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Fig. 6.
Dihedral angle (¢/y) distributions of the seven glycosidic linkages of the octasaccharides

(A) IbSF 1, (B) IbSF 11, (C) HfSF I, and (D) HfSF 11 observed in the MD simulations. The
red labels indicate the different sulfation patterns.
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Fig. 7.

Overlay of conformations from snapshots taken every 20 ns from the MD simulations,
aligned based on the Ap, fucose residue: (A) 1bSF I, (B) I1bSF Il, (C) HfSF I and (D) HfSF
I1. For each case, two views are presented, with one rotated 180° relative to the other.
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Fig. 8.
Chemical representations of the model sulfated fucan-derived octasaccharides from (A and

B) IbSF, and (C and D) HfSF. (B) Octasaccharide IbSF 11 has 2-desulfation at D, relative
to (A) IbSF 1. Similarly, (D) HfSF Il is 2-desulfated at A, compared to (C) HfSF I.

Pairs of sulfate groups (SO3™) and hydroxyl (OH) groups involved in hydrogen bonds are
shown with the same colors. Those not forming any hydrogen bond are colored in black.
Intra-residue hydrogen bonds between sulfate (SO3™) and hydroxyl (OH) groups in the
terminal residues (Dpr or A;) are shown in gray.
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Table 2.
Negative-ion ESI-MS of octasaccharides obtained from IbSF and HfSF Fr 5.

Observed  Time

Fractions 0"y (min) Assignments
[M-3H73 Exact Mass  Composition®
554.397 13.03 1666.216 Fuc8S6
IbSF Fr5
581.049 13.34 1746.173 Fuc8S7
b 554.394 13.44 1666.216 Fuc8S6
HISFFrS 581.046 13.81 1746.173 Fuc8S7

aFuc, fucose; and S, sulfate ester (SO37).

bOther components are shown in Figure S4.
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Average hydrogen bond distances (A) between hydroxyl and sulfate groups and their occupancy in 1bSF and

HfSF.*
Sulfate Group Hydrogen Bond (1) Hydrogen Bond (11) Color
Residue Atom Atoms Distance Occupancy Distance Occupancy
IbSF  D,~4S5057 O  D,(03) 285 99 2.87 60 Purple
Cy250s- O  Bu(04 280 52 2.80 54 Red
B,—250;" O  A,04) 279 70 278 72 Cyan
D—4S03~ O An(02) 2.76 100 2.75 100 Green
D-2S05~ 0] C,(04) 2.80 52 Dsb Dsb Gray
C250, O  B(04) 2.80 51 2.80 48 Magenta
B~2S0; O  A(04) 2.79 59 2.79 59 Blue
HfSF D,—2S05~ 0] Dn(O3) 2.86 100 2.87 99 Gray
D,,~2S03~ O Cnr(O4) 2,77 73 2.78 73 Teal
B,—2S0,~ O  A,(04) 280 53 2.79 71 Cyan
A,—2S03" (0] B(02) 2.86 37 Dsb DSb Green
D,—2S03~ O C,(04) 2.78 70 2.79 62 Violet
B,—2S03” (0] A(04) 2.80 48 2.80 47 Blue
A-2S03" O A(01) 3.32 13 3.32 13 Gray

aMean of the hydrogen bond distances between the hydroxyl oxygen and the closest oxygen in the sulfate group. The color column shows the color
of each hydrogen bonded pair in Fig. 6.

b . . . .
DS means the octasaccharides are 2-desulfated and that particular sulfate group is absent in the structure.
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