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Abstract :

Diabolican is an exopolysaccharide (EPS) produced by Vibrio diabolicus HE800, a mesophilic bacterium
firstly isolated from a deep-sea hydrothermal field. Its glycosaminoglycan (GAG)-like structure, consisting
of a tetrasaccharide repeating unit composed of two aminosugars (N-acetyl-glucosamine and N-acetyl-
galactosamine) and two glucuronic acid units, suggested to subject it to regioselective sulfation
processes, in order to obtain some sulfated derivatives potentially acting as GAG mimics. To this aim, a
multi-step semi-synthetic approach, relying upon tailored sequence of regioselective protection, sulfation
and deprotection steps, was employed in this work. The chemical structure of the obtained sulfated
diabolican derivatives was characterized by a multi-technique analytic approach, in order to define both
degree of sulfation (DS) and sulfation pattern within the polysaccharide repeating unit, above all. Finally,
binding affinity for some growth factors relevant for biomedical applications was measured for both starting
diabolican and sulfated derivatives thereof. Collected data suggested that sulfation pattern could be a key
structural element for the selective interaction with signaling proteins not only in the case of native GAGs,
as already known, but also for GAG-like structures obtained by regioselective sulfation of naturally
unsulfated polysaccharides.
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1. INTRODUCTION

Sulfated glycosaminoglycans (GAG.) are complex biomacromolecules, ubiquitously
distributed among vertebrates, found ».h in extracellular matrices and on cell surfaces. They
play key roles in a plethora o1 nhysio-pathological processes, typical of higher animals (e.g.
central nervous system deveicnrient, stem cell differentiation, cancer cell progression etc.) [1].
From a structural poi.>t ur view, sulfated GAGs are a family of polydisperse, linear
polysaccharides that are constituted by variously sulfated, alternating aminosugars and uronic
acids (or a neutral hexose, D-galactose, in a single case). Aminosugars are typically 2-
acetamido-2-deoxy-D-glucopyranose (N-acetyl-glucosamine, GIcNAc) or 2-acetamido-2-
deoxy-D-galactopyranose (N-acetyl-galactosamine, GalNAc), while D-glucuronic and L-
iduronic acid (GIcA and IdoA, respectively) are uronic acid constituents. Depending on the
monosaccharide constituents and the regio- and stereochemistry of the glycosidic bonds

connecting them, sulfated GAGs can be classified into four main species: heparin/heparan



sulfate, chondroitin sulfate, dermatan sulfate and keratan sulfate. A key aspect of their structure
is the distribution of sulfate groups within the repeating unit and along the polysaccharide chain.
Such so called sulfation pattern can be theoretically arranged in a huge number of different
combinations, nonetheless it seems to be strictly regulated in vivo and able to encode a variety
of biological information [2].

The biological activities of sulfated GAGs made them ingredients of drugs and food
supplements to treat or prevent several diseases (e.g. blood coagulation, articular osteoarthritis,
corneal dystrophy) [3]. However, for some applications the us~ o natural sulfated GAGs has
several limitations with respect to production costs — due t, 1.V yields and complex protocols
for their isolation from animal sources —, degradabiln, and risk of contaminations from
mammalian tissues [4] in particular with harmful compotinds [5]. Ethical, sustainability and
regulatory concerns connected to the animal sc irre of sulfated GAGs must be taken into
consideration too. Furthermore, batch stradardization is also problematic, due to the
impossibility to have a precise contror 2f sulfation pattern in GAGs from different sources.
Indeed, sulfated GAGs show a sicnif.~=nt structural heterogeneity in terms of sulfate groups
distribution along the polysacc: ariae chain. This depends not only on animal species and tissue
but also on the physio-pathoicaical conditions of the individual animal [6,7].

The above mentioneu cuncerns fueled in the last two decades a constantly increasing interest in
accessing sulfated GAGs without employing any animal sourced material [8-10]. In this frame,
chemical and chemo-enzymatic syntheses of several sulfated GAG oligosaccharides and low
molecular weight polysaccharides have been reported [11-13]. Alternative approaches based on
microbial cell factories [14-16] or hybrid microbiological-chemical strategies have been
successfully exploited too [17, 18]. A complementary research field towards the same goal is
the production of sulfated GAG mimics and analogues [19,20]. This represents a very

promising topic as the obtained compounds could not only show similar structure and



bioactivities of naturally occurring sulfated GAGs, but also display improved properties that
could enlarge their therapeutic applications. Indeed, the obtainment of a huge number of
sulfated GAG mimics and analogues has been gained, mainly by chemical sulfation of
polysaccharides from sustainable sources (plants, algae, microbes) [21,22]. The reaction is
often performed under non regioselective conditions, thus allowing no access to a defined and
controlled sulfation pattern in the obtained polysaccharide derivative. Therefore, detailed
structure-activity relationships, relying mainly on sulfation code in naturally sulfated GAGs,
cannot be inferred for artificially sulfated polysaccharides 1. some cases, persulfated
polysaccharide derivatives are obtained. Such products are oi1.n 1ess interesting, because a too
high level of negative charges within the polysacchariu> can induce undesired, overactive
responses, as clearly demonstrated in the case of per-C sulfated chondroitin [23]. For these
reasons, the chemical research in the fielc as been focused on the development of
regioselective methods converting poly <ac.narides from sustainable sources into sulfated
derivatives having a well-defined distn.'ition of sulfate groups within the repeating unit of the
polymer chain. To this aim, the tnic~! strategies are either to research direct, regioselective
sulfation reactions or to tai:nr 1aulti-step semi-syntheses having as key reaction the
regioselective insertion of scitzple protecting groups on the sites that are not intended for
sulfation [24].

Among several polysaccharides subjected to such strategies, some of them are of particular
interest because they show, already in their native form, a chemical structure very similar to
GAGs [25-27], although without any sulfate groups decorating it. Among them, diabolican is
the exopolysaccharide (EPS) produced by Vibrio diabolicus HE800 strain, a mesophilic
bacterium firstly isolated from the polychaete annelid Alvinella pompejana collected from a
deep-sea hydrothermal field [28]. It has showed interesting bioactive properties for skincare

applications, i.e. promotion of fibroblast proliferation and migration and production of



extracellular matrix [29]. Diabolican has been also employed as starting material in a recent
study aimed at installing sulfate groups on its GAG-like structure [30]. Measurement of the
binding affinity between the obtained sulfated polysaccharide derivatives and a set of six
growth factors, revealed a much stronger binding for the per-O-sulfated derivatives with respect
to the polysaccharides having a low sulfate content. Furthermore, a per-O-sulfated derivative
was very recently shown to be efficient in preventing brain inflammation and metabolism
failure in mucopolysaccharidosis 111A mice [31]. However, less sulfated diabolican derivatives
with specific sulfation patterns may offer the possibility to finei,” tune the binding affinity
towards signaling proteins with more selective interacticis ~nen compared to oversulfated
derivatives. To this aim, the semi-synthesis of a new -et of diabolican derivatives with
intermediate DS values leading to specific sulfation patw.ns has been undertaken in this work.
Their affinity for some growth factors, re'av.nt for biomedical applications, has been

investigated too.

2. EXPERIMENTAL SECTIOM

2.1. General methods. Ccmmeccial grade reagents and solvents (HPLC-grade pure,
including water) were used ‘itaout further purification, except where differently indicated.
Dialyses were conducte ™ uir Spectra/Por 3.5 kDa cut-off membranes at 4°C. Centrifugations
were performed with an Eppendorf (Hamburg, Germany) Centrifuge 5804R instrument at 4°C
(4600 g, 5 min). Freeze-dryings were performed with a 5Pascal (Trezzano sul Naviglio, Italy)
Lio 5P 4K freeze dryer. Elemental analyses were performed on a ThermoFisher Scientific
(Waltham, MA, USA) Flash Smart V CHNS/CHNS instrument, using sulfanilamide as
calibration standard.
The weight-average (Mw) and number-average (Mn) molecular weights were determined using

high-performance size-exclusion chromatography (HP-SEC) coupled with a multi-angle laser



light scattering detector (MALLS, Dawn Heleos-11, Wyatt Technology, Santa Barbara, CA,
USA) and a differential refractive index (RI) detector (Optilab Wyatt technology, Santa
Barbara, CA, USA). HP-SEC system was composed of an HPLC system Prominence
(Shimadzu, Kyoto, Japan), a PL aquagel-OH MIXED, 8 pm guard column (7.5 x 50 mm,
Agilent Technologies, Santa Clara, CA, USA), and a PL aquagel-OH MIXED separation
column (7.5 x 300 mm, Agilent Technologies, Santa Clara, CA, USA). Samples (in duplicate)
were eluted with aqueous 0.1 M NH4OAc at 1 mL/min flow rate. Molecular weights were
calculated using a refractive index increment characteristic of ~aly~accharides, dn/dc = 0.145
mL/g.

IR spectra of diabolican derivatives were recorded 1<u.,2 VERTEX 70 FTIR spectrometer
(Bruker, Billerica, MA, USA) in ATR mode in the range 4000-500 cm™t. NMR spectra were
recorded on a Bruker (Billerica, MA, USA) Aa ~e 111 HD (*H: 400 MHz, *3C: 100 MHz) or
on a Bruker Avance-111 (*H: 600 MHz, ¥'C: “.50 MHz) instrument — the latter equipped with a
cryo-probe — in D20 (acetone as interna standard, *H: (CH3)2CO at & 2.22 ppm; *C:(CH3)2.CO
at 8 31.5 ppm) or DMSO-ds (*H: £:1L.50CDs at § 2.49 ppm; *C: CD3SOCDs at § 39.5 ppm).
Data were processed using the .'ata analysis packages integrated with Bruker TopSpin® 4.0.5
software. Gradient-selectcd CC3Y, TOCSY and NOESY experiments were performed using
spectral widths of 6000 . 'z in both dimensions, using data sets of 2048 x 256 points. TOCSY
mixing time was set to 120 ms. *H,**C-DEPT-HSQC and ‘H,**C-HSQC-TOCSY experiments
were measured in the *H-detected mode via single quantum coherence with proton decoupling
in the *C domain, using data sets of 2048 x 256 points and typically 100 increments. The
mixing time for *H,*C-HSQC-TOCSY was set to 120 ms.

Transforming Growth Factor-B1 (TGF-B1), Bone Morphogenetic Protein-2 (BMP-2), Vascular
Endothelial Growth Factor (VEGFies) and Fibroblast Growth Factor-2 (FGF-2146) from

PeproTech (ThermoFisher Scientific, Waltham, MA, USA) were covalently immobilized



(3400-4800 RU) to the dextran matrix of a CM5 sensor chip (Cytiva, Washington, DC, USA)
by amine coupling, as recommended by the manufacturer at a flow rate of 5 uL/min. Binding
assays of diabolican derivatives were performed in 10 mM HEPES at pH 7.4 containing 150
mM NaCl and 0.005% P20 surfactant (HBS-P buffer, Cytiva, Washington, DC, USA) by one-
cycle kinetic titration. Five increasing concentrations (12 — 37 — 111 - 333 — 1000 nM) were
injected (injection time =180s) at 30 uL/min. After a dissociation time of 600 s coated surface
was regenerated using 4.5 mM NaOH. All the sensorgrams were corrected by subtracting the
low signal from the control reference surface and buffer blanv injoctions. From the resulting
sensorgrams, KD were evaluated using a bivalent fitting mae' Trom T200 evaluation software
(Cytiva, Washington, DC, USA).

2.2. Native and LMW diabolican. Native diabohcan was produced by the deep-sea
hydrothermal vent bacterium V. diabolicus in a . ‘orzactor, according to previously published
studies [28,31]. LMW diabolican was f -ep-.red using free-radical depolymerization process
followed by purification through gel fn.-ation chromatography, as already described [29].

2.3. Derivative 2. Derivative 1 20, (".7.3 mg) was suspended in dry methanol (3.5 mL) and
then treated with a 2.0 M solu>ion (0.7 mL) of (trimethylsilyl)diazomethane (TMSCHN) in
diethyl ether (Et.O). After 2 ~ovrs stirring at room temperature, a second aliquot (0.7 mL) of
the TMSCHNg solutior *vas added. After further 2 hours stirring, the yellow reaction mixture
was treated with diisopropyl ether (20 mL) to afford a white precipitate that was collected by
centrifugation and dried under vacuum to give derivative 2 (11.6 mg, 42% weight yield).

2.4. Derivatives 3-5. Derivative 1 [30] (20.8 mg) (or 2 for the semi-synthesis of 5) was
suspended in dry N,N-dimethylformamide (DMF, 0.8 mL) and then treated with t-butyl-
dimethylsilyl chloride (TBDMSCI, 12.5 mg) or triisopropylsilyl chloride (TIPSCI, 15.8 mg)
and imidazole (16.3 mg). The reaction mixture was stirred overnight at 50°C. Thereafter, it was

cooled to room temperature and treated with diisopropyl ether (3.5 mL). The obtained



precipitate was collected by centrifugation and dried under vacuum to give derivative 3 (16.1
mg, 77% weight yield) or 4 (30.8 mg, 148% weight yield) or 5 (14.5 mg, 70% weight yield).

2.5. Derivatives 6-8. LMW diabolican [30] (20.5 mg) was dissolved in water (1.0 mL) and
passed through a short Dowex 50 WX8 column (H* form, 20-50 mesh, approx. 4 cm?®). Elution
with water was continued until a neutral pH of the eluate was detected. The eluted fraction was
freeze-dried to give a white solid (20.5 mg), that was stirred at 80 °C for 1 hour in dry DMF
(1.0 mL) to give a homogeneous solution. This was then treated at room temperature with
anisaldehyde dimethyl acetal (p-OMe-PhCH(OCHBa)2, 45 ul ), u.ot was dried over freshly
activated AW-300 4A molecular sieves. A freshly preparea 2.87 M solution of CSA in dry
DMF (7.3 puL) was then added and the reaction mixti'>> wos heated at 80 °C. After overnight
stirring, it was cooled to room temperature and, fur t.> semi-synthesis of 6, treated with
diisopropyl ether (5 mL) to give a yellowish p.ec.:iate. The mixture was stored at —28 °C for
some hours, then the solid was collecteu "W centrifugation and dried under vacuum to afford
derivative 6 (26.6 mg, 130% weight yieirl\.

Conversely, for the semi-synth~..is L7 8, after overnight stirring at 80°C and cooling to rt, the
reaction mixture was one-pot tivted with a 2:1 v/iv CH3CN-DMF mixture (750 uL) and then
triethylamine (EtsN, 74 r., acetic anhydride (Ac20, 100 pL) and 4-dimethylaminopyridine
(DMAP, 1.2 mg) were uonsecutively added. After overnight stirring at 50°C, the reaction
mixture was cooled to room temperature and then treated with diisopropyl ether (10 mL) to
afford a brownish precipitate. The mixture was stored at —28 °C for some hours, then the solid
was collected by centrifugation and dried under vacuum to afford derivative 7 (25.5 mg), that
was dissolved in a 9:1 v/v mixture (1.0 mL) of acetic acid (AcOH) and water and stirred at 50°C
for 48 hours. The reaction mixture was then cooled to room temperature, diluted with water
(3.0 mL), dialyzed and freeze-dried to afford derivative 8 (18.7 mg, 91% weight yield from

LMW diabolican).



2.6. Derivative 10. Compound 1 [30] (25.2 mg) was stirred under an argon atmosphere at 85
°C for 1 hour in dry DMF (1.0 mL) to give a homogeneous solution, that was then cooled to
room temperature, treated with benzoic anhydride (Bz20O, 138 mg) and then heated to 85°C.
After 24 hours stirring, the solution was cooled to room temperature and treated with dry
pyridine (870 puL) and DMAP (5.0 mg). The yellowish solution was stirred for 68 hours and
then treated with methanol (870 uL) and sodium acetate (NaOAc, 2.5 mg). After 26 h stirring
at room temperature, the reaction mixture was diluted with methanol (2.4 mL) and then
concentrated by rotoevaporation to approximately 2 mL in veiume. Cold diisopropyl ether (5
mL) was added to the residue, to give a slightly yellow pr :cip:tate. The mixture was stored at
—28 °C for some hours, then the solid was collected by 2en:-ifugation and dried under vacuum
to afford derivative 10 (32.0 mg, 127% weight yield).

2.7. Derivatives SD-5-7. Compound 6 (24.< my, (or 8 or 10 for the semi-synthesis of SD-6
or SD-7, respectively) was stirred for fe. * riinutes at 50 °C in dry DMF (675 mL) to give a
yellowish, homogeneous solution, that w2s then cooled to room temperature and treated with a
0.42 M solution of pyridine—sulf.. tr.oxide complex (SOs-py) in dry DMF (1.3 mL). After
overnight stirring at 50 °C, a coi' saturated NaCl solution in acetone (7 mL) was added at room
temperature and the mixti’:> ws then stored at -28 °C for some hours to give a precipitate, that
was collected by centni'gation and then dissolved in pure water (2.0 mL). For the semi-
synthesis of SD-5, the resulting acid mixture (pH ~ 2) was heated to 50 °C and stirred for 2
hours. Thereafter, the mixture was cooled to room temperature and neutralized with a 33% w/v
NaOH aqueous solution. After dialysis and freeze-drying, sulfated polysaccharide SD-5 (24.6
mg, 102% weight yield) was obtained as a slightly yellow solid, that was further purified for
biological assays by consecutive filtration on two C-18 silica gel cartridges.

For the semi-synthesis of SD-6,7, the acid mixture resulting after suspending the sulfated

precipitate in water, was directly treated with a 33% w/v NaOH aqueous solution to alkaline



pH (= 12). After overnight stirring at room temperature, the resulting homogeneous solution
was neutralized with 1M HCI, dialyzed and freezed-dried to afford SD-6,7. Their further
purification was performed as described above for derivative SD-5.

2.8. Degree of sulfation. For the evaluation of the DS by CHNS elemental analysis, SD-5-7
samples (~2-3 mg) were weighted and mixed in a tin capsule with V>Os as oxidizer. They were
then combusted in a furnace with the following set of parameters: temperature furnace = 950
°C, temperature oven = 65 °C, He carrier flow = 140 mL/min, O flow = 250 mL/min flow,
oxygen injection end = 3 s, sampling delay time = 12 s, run tie - 720 s. Experiments were
performed for each sample in duplicate. DS values were cr.icu:ated according to Eq. (1) (mc =
atomic mass carbon, ms = atomic mass sulfur, nc = nur*er ~f carbon atoms per repeating unit).

DS = [(%S x mc x nc)/(%C x ms)] Ej ()

3. RESULTS AND DISCUSSION

3.1. Semi-synthesis.

Native diabolican has a high mz'ec:*lar weight polysaccharide chain (> 1 MDa) showing a
tetrasaccharide repeating unit c~mposed of -1—4-GIcNAc, two consecutive -1—4-linked
GIcA and o-1—3-GalM.,"~ .esidues (Fig. 1) [32, 33]. After its partial, free-radical
depolymerization to give a low molecular weight (LMW) polysaccharide (Mw = 24.0 £ 0.1
kDa), the application of either an exhaustive sulfation reaction [34] or some regioselective
approaches afforded a set of four sulfated diabolican derivatives (SD-1-4, Fig. 1), with different
molecular weight distributions and/or degrees of substitutions (DSs) [30]. In particular, the
latter parameter — defined as the average number of sulfate groups per polysaccharide repeating
unit — was equal to 8 in the case of per-O-sulfated derivatives SD-3 and SD-4, i.e. all the eight
available sites per tetrasaccharide repeating unit were decorated with sulfate groups.

Conversely, derivatives SD-1 and SD-2 showed a low DS value (1 and 1.5, respectively).

10



The obtainment of diabolican derivatives with intermediate DS values was tackled in this
work by testing properly tailored, multi-step semi-synthetic sequences. These relied upon the
regioselective introduction of protecting groups at some of the eight hydroxyls of diabolican
repeating unit, followed by sulfation of the still unprotected alcohol moieties and then by
deprotection of the sulfated polysaccharide derivative. The protection of diabolican with
sterically hindered protecting groups was firstly tried, in order to protect the most accessible
positions of the polysaccharide. To this aim, two silyl ether protecting groups (t-
butyldimethylsilyl, TBDMS and triisopropylsilyl, TIPS) were sei>cted on the basis of their
successful employment on polysaccharides such as cellulose |?5] and alginate [36]. Therefore,
after a cation exchange step converting LMW diabolican 1 *a its n-tetrabutylammonium (TBA)
salt 1 [30], the latter was treated with TBDMSCI or T1:.>SCI in the presence of imidazole in
DMF (Scheme 1). After purification by prezig ta’ion, obtained derivatives 3 and 4 were
subjected to *H-NMR analysis. This shc vec the absence of any silyl ether moiety covalently
linked to the polysaccharide, as no siy.ificant signal was detected in the typical regions for
SiCHs (at approx. 0.0-0.1 ppm) an” Si ©A(CHz)2 (at approx. 1.0-1.1 ppm) moieties of TBDMS
and TIPS groups, respectively ‘Fig. S2-S3 in Supporting Information). The same result was
observed by performing the TROMS installation on diabolican methyl ester derivative 2 (Fig.
S4 in Supporting Infon.:auun), that could be obtained in turn by treating 1 with trimethylsilyl
diazomethane (TMSCHN?) in a methanol-ether mixture (Scheme 1).

A second approach to the regioselective protection of LMW diabolican relied upon the
employment of cyclic protecting groups (Scheme 2), in order to protect two reactive moieties
of the polysaccharide repeating unit in a single step. In particular, a p-methoxy-benzylidene
acetal group was selected among the several cycling protecting groups already developed in
synthetic carbohydrate chemistry [37]. p-Methoxy-benzylidene rings are known to protect

preferentially 1,2-cis-configured diols and 1,3-diols composed of at least one primary hydroxyl
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group. Diabolican repeating unit contains only a single example of the latter kind of diols, i.e.
at positions 4 and 6 of GICNAc residue. Therefore, the p-methoxy-benzylidenation reaction on
LMW diabolican conducted with p-OMe-PhCH(OCHz3), and CSA in DMF at 80°C was
expected to afford the regioselective protection of GIcNAc hydroxyls without any reaction on
the other six alcohol moieties of diabolican repeating unit. The presence of p-methoxy-
benzylidene rings on 6 was confirmed by its *H-NMR spectrum, that showed some signals in
the region between 6.80 and 7.60 ppm, clearly ascribable to the aromatic ring of the cyclic
protecting group (Fig. 2). The successful p-methoxy-benzylif~naion reaction was included
also in a three steps, two pot sequence [38]. This consised In the cyclic protecting group
installation, followed by acetylation of the secondary hvuraxyl groups on GIcA and GalNAc
residues and then by chemoselective cleavage of the r -miothoxybenzylidene rings to restore the
diol moiety on GIcNAc units. This sequence 'v.. e~ \pected to afford derivative 8 with a free
hydroxyl groups pattern complementary 0 d.rivative 6. The presence of acetyl ester groups in
the structure of 8 was confirmed by u.~ signals at 1.96-2.15 ppm in its *H-NMR spectrum.
Instead, no signals were detecter ir. tae aromatic region, thus confirming the successful
cleavage of the p-methoxybenz ‘lidene protecting groups (Fig. 2).

A third approach to protect <ome defined positions of LMW diabolican repeating unit was
based on an intramorec.'lar reaction, involving the carboxylic acid and the alcohol group at
position 3 of GICA residues, to form a lactone ring. This reaction has been recently transferred
with success from monosaccharides to polysaccharides field [39], by employing Bz>O in DMF
at 85°C. Therefore, it was conducted on LMW diabolican under such reaction conditions,
followed by one-pot treatments firstly with DMAP and pyridine at room temperature to allow
the benzoylation of all the free hydroxyls and then with sodium acetate and methanol to cleave
the lactone rings on GIcA units. This three step, one pot procedure was expected to afford

derivative 10, having all the reactive moieties of diabolican repeating unit protected as esters
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but the hydroxyls at position 3 of the two GIcA residues (Scheme 2). The presence of Bz esters
in the structure of 9 was confirmed by its *H-NMR spectrum, displaying a group of intense,
broad signals in the region between 7.2 and 8.1 ppm, typical for Bz esters phenyl rings (Fig. 2).

Partially protected diabolican derivatives 6, 8 and 10 were subjected to sulfation under

standard conditions with SOs- py in DMF at 50 ° C, followed by a treatment under acid or

alkaline aqueous conditions, in order to remove the p-methoxy-benzylidene protecting groups

of 6 or the ester moieties of 8 and 10, respectively, and afford the target derivatives SD-5-7

(Fig. 3).

3.2. Structural characterization. After purificatiz.. b, dialysis, products SD-5-7 were
subjected to a multi-technique structural analysis. Firs., the'r weight-averaged molecular weight
(Mw) and dispersity were evaluated by HP-SEC.-Iv.."LLS analysis. My values were found to be
slightly to significantly shortened with reser,( to starting LMW diabolican, although a dramatic
fragmentation of the polysaccharide ch.’n was not noted in all cases (Table 1). Similarly, a
slight to significant increase of di..~rs:ly was detected. With respect to the decoration of SD-
5-7 structures with sulfate group.~ this was ascertained by CHNS elemental analysis and ATR-
FT-IR spectroscopy. The *2vn.Z, investigation confirmed, for all the three derivatives, not only
the presence of sulfur aies in their structures but also intermediate DS values spanning from
1.27 to 3.85, as pursued. Infra-red spectroscopy analysis confirmed that sulfur atoms were
embedded in sulfate groups. This was clearly indicated by the appearance of signals at 1218-
1226 and 804-806 cm™ in the ATR-FT-IR spectra of SD-5-7, not present in LMW diabolican
one and accounting for asymmetric O=S=0 and symmetric C-O-S stretching vibrations,
respectively (Fig. S22 in Supporting Information).

In order to gain insights on sulfate group distribution on SD-5-7 backbones, *H- and 2D-

NMR spectra were measured for these derivatives. Both their *H and *H,**C-DEPT-HSQC
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spectra (Fig. S9, S12 and S17 in Supporting Information) did not show any signal ascribable to
non-polysaccharide, contaminant species. This attested a satisfying purity grade for all the three
derivatives. As for the *H,"*C-DEPT-HSQC spectrum of AS-5 (Fig. 4A), its comparison with
LMW diabolican one (Fig. S10 in Supporting Information) clearly revealed the *H- and *3C-
downfield shift of a single methylene signal associated to primary positions of aminosugars, in
particular the one related to CH atoms at position 6 of GalNAc residues. This suggested, as
expected, that this position was quantitatively sulfated in SD-5, while GICNAc primary
hydroxyls were not sulfated at all. As for the anomeric signals, the most *H-downfield shifted
one at dHic 5.56/96.2 was easily assigned to GalNAc units d'.e o their exclusive a-configuration
among anomeric sites of diabolican repeating unit (T=b\> 2). This signal displayed a clear
COSY correlation (Fig. 4B) with the two most 2*C-uv sfie; shifted CH signal at Spc 4.57/47.8
and 4.45/47.8, that could both assigned to CH «rouzs on the nitrogen atom of GalNAc residues,
evidently affected by two slightly differe, * rnemical environments. By the analysis of HSQC-
TOCSY signals correlating with GalNAc anomeric signal, a single signal related to CH atoms
at position 3 of GalNAc units cova be found at Swic 4.44/74.7 (Fig. 4A). Its marked 'H- and
13C- downfield shift with respacy *o the signal at Swic 3.89/69.2 [30] associated to the same CH
atoms in LMW diabolica:i, .~vealed that GaINAc O-3 atom was quantitatively decorated with
a sulfate group in SD-b, in agreement with the semi-synthetic strategy to obtain it. The
homogeneity of the 3,6-disulfation pattern on GalNAc units suggested that the different
chemical environment splitting their CH-2 atoms in two magnetically different populations was
due to a structural heterogeneity on vicinal units, i.e. GIcNAc or GIcA residues. The former
showed all the signals neither *H- nor *C-downfield shifted with respect to the starting
polysaccharide, therefore confirming the expected absence on any sulfate group installed on
GIcNACc units. Conversely, the signal of anomeric CH atoms of the two GICA residues were

split in three different peaks. The most intense one (GIcA CH-1) resonated at 6n/ic 4.93/100.0
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and the other two (GIcAn and GlcAi CH-1) at dn/c 5.07/100.2 and 4.80/102.2, respectively
(Table 2 and Fig. 4A). The three peaks were all *H-downfield and 3C-upfield shifted with
respect to GICA anomeric signals in unsulfated LMW diabolican (at dnic 4.68/104.7 and
4.53/104.2) [30]. This behavior [40] suggested that GIcA;.mi units were all derivatized with
sulfate groups at positions 2 and/or 3. Since the anomeric signals for GIcA; and GlcA showed
a similar intensity, that was lower with respect to the GICA, one, a heterogeneous sulfation
pattern for one of the two GIcA residues of SD-5 could be hypothesized. This was confirmed
by detecting the GlcA. H-1-H-2 cross-peaks in COSY spzciruni and the HSQC-TOCSY
signals correlating with GIcA...u1 anomeric signals. Indeed it \ ‘as possible to locate the CH-2
signal of GIcA, and GlcAy at much higher *H and *Z ~hemical shift values (Suic 4.33/77.2)
with respect to GIcAu one (Skic 3.60/72.2). Since tr.e *H chemical shift value assigned to the
former was close to the one reported for LM/ per-O-sulfated diabolican (81 4.42-4.46 [30];
see also Fig. S11 in Supporting Informau: ), GlcA; and GIcAi were both assigned as 2,3-
disulfated residues. Conversely, Glc”.« could be recognized as a 3-sulfated unit because its
CH-3 atoms — but not CH at posit'on 2 - showed a marked H- and **C-downfield shifted signal
at onic 4.49/81.6 (as detected v '-1-H-3 cross-peak in TOCSY spectrum and by CH-1-CH-3
correlation in HSQC-TCO/CS 7 spectrum) with respect to unsulfated LMW diabolican (8n/c
3.60/78.3). This suggester. an unexpected, heterogeneous sulfation pattern for either GIcCNAc-
or GalNAc-linked GIcA residue. The GIcNAc-H-1-GlcAi-H-4 cross-peak at onn 4.66/4.39 in
NOESY spectrum together with the HSQC-TOCSY signal at dwn 4.39/100.0 allowed to
discriminate between these two possibilities. In particular, they revealed that GIcNAc-linked
GIcA residues were 2,3-di-O-sulfated, while GalNAc-linked GIcA units were all sulfated at
their 3-O-position and only to a limited extent at O-2 site. The relative integration in the *H,3C-
DEPT-HSQC spectrum of the anomeric signal volumes for GlcAy and GlcAi allowed

estimating a 31:69 ratio for GalNAc-linked GIcA2,3S and GICA3S units in SD-5, assuming that
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the signals displayed similar *Jc 4 coupling constants and that a difference of around 5—8 Hz
from the experimental set value did not cause in any case a substantial variation of the integrated
peak volumes [41,42]. To summarize, by 2D-NMR analysis SD-5 was detected to have a
sulfation pattern in good agreement with the expected one (Table 1 and Fig. 3), i.e. with sulfate
groups placed on both GalNAc and the two GIcA residues of diabolican repeating unit, and no
sulfation on GIcNAC residues.

The distribution of sulfate groups decorating diabolican backbone was investigated by 2D-
NMR spectroscopy also for derivatives SD-6,7. *H and *3C ~heiical shift assignments are
reported in Table 2. DS values were estimated for any singl”: su'tated positions again by *H,*3C-
DEPT-HSQC peak volumes integration. For SD-6 a s!'!taion pattern complementary to SD-5
one was expected, i.e. with sulfate groups decorat’ng nositions 4 and 6 of GICNAc units
exclusively. Indeed, the presence of sulfate grau, < #n these sites was confirmed by 2D-NMR
analysis. Nonetheless, a quantitative de: vat.zation was found only for the primary position,
while only a 48% average amount of . Ifate groups was estimated for the GICNAc O-4 site
along the polysaccharide backbone Fu-t*iermore, an unexpected 51% average amount of sulfate
groups was found on GIcA O- positions, together with a minor amount (19%) estimated for
GIcA O-3 sites. Noteworthv, ~ vartial sulfation of GIcA O-2 positions was in agreement with
the non-quantitative sui. ~tiuin at the same sites in derivative SD-5. These complementary results
could be hypothetically ascribed to the formation of acyclic acetals protecting some GICA units
during the p-methoxy-benzylidenation reaction of LMW diabolican to 6 and 7, as already
reported for the acetalation of some polysaccharides (e.g. dextran [43] and E. coli sourced
chondroitin-like exopolysaccharide [44]). Nonetheless, further experimentation is necessary to
shed light on this point. It is beyond the scope of this work and will be reported elsewhere.

With respect to derivative SD-7, the employed strategy through intermediates 9 and 10

(Scheme 2) suggested the presence of sulfate groups placed at positions O-3 of GICA units.
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Instead, they could not be detected by 2D-NMR analysis. Conversely, sulfation was found to
occur at position 3 of some GalNAc residues and at position 4 of some GIcNAc units (Table 2,
Fig. 3 and S19 in Supporting Information). This unexpected sulfation pattern could be ascribed
to the absence of any 3,6-lactone rings in compound 9 (Scheme 2). Therefore, the following
benzoylation reaction was allowed to protect all the hydroxyls of diabolican backbone, leaving
the alcohol functionality still free only on some of the most plausibly hindered positions, i.e.
GalNAc O-3 and GIcNAc O-4 sites. Such unprotected positions were in turn derivatized with

sulfate groups in the subsequent reaction from derivative 10 to ~ro.'ct SD-7.

3.3. Binding affinity of diabolican derivatives with oro,.th factors.

Biological activities of sulfated GAGs result fre.n their protein-binding ability, allowing
regulation of both physiological and pathologi:al ..ocesses [45,46]. GAG-protein interactions
depend on several factors, including mo.>cular weight, degree and pattern of sulfate groups
present on the polysaccharide backbone. 't was recently shown that per-O-sulfated diabolican
derivatives (DS 8) strongly binc .nsiuvely charged growth factors, e.g. TGF-p1, BMP-2,
VEGF, GDF-5 and FGF-2 [3N]. ~or the same sulfation pattern, the binding affinity was higher
for the derivative with lo..cv in.olecular weight. In contrast, interactions between less sulfated
derivatives having a DS 1>nging from 0 to 1.5 and growth factors were considerably decreased
[30]. Herein, the binding affinity between diabolican derivative SD-5 and TGF-B1 and BMP-2
was only slightly diminished with respect to per-O-sulfated derivative SD-4 (Table 3).
Conversely, a much stronger binding was measured for FGF-2, not only with respect to SD-4
but also to heparin [30,47]. Binding between FGF-2 and heparin was shown to be based on
electrostatic interactions, hydrogen bonding and van der Waals forces, involving basic and polar
amino acid residues (K135, Q134, N27, R120, K119, K129). In particular, Q134 and N27

interacted with the critical sulfate groups placed at O-2 and N-2 atoms of L-iduronic acid (IdoA)
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and GIcNAc residues of heparin, respectively [48]. Furthermore, although the O-6 sulfate group
in GIcNAc was not directly involved in FGF-2 binding, in contrast to FGF-1 [49,50], its
presence was required to induce the interaction of FGF-2 with its FGFR receptor [51].
Analogously, sulfate groups at GIcA-O-2 and GalNAc O-6 positions in diabolican derivative
SD-5 could be responsible for its high FGF-2 binding affinity. Other sulfated positions on
GalNAc-0-3 and GIcA-O-3 may additionally contribute to the overall interaction with FGF-2.
Interestingly, for less sulfated derivatives SD-6 and SD-7, similar binding affinities in
comparison to SD-5 were measured toward TGF-f1, BMP-2 ar~ v CGF, while their interaction
with FGF-2 was considerably decreased (in the case of SU-C even to a weaker affinity with
respect to unsulfated LMW diabolican). Altogether, ne' u:~bolican derivatives of intermediate
DS with specific sulfation patterns and displayinr 1.2h binding affinities with some of
investigated growth factors, seem promising a- C A€, mimetic candidates for some biomedical

applications, especially in regenerative rr 2div.ine field.

4. CONCLUSIONS

Three derivatives of the GAG-I: ‘e didabolican polysaccharide, carrying sulfate groups at specific
positions of its repeating u.'t were obtained through multi-step, semi-synthetic strategies
relying upon a sequenu™ ur regioselective protection, sulfation and deprotection steps. The
structures of the obtained sulfated polysaccharides were fully characterized by ATR-FT-IR
spectroscopy, CHNS elemental analysis, HP-SEC-MALLS and 2D-NMR spectroscopy. The
structural analyses confirmed the pursued intermediate values for the global DS in all the three
cases, together with unprecedented sulfation patterns. The binding affinity for some growth
factors, relevant for biomedical applications (TGF-B1, BMP-2, VEGF and FGF-2), was then
measured for the starting polysaccharides and the three sulfated derivatives thereof. The

resulting structure-affinity correlation revealed — as expected — that the insertion of sulfate
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groups within diabolican backbone is generally able to increase the binding strength.
Noteworthy, within this frame some sulfation sites seemed to be much more effective than
others to trigger the protein-polysaccharide interaction, at least with the FGF-2 growth factor.
This result suggests a noteworthy, innovative conclusion, i.e. sulfation pattern could be a key
structural element for the selective interaction with signaling proteins not only in the case of
native GAGs, as already known, but also for GAG-like structures obtained by regioselective
sulfation of naturally unsulfated polysaccharides. Further efforts are currently underway in our
laboratories to prove this concept and find applications in the binrmeJical field, by enlarging the
scope of regiochemically sulfated derivatives of natura! pc'ysaccharides from sustainable

Sources.
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Table 1: Global yield and structural features of derivatives SD-5-7

Semi-synthetic Yield? Muw pP DS* Sulfation patternd
precursor [kDa]
LMW - - 240+ 1.36 + 0 -
diabolican 0.1 0.02
SD-5 6 132% 158+ 1.58 + 3.85+0.25/  GalNAc-0-3 (1;1)
0.6 0.11 5.31 GalNAc-0-6 (1; 1)
GIcA-0-2 (2; 1.31)
GIcA-0-3 (2; 2)
SD-6 8 2% 6.7+0.6 139+ 2.80+0.03/ GIcA-0-3(0; 0.19)
0.17 2.18 GIcA-O-2 (0; 0.51)
GlcNACc-0-4 (1;
0.48)
GIcNACc-0-6 (1; 1)
SD-7 10 41% 115+ 1.78 + 1.2,+0.16/ GalNAc-0-3 (0;
1.2 0.28 J.62 0.20)
GIcA-0O-3 (2; 0)
GIcNAc-0O-4 (0;
0.42)

a Overall weight yield calculated from starting LMW diabolicar..

b Calculated as the ratio between My, and M.

¢ Degree of sulfation (as average percentage amount of sul?u.> groups per diabolican repeating unit) evaluated by

CHNS elemental analysis (first value) or estimated by 2.0 NN R analysis (second value).

4 Values in parenthesis refer to DS per single site (avera = percentage amount of sulfate groups installed per single
position of the repeating unit) as expected theor:uc. lly \‘irst value; see also Fig. 3) or estimated by 2D-NMR
analysis (second value; see text for details). If .otk experimental and theoretical values were zero, the related

positions were omitted.
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Table 2: *H and 3C NMR chemical shift®" attribution of semi-synthetic derivatives SD-5-7 and

comparison with LMW unsulfated and per-O-sulfated diabolican polysaccharides [30]

Subunit 1 2 3 4 5 6 s(i)gtgglrs
556  4.45/457° 4.47 4.47 4.07 4.15/4.22
GalNAC3,65 97.8 494 758 747 703 69.8
—4)-GIcA2,35-(I—4)- 507 434 471424 o
GalNAC3,65 101.4 785 789787 "% NAG
—4)-GICA3S-(1—4)- 4.80 360 448 411
SD-5 )GaINACS,(GS ! 103.5 733 828 747" 12273’23937’/
GIcNAC-(1—4)- 491/495° 43414387493 442 4 e
GlcA2,35 101.6 785 776783 "%
GIeNAC 4.66 382 3.75 3.67 3.38 3.68/3.84
103.0 555 7.7 723772 618
524/543° 425 391-22 __3.66/380
GalNAc 98.7/09.1° 516 389776 ™% 611
—4)-GlcA-(1—4)- 4.68 347 500 3.74 3.83
GalNAc 104.4 742 1,4820764
—4)-GICA3S-(1—4)- 476 248 443406 4
GalNAC 1042 T2y 825774 "% NAC
D6 GICNAC4,65-(1—4)- 453 33 360375 4 203
GlcA 103.5 9 751773 "M% 5 0R123.6
GICNAC4,65-(1—4)- 4.60 433 369 oo ia
GlcA2S 103 846 ngddme e
430 378 4.44 3.93 4.19/4.56
GIcNAc4,65 2.0 550 M9'781735 684
GIcNAC6S .2?76 2'582 n.d.dn.d.¢ n.d.s 4'2677/4535
CalNAG 519/541° 427 3.89 4.23 3.84 3.67/3.83
J85/995° 516 689777717 612
- 5.42 448 453451 _,3.81/3.89
GalNAc3 98.5 206 7637409 616
—4)-GIcA (I- 4 469/475 347 360372 NAG
SD.7 GalNr.~ 103.8/1045¢ 744 753820 "% Son
GIGNAG “T—>3)-GlcA 1462.59 ?'ﬂ ?562 gfg ndd -  2.07/23.7
A 459 378 3.71 3.72 3.46 3.74/3.91
101.6 554 79.6 722 77.0 617
L icnacas 459 3.87 4.00 4.42 3.59 3.83/3.99
101.6 562 784781736 618
GalNAG 542 427 3.89 4.22 3.83 3.66/3.83
99.0 513 692776719 613
—4)-GlcA-(1—4)- 4.68 346 360367384 NAG
- GalNAc 104.7 746 753 82.6 76.6
LMW diabolican 2.00—
GIcNAc-(I—4)-Gle  +53 336 360375375 506034
2R 1042 745 753 80.7 77.9
GIeNAC 458 377 3.67 3.65 3.45 3.73/3.92
101.8 554 794725775 618
5.60 468 4.44 457 4.16 4.22/4.29
GalNAC3,65 97.5 485 766737701 695
4)-GIcA2,35-(I—4)- 515 442 481434
GalNAC3,6S n.d.d ndd 7867850
GICNAC4,65-(1—4)- 5.00 446 472 424 NAC
LMV\éigigl?(;;ﬁlfated GlcA2,3S 1023 ndd 781782™%° T 202236
GICNACA 6 4.80 401 411 449 3.92 421/463 2.10/23.7
' 100.9 552 76.079.2739 685
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2 NMR experiments conducted in D,O (600 MHz, 298 K).

b Chemical shift values are expressed in & relative to internal acetone (*H: (CH3),CO at & = 2.22 ppm; *C:
(CH3),CO at & = 31.5 ppm).

¢ These atoms show two signals at different *H and/or *3C-chemical shifts presumably due to a different structure
of a neighbouring residue.

4 Not determined.
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Table 3: Dissociation constant (Kd) values showing the binding affinity between diabolican

derivatives and growth factors.

Kd (M) TGF-B1

Kd (M) BMP-2 Kd (M) VEGF Kd (M) FGF-2

LMW diabolican [30] 9.110® 3510 1710 4.0 108
SD-4 [30] 4.8 1010 6.2 1020 7.710%0 2.610°
SD-5 3.410° 2.310° 2910 9.6 1020
SD-6 3.110° 5.810° 4110 >10°
SD-7 2.210° 4.210° 1310 4.6 108
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LIST OF GRAPHICS CAPTIONS

Figure 1: Chemical structure of diabolican polysaccharide and its already obtained sulfated
derivatives [30].

Figure 2: *H-NMR spectra of LMW diabolican (black) and semi-synthetic intermediates 6
(blue), 7 (red), 8 (green) and 9 (purple) (600 MHz, 298K, D,0O for LMW diabolican and 8 or
DMSO-ds for 6, 7 and 9).

Figure 3: Chemical structure of target sulfated diabolican derivatives (green or grey signs
indicate, respectively, the confirmation or not of sulfate groups ~t u.» expected positions; atom
labels enclosed in dotted lines indicate the detected sulfate o1 “ydroxyl group in disagreement
with the expected structure; see Table 1 for detected DS v.'ues per single site).

Figure 4: Zoomed superimposition of A) *H-NMR, *4- *C-DEPT-HSQC (black and red) and
'H-13C- HSQC-TOCSY (blue and green) and 3, -H-NMR, COSY (black), TOCSY (red) and
NOESY (green) 2D-NMR spectra (600 ! 1H-, 298K, D,0) of sulfated derivative SD-5 (GIcA|
= GIcNAc-1—4-GIcA2,3S, GIcAj = GIu2,3S-1—-4-GalNAc, GlcAin = GIcA3S-1—4-GalNAc;
densities enclosed in dotted lines v-2ve .~ egrated for GIcAn- GIcAy ratio estimation; only some
assignments and correlations ai. inaicated; see Table 2 for full chemical shift assignments).
Scheme 1: Multi-step aprraactes for the regioselective protection of LMW diabolican with
bulky protecting groups ‘highlighted in blue).

Scheme 2: Multi-step approaches for the regioselective protection of LMW diabolican with

cyclic protecting groups (highlighted in blue).
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