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Abstract

Shark fin, used as a food, is a rich source of glycosaminoglyans (GAGs), acidic polysaccha-
rides having important biological activities, suggesting their nutraceutical and pharmaceuti-
cal application. A comprehensive survey of GAGs derived from the fin was performed on 11
elasmobranchs, including several deep sea sharks. Chondroitin sulfate (CS) and hyaluronic
acid (HA) were found in Isurus oxyrinchus, Prionace glauca, Scyliorhinus torazame, Deania
calcea, Chlamydoselachus anguineus, Mitsukurina owatoni, Mustelus griseus and Dasyatis
akajei, respectively. CS was only found from Chimaera phantasma, Dalatias licha, and
Odontaspis ferox, respectively. Characteristic disaccharide units of most of the CS were
comprised of C- and D-type units. Interestingly, substantial amount of CS/dermatan sulfate
(DS) was found in the dried fin (without skin and cartilage) of Isurus oxyrinchus and Prionace
glauca. "H-NMR analysis showed that the composition of glucuronic acid (GlcA) and iduro-
nic acid (IdoA) in shark CS/DS was 41.2% and 58.8% (Isurus oxyrinchus), 36.1% and
63.9% (Prionace glauca), respectively. Furthermore, a substantial proportion of this CS/DS
consisted of E-, B- and D-type units. Shark CS/DS stimulated neurite outgrowth of hippo-
campal neurons at a similar level as DS derived from invertebrate species. Midkine and
pleiotrophin interact strongly with CS/DS from Isurus oxyrinchus and Prionace glauca, af-
fording K, values of 1.07 nM, 6.25 nM and 1.70 nM, 1.88 nM, respectively. These results
strongly suggest that the IdoA-rich domain of CS/DS is required for neurite outgrowth activi-
ty. A detailed examination of oligosaccharide residues, produced by chondroitinase ACII di-
gestion, suggested that the IdoA and B-type units as well as A- and C-type units were found
in clusters in shark CS/DS. In addition, it was discovered that the contents of B-type units in
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these IdoA-rich domain increased in a length dependent manner, while C- and D-type units
were located particularly in the immediate vicinity of the IdoA-rich domain.

Introduction

Glycosaminoglycans (GAGs) are a group of structurally related polysaccharides, found as the
carbohydrate moieties of proteoglycans (PGs) or as free chains in the case of hyaluronic acid
(HA). The GAG components of PGs are linear, sulfated polysaccharides containing hexosa-
mine and uronic acid (or galactose (Gal)) disaccharide repeating sequence and include chon-
droitin sulfate (CS), dermatan sulfate (DS), heparin (HP), heparan sulfate (HS), keratan sulfate
(KS) [1]. CS is composed of repeating disaccharide unit, [-4) GlcA (B1-3) GalNAc (B1-],,
where GlcA is glucuronic acid and GalNAc is N-acetylgalactosamine. DS is biosynthesized
through the action of glucuronyl C5-epimerase on CS, converting its GlcA to the CS epimer,
iduronic acid (IdoA). GAGs (CS, DS, HP, and HS) are covalently attached to serine residues of
a core protein through a linkage region tetrasaccharide GlcA-Gal-Gal-Xyl (where Xyl is xy-
lose). The repeating disaccharides of CS and DS can be sulfated at the C-2 position of GIcA or
IdoA and at the C-4 and/or C-6 positions of GalNAc in animals [2-6]. The content of IdoA in
a DS chain can range from a single IdoA residue to nearly 100% IdoA residues. The disaccha-
ride units in CS and DS are classified into five groups, GlcA/IdoA-GalNAc (4S) (A-type unit),
GlcA/IdoA-GalNAc (6S) (C-type unit), GlcA/IdoA (2S)-GalNAc (4S) (B-type unit), GlcA/
IdoA (25)-GalNAc(6S) (D-type unit) and GlcA/IdoA-GalNAc (4S, 6S) (E-type unit) and the
physiological function of CS and DS, such as differentiation, migration, tissue morphogenesis,
immune response, blood clotting and wound repair, depend on the binding between their sul-
fated oligosaccharides and the functional proteins in mammals [5,7-9].

GAGs have been purified from various animal tissues and their structures characterized to
understand their biological distribution and to explore new sources of polysaccharides contain-
ing unique structures. GAGs are widely distributed throughout the animal kingdom, and inver-
tebrate species are known to represent rich sources of these sulfated polysaccharides [10]. The
composition of IdoA in DS varies in animal species, tissues, and cell types. For example, CS/DS
derived from porcine skin, eel skin [11], marine clam [12], ascidian [13,14], hagfish notochord
[15], sea urchin [16] are comprised of repeating disaccharide units having a high IdoA content
(more than 80%) and the DS possess both anticoagulant and neurite outgrowth activities [17].
In contrast, CS/DS isolated from horse aorta [18], embryonic pig brain [19], mouse brain [20],
mouse skin [21] and HEK293 cells [22] have a low content of IdoA, and can associate with
growth factors such as pleiotrophin and midkine. These differences in the IdoA contents of
CS/DS chains are attributable to the levels of DS epimerases (DS-epil and -epi2) as well as DS-
specific 4-O-sulfotransferase (D4ST1) in Golgi apparatus of the cells comprising in each animal
species and tissue [2], however, the determinant responsible for the control of epimerization
activity in CS/DS biosynthesis is still unknown.

Recently, the structural sequence of bikunin CS and porcine skin decorin DS have been
solved using FT-ICR-MS analysis and the positions of the sulfate groups in bikunin CS and of
the IdoA residues in decorin DS localized to particular domains within the GAG chain [23,24].
Bikunin CS and decorin DS chains are composed of almost entirely of A-type units. From
these studies it still remains unclear whether chains of CS/DS that contain mixtures of A-, B-,
C-, D- and E-type units can be effectively sequenced.
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In the current study, a composition analysis of GAGs from the fin of 11 kinds of elasmo-
branchs, including deep-sea sharks, was systematically performed. As a result, we have identi-
tied CS/DS containing substantial quantities of A-, C-type units and small amount of B-, D-, E-
units from dried shark fin in Isurus oxyrinchus and Prionace glauca, and have analyzed both se-
quence and neurite outgrowth activity.

Materials and Methods
Ethics statement

H. Tejima, a fisherman, belongs to the Amaha Fisheries Cooperative in Futtsu, Chiba, Japan.
Fins from deep-sea elasmobranchs were kindly provided by him, before being processed as
food materials. No specific permissions were required to collect elasmobranchs for the study
area and the collected elasmobranchs did not involve any endangered or protected species.

All animal experiments were approved by the Institutional Animal Care and Use Commit-
tee of Chiba University and carried out according to the guidelines for Animal Research of
Chiba University.

Materials

Dried fins (without skin and cartilage) of Isurus oxyrinchus and Prionace glauca and raw fin
(without skin) of Prionace glauca were kindly provided by Mrs. T. Mano and T. Wada (Nihon
Pharmaceutical Co. Ltd.). Deep-sea elasmobranchs (sharks and rays) were collected by H.
Tejima through gill net fisheries at the mouth of Tokyo Bay off Kanaya, Chiba, Japan (35.17°N,
139.79°E; 200-300 m depths). Fins from those elasmobranchs were kindly provided by H.
Tejima, before being processed as food materials. Actinase E was from Kaken Pharmaceutical
Co., Ltd., Tokyo, Japan. Chondroitinase ABC (ChaseABC) from Proteus vulgaris, chondroiti-
nase ACII (ChaseACII) from Arthrobacter aurescens, unsaturated disaccharides (ADi-0S, ADi-
4S, ADi-6S, ADiUA-2S, ADi-diSg, ADi-diSg, ADi-diSp, ADi-TriS) and CS-E were purchased
from Seikagaku Corp., Tokyo, Japan. Dialysis membrane for desalting was from Spectrum
Medical (Los Angelis, CA, USA).

Isolation of glycosaminoglycans from shark fins

Shark fins (Fig. 1A) were lyophilized to dryness. Dried samples (~ 3-10 g) were cut into small
pieces that were homogenized with 4-volumes of acetone overnight. The precipitates obtained
by centrifugation were proteolyzed at 45°C with actinase E (10 mg/g dry powder) in 50 mM
Tris acetate (pH 8.0) for 18 h. After the proteolysis, B-elimination was performed with 0.5 M
NaOH containing 0.3 M sodium borohydrate (20 mL/g dry sample) at 4°C for 18 h. Samples
were treated with 5% perchloric acid and centrifuged, supernatant was dialyzed against water
at 4°C and crude GAGs were precipitated by addition of cetylpyridinium chloride (CPC, final
concentration, 0.1%) containing 0.03 M NaCl for 3 h at 4°C. The GAG-CPC complex was col-
lected by centrifugation at 2,300 x g for 15 min. The precipitate was washed twice with 0.1%
CPC. Crude GAGs were extracted from the GAG-CPC complex by addition of 2.5 M NaCl,
and the mixture was centrifuged at 2,300 x g for 15 min. Crude GAGs were precipitated from
the supernatant by addition of 4- volumes of cold ethanol for 16 h at 4°C and were collected by
centrifugation at 2,300 x g for 15 min. Finally, the collected crude GAGs were dissolved in
water, dialyzed against water, and freeze-dried. The GAG recovery for each sample is shown in
Fig. 1B.

Crude GAG (~ 10-20 mg of dry powder) in 2 mL water was applied at a flow rate 5 mL/min
on a HiPrep DEAE FF (16 mm i.d. x 100 mm, obtained from GE Healthcare Europe GmbH)
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B. Unsaturated disaccharide composition of crude GAGs in fins from 11 kinds of Elasmobranchii.

Unsaturated disaccharide (%) Total GAG amount

Elasmobranchii Source conditions ~ ADiHA  ADIOS  ADI4S  AD6S ADi-diSe ADidiSs ADidiSp ADiis  (MY/9d weigh)
Isurus oxyrinchus Dried fins (without 29.0 2.20 28.4 17.5 3.84 12.4 6.69 N.D. 7.7
— .~ Prionace glauca skin and cartilage) 33.6 10.6 30.8 13.4 1.77 6.93 291 N.D. 8.53

5 Raw fin (without
=" Prionace glauca Kin) ( N.D. 0.87 25.2 52.0 3.48 N.D. 18.4 N.D. 44.9
C skin
= Scyliorhinus torazame 6.66 9.08 223 4.8 3.03 3.37 13.7 N.D. 1.7
Chimaera phantasma N.D. 5.71 271 40.7 2.91 2.91 20.7 N.D. 22.0
Deania calcea 8.29 17.9 14.3 50.9 N.D. 2.82 5.85 N.D. 12.2
Dalatias licha N.D. 6.04 24.4 55.5 1.87 3.94 8.29 N.D. 8.46
B Whole fins

—~ Odontaspis ferox N.D. 3.91 23.1 57.1 0.82 1.46 13.7 N.D. 9.85
==~ Chlamydoselachus anguineus 20.1 317 12.8 295 1.18 2.89 1.75 N.D. 16.6
Mitsukurina owatoni 1.3 9.66 12.9 59.4 1.01 1.57 4.17 N.D. 37.3
~Mustelus griseus 7.83 6.34 29.6 325 2.55 2.39 18.8 N.D. 39.8
Dasyatis akajei Whole fin 2.92 4.02 29.8 424 0.82 1.75 18.3 N.D. 438

N.D.: not detected

Fig 1. GAG components from various kinds of Elasmobranchii. (A) Depiction of 11 kinds of Elasmobranchii. Position of fin samples used in this study are
shown in red. (B) Determination of disaccharide compositions of GAGs. Purification and unsaturated disaccharide analysis were performed as described
under “Materials and Methods”. Unsaturated disaccharide analysis was repeated twice with reproducible results.

doi:10.1371/journal.pone.0120860.g001

and fractionated to prepare highly sulfated CS/DS oligosaccharides. The eluents were (A)

50 mM sodium phosphate, (B) 2.0 M NaCl in 50 mM sodium phosphate, respectively. The gra-
dient program was 0-20 min (5% B), 20-120 min (5-100% B), and 120-140 min (100% B).
Fractionated samples were collected at 20 min-intervals, dialyzed, freeze-dried and kept stored
at4°C.

High performance liquid chromatography

Disaccharide composition analysis of GAGs was performed as follows. Crude GAGs (5 pg)

or fractionated CS (0.5 pg) were incubated in reaction mixture (35 pL) which was contained
28.6 mM Tris acetate (pH 8.0), 50 mIU of ChaseABC, 50 mIU of ChaseACII, respectively.
After 16 h at 37°C, depolymerized samples were boiled and evaporated, re-suspended in 10 pl
of water. Unsaturated disaccharides afforded on digestion with chondroitinase were deter-
mined by a reversed phase ion-pair chromatography with sensitive and specific post-column
detection with minor modifications [25]. A gradient was applied at a flow rate of 1.0 ml/min
on Senshu Pak Docosil (4.6 x 150 mm; Senshu Scientific, Tokyo, Japan) at 60°C. The eluent
buffers were as follows: A, 10 mM tetra-n-butylammonium hydrogen sulfate in 12% methanol;
B, 0.2 M NaCl in buffer A. The gradient program was as follows: 0-10 min (1% B), 10-11 min
(1-10% B), 11-30 min (10% B), 30-35 min (10-60% B), and 35-40 min (60% B). Aqueous
(0.5% (w/v)) 2-cyanoacetamide solution and 1 M NaOH were added to the eluent at the

same flow rates (0.5 ml/min) by using a double plunger pump. The effluent was monitored
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fluorometrically (excitation, 346 nm; emission, 410 nm). Measurement of HA contents in
crude GAGs was performed according to the method of Toyoda et al. [26]. High-performance
size exclusion liquid chromatography (HPSEC) was performed as described previously [27].

Effect of chondroitin/dermatan sulfate from shark fin on neurite
outgrowth

GAG pre-coating in 8-well chamber slide and evaluation of CS on neurite outgrowth were per-
formed according to the method of Mikami et al. [28] and Fongmoon et al. [29] with minor
modifications. Briefly, 8-well chamber slides (Nunc) were pre-coated with 50 pg/ml of poly-
DL-ornithine in 0.1 M sodium borate (pH 8.0) and then coated CS at the specified concentra-
tion at 4°C overnight. The mice were anesthetized with isoflurane, and the embryos were dis-
sected out. The hippocampus of embryonic day 16 (E16) mice were dissected and treated with
minimum essential medium alpha (MEMao.) containing 0.5% glucose, 0.01% DNase I and
0.25% trypsin. After incubation for 10 min at 37°C, cells were mildly dissociated and fetal bo-
vine serum was added to a final concentration of 20%. The cells, recovered by centrifugation,
were re-suspended with neurobasal medium containing B27 supplement, 2 mM glutamine,

25 uM glutamate and plated 16,000 cells/cm” on each well pre-coated with a defined substrate,
and cultured for 18 h. Almost of the neurons cultured for 18 h on the P-ORN-coated control
coverslip had some short neurite (<20 pm). The cultured cells were fixed with 4% paraformal-
dehyde for 30 min, washed three-times with phosphate buffered saline and permeabilized with
0.2% Triton X-100 for 30 min at the room temperature. The neurites were immunostained
with anti-microtuble-associated protein 2 (Sigma) and anti-neurofilament antibodies (Sigma),
and then the antibodies were detected using a Vectastain ABC kit (Vector Laboratories Inc.,
Burlingame, CA) with 3, 3’-diaminobenzidine as a chromogen. The stained cells on each well
observed under an Olympus BX51 microscope and images were acquired directly with a cooled
CCD camera DP70 (Olympus). Fifty cells with at least one neurite longer than the cell body
were chosen at random to determine the length of the longest neurite. At least six independent
experiments per condition were carried out.

Surface plasmon resonance (SPR)

Recombinant growth factors such as human pleiotrophin (PTN) and midkine (MK) were pur-
chased from Peprotech and R&D systems, respectively. The binding of GAGs to growth factors
was measured using a BIA 2000 optical Biosensor (GE Healthcare) as described previously
[30]. Briefly, recombinant growth factors were immobilized on a CMS5 sensor chip (GE Health-
care) according to the manufacturer’s instructions. GAGs prepared specified concentration
was applied to flow cells, and data was analyzed by BIA evaluation software (Version 3.0) using
1:1 Langmuir binding model.

Results
Comprehensive analysis of GAGs derived from elasmobranchs

We explored the GAG components in a variety of elasmobranchs including deep-sea sharks
and red stingray. Fins of elasmobranchs were collected from shortfin mako shark (Isurus oxy-
rinchus), blue shark (Prionace glauca), cloudy catshark (Scyliorhinus torazame), silver chimaera
(Chimaera phantasma), birdbeak dogfish (Deania calcea), kitefin shark (Dalatias licha), small-
tooth sand tiger (Odontaspis ferox), frilled shark (Chlamydoselachus anguineus), goblin shark
(Mitsukurina owatoni), spotless smooth-hound (Mustelus griseus) and red stingray (Dasyatis
akajei) (depicted in Fig. 1A). Birdbeak dogfish, kitefin shark, smalltooth sand tiger, frilled
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shark, goblin shark and spotless smooth-hound are found at depths below 200 m. Crude GAGs
were extracted from dried fins (without skin and cartilage) of shortfin mako shark and blue
shark, or from whole fins from cloudy catshark, silver chimaera, birdbeak dogfish, kitefin
shark, smalltooth sand tiger, frilled shark, goblin shark, spotless smooth-hound and red sting-
ray by actinase E digestion, and recovered by ethanol precipitation. The dried pellets (crude
GAGs) of each sharks and red stingray were weighed after dialysis and freeze-drying (Fig. 1B).
As aresult, 7.7 ~ 44.9 mg GAG/g of dry tissue were recovered. Crude GAGs were analyzed by
cellulose acetate membrane electrophoresis and visualized with alcian blue in the presence or
absence of chondroitinase ABC (ChaseABC) or chondroitinase ACII (ChaseACII) (S1 Fig.).
GAGs including one or two bands corresponding to the migration positions of HA or CS stan-
dards disappeared on ChaseABC or ChaseACII digestion. These results indicate that most of
the GAG present were CS and HA.

The disaccharide composition of GAGs derived from dried fins (without skin and cartilage)
in shortfin mako shark (Isurus oxyrinchus) and blue shark (Prionace glauca), after digestion
with ChaseABC and/or ChaseACII, was determined using reversed phase ion-pair chromatog-
raphy with sensitive and specific post-column detection (Fig. 2A). Substantial quantities of
ADi-0S, ADi-4S, ADi-6S and small amounts of ADi-diSg, ADi-diSg, ADi-diSp were observed in
GAGs isolated from both tissues. Interestingly, the ratios of ADi-4S to ADi-6S from dried fins

Shortfin mako shark Shortfin mako shark A 1 Shortfin mako shark
A (Chase ABC+ACIl) (Chase ACII) Shortfin mako shark A Shortfin mako shark (Fr. 5)
2
o
: 2
>
Z g ;
£ S
2 E b4
{ g 1
2 2| | | ® 2> 67
o z | J 2 & 5
: 2 | WL e : I
8 3 — 0 40 80 120 3
8 EEEREX g | HEEEES time (min) Bl EEENEE Y
3 Blue shark Blue shark 3 Blue shark 2
S| 4 (ChaseABC+ACH) 4 (ChaseACll) s S
= = Blue shark “ | Blue shark (Fr.3)
—_ 2
=
=]
o
2
= —_
k-] =
2 57 5 g 13
U = S
3 S | 2 3
s o
) JJ\ g
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Fig 2. Purification of CS/DS from shortfin mako shark and blue shark fin without skin and cartilage. (A) Determination of CS/DS in shark fins. Briefly,
5 pg of crude GAGs derived from samples were digested by 50 mU of ChaseACII and 50 mU of ChaseABC, and then resulting unsaturated disaccharides
were subjected to reversed-phase ion-pair chromatography with sensitive and specific post-column detection. Peaks: 1, ADi-0S; 2, ADi-4S; 3, ADi-6S; 4,
ADIUA-2S; 5, ADi-diSg; 6, ADi-diSg; 7, ADi-diSp. (B) Determination hyaluronic acid contents in crude GAGs. Unsaturated disaccharides obtained by
digestion with ChaseABC and ChaseACI| were analyzed by a graphitized carbon column and post column fluorometric detection. Peaks: 1, ADi-0S; 2, ADi-
HA. (C) Purification of CS/DS from crude GAGs. The crude GAGs (10 ~20 mg of dry powder) were purified on DEAE-cellulose column as described under
“Materials and Methods”. The dried powders obtained, after desalting and lyophilizing the 6 fraction samples, were weighed. (D) Chromatograms of
unsaturated disaccharides of CS/DS derived from shortfin mako shark (Fr. 5) and blue shark (Fr. 3). Peaks: 1, ADi-0S; 2, ADi-4S; 3, ADi-6S; 4, ADIUA-2S; 5,
ADi-diSg; 6, ADi-diSg; 7, ADi-diSp. Experiments were repeated twice with reproducible results.

doi:10.1371/journal.pone.0120860.9002
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(without skin and cartilage) are between 1.62 (short fin mako shark) and 2.30 (blue shark),
whereas that from fin (without skin) from blue shark (Prionace glauca) is 0.48 (Fig. 1B). When
digestion was performed with only ChaseACII, peak intensities of ADi-4S and ADi-diSg, de-
creased, indicating that GAGs from shortfin mako shark and blue shark was enriched in DS.
Since ADi-0S (coming from CS/DS) and ADi-HA (coming from HA) could not be separated
under our reversed phase ion-pair chromatography conditions, a graphitized carbon column
was used to separate ADi-0S and ADi-HA and a ADi-HA peak was observed (Fig. 2B). These
results demonstrate that crude GAGs consisted of ~30% of HA and the remaining GAG was
CS/DS (Fig. 1B). Crude GAGs were further fractionated by anion-exchange chromatography,
and each fraction was collected, desalted, lyophilized and weighed (Fig. 2C). Compositional
analysis of unsaturated disaccharides of both Fr. 5 (shortfin mako shark) and Fr. 3 (blue shark)
were carried out and results were shown in Fig. 2D. Unsaturated disaccharides of several kinds
of GAGs from other sharks were systematically analyzed as mentioned above (Fig. 1B). These
results demonstrate a characteristic disaccharide unit in most of these CS samples consisted of
C- and D-type unit.

Effect of DS derived from shortfin mako shark and blue shark on neurite
outgrowth

Highly sulfated chondroitin sulfate like CS-E, CS-D, CS-K and DS from various sources report-
edly exhibit neurite outgrowth-promoting (NOP) activity toward E16 embryonic mouse hip-
pocampal neurons [31]. Thus, we examined effect of shark CS/DS from Fr. 5 (shortfin mako
shark) and Fr. 3 (blue shark) on neurite outgrowth of E16 mouse hippocampal neurons

(Fig. 3). When CS-E was coated (0.5 pg/well) significant stimulation of neurite outgrowth was
observed compared with P-ORN-coated control. Hikino et al. reported that promotion of
neurite outgrowth of E18 rat hippocampal neurons required 2.0 pug/well coated CS-E [17].
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Fig 3. Effect of shark CS/DS from shortfin mako shark (Fr. 5) and blue shark (Fr. 3) on neurite
outgrowth. (A) Representative morphological features of E16 hippocampal neurons cultured with shark CS/
DS. E16 hippocampal neuronal cells (16000 cells/cm?) were cultured for 18h on various substrates coated on
P-ORN, fixed and immunostained as described under “Materials and Methods”. (B) The mean length of the
longest neurite was measured for more than 50 randomly selected neurons cultured on various substrates
(see “Materials and Methods”). The values obtained from six independent experiments are expressed as the
mean +S.E. Mann-Whitney’s U test was used to evaluate the significance of differences between means (**,
p<0.01).

doi:10.1371/journal.pone.0120860.g003
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However, cell toxicity was observed in the presence of more than 1.0 pg/well of CS-E under our
culture conditions. We speculate that some preparations of squid CS-E cause toxicity due to
the presence of minor amounts of K-type units [32]. The effective amount of shark CS/DS was
next explored and we observed that 1.0 pg/well displayed marked neurite outgrowth-promot-
ing effects, comparable to that observed using 0.5 pg/well of CS-E. However, when 2.0 pg/well
of shark CS/DS was coated, significant cell toxicity was observed (data not shown).

Since shark CS/DS can stimulate the neurite outgrowth of embryonic mouse hippocampal
neurons, we subsequently used a BIAcore system to analyze CS/DS interaction with selected
growth factors to confirm the mechanism of neurite outgrowth promotion by shark CS/DS
(Fig. 4A). Various concentrations of shark CS/DS or squid CS-E were submitted as an analyte
onto surface of a sensor chip coated with pleiotrophin or midkine to determine the association
and dissociation rate constants (k, and k) as well as the dissociation equilibrium constants
(Ky) (Fig. 4B). Squid CS-E displayed lowest K, values but shark CS/DS showed substantial
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B Kinetic parameters for the interaction of shark CS/DS with immobilized
pleiotrophin and midkine

Affinity parameter

Ligand Analyte K, (1/Ms) Kq (1/8) Kp (M)
Shortfin mako shark  1.41x 10°  8.81x 10* 6.25x 10°

Pleiotrophin  Blue shark 157x10° 295x10* 1.88x10°
Squid (CS-E) 353x10° 299x10* 847x 107"
Shortfin mako shark 2.35x 10°  251x 10* 1.07x 10°

Midkine Blue shark 2.24x10° 3.80x10° 1.70x107°
Squid (CS-E) 3.37x10° 3.97x10° 1.18x107°

Fig 4. Binding of CS/DS from shortfin mako shark (Fr. 5) and blue shark (Fr. 3) to immobilize to growth
factors. Various concentrations of shark CS/DS and squid CS-E (Seikagaku Corp., Tokyo, Japan) were
injected onto the surface of a pleiotrophin- or midkine-immobilized sensor tip. Sensorgrams obtained with
various concentrations of each shark CS/DS were evaluated using BlAevaluation 3.0 software. RU,
resonance units.

doi:10.1371/journal.pone.0120860.g004
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binding to growth factors. These results were consistent with the higher activity for neurite out-
growth observed for CS-E.

Structural analysis of CS/DS derived from shortfin mako shark and blue
shark

One dimensional ("H) NMR spectroscopy is well known as one of powerful tools for determi-
nation of monosaccharide composition in polysaccharides [33]. "H NMR spectroscopy was
used to determine the percentage of GlcA and IdoA residues in CS/DS from Fr. 5 (shortfin
mako shark) and Fr. 3 (blue shark) (Fig. 5). The anomeric H-1 (4.83 ppm), H-5 (4.63 ppm)
and H-2 (3.52 ppm) signals of IdoA observed were similar to the signals seen in commercial
DS from porcine skin or porcine mucosa [34]. The ratio of GlcA to IdoA in CS/DS from shark
fin was different from porcine tissues. The two predominant peaks for the H-1 of IdoA

(4.87 ppm) and the H-2 of GIcA (3.33 ppm) were used to determine the ratio of GlcA to IdoA.
The composition of IdoA and GlcA in CS/DS was 41.2% and 58.8% (shortfin mako shark),
36.1% and 63.9% (blue shark), respectively.

It has been reported that IdoA-rich domain exists in DS from mammalian tissues such as
porcine skin decorin [24]. However, 4S disaccharide content of decorin DS is quite high (88%).
Since shark CS/DS consisted of substantial quantities of other disaccharides, including ADi-6S,
ADi-diSg, ADi-diSp and ADi-diSp, shark CS/DS was partially depolymerized using ChaseACII
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Fig 5. One-dimensional TH-NMR spectra of CS/DS from shortfin mako shark (Fr. 5) and blue shark (Fr. 3).
doi:10.1371/journal.pone.0120860.9005
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to analyze oligosaccharide sequences. Oligosaccharide products rich in IdoA and the depoly-
merized sample was subsequently subjected to high-performance size exclusion liquid chroma-
tography (HPSEC) chromatography (Fig. 6A). The fractions containing resistant
oligosaccharides, enriched in IdoA (peak a), were collected and subjected to analysis by gradi-
ent (10-20%) polyacrylamide gel electrophoresis (PAGE) (Fig. 6B). The result of this analysis
showed various lengths of IdoA-rich domains in shark CS/DS. The gradient gels were cut (as
shown in the figure), crushed, and suspend in 2.5 M NaCl to isolate the different sized oligosac-
charides. The pellets obtained after ethanol precipitation of these extracted oligosaccharides
were desalted and dried. Disaccharide analysis of the different sized oligosaccharides was then
performed after digestion with ChaseABC (Fig. 6C). Interestingly, the contents of ADi-diSg (B-
type units) in these IdoA-rich domains increased in a length dependent manner, but ADi-4S
(A-type units) or ADi-diSg (E-type units) were found uniformly throughout these IdoA-rich
domains (Table 1). In contrast, the ADi-6S (C-type units) and ADi-diSp, (D-type units) con-
tents of each fraction decreased in a molecular weight-dependent manner. These results sug-
gested that C- or D-type units exist outside of IdoA-rich domains are present in small amounts
in the IdoA-rich domains. Finally, the disaccharide analysis of degraded samples obtained in
Fig. 6A was performed (Fig. 6D). The prominent disaccharide units of the most degraded sam-
ples were ADi-4S, ADi-6S and the minor disaccharide units were ADi-0S, ADi-diSg. The ADi-
diSy disaccharide was not observed. These results strongly indicate that linker region among
IdoA-rich domain was composed of A- or C-type units (GlcA-rich domain). Based on the
structural analysis using ChaseAClI], it is possible to estimate on the disaccharide sequence in
shark CS/DS (Fig. 7).

Discussion

We collected fins from 11 kinds of Elasmobranchii to better understand the biological distribu-
tion of GAGs and explore the sources of polysaccharides containing unique structures (Fig. 1).
Commercially available CS is usually prepared from shortfin mako shark and blue shark carti-
lage. In fact, total GAG amount in blue shark cartilage (raw fin without skin) is the highest
among 11 different Elasmobranchii examined (Fig. 1B). The disaccharide composition of the
CS and the GAG recovery from red stingray fin were comparable to that of blue shark cartilage.
These results suggest that red stingray fin might represent an alternative source of CS. CS pro-
teoglycan, especially aggrecan is known to be present in the connective tissues together with
HA, collagen, and other proteins and these biopolymers function to hydrate the tissue giving it
gel-like and elastic properties. Therefore, we examined deep-sea shark cartilage, including bird-
beak dogfish, kitefin shark, smalltooth sand tiger, goblin shark and spotless smooth-hound to
identify the CS containing unique structures. However, the disaccharide composition of CS,
from these species, was a typical form of CS-C or CS-D. Interestingly, degree of sulfation in CS
was very low in frilled shark.

We also found that substantial amounts of CS/DS were contained in the dried fin (without
skin and cartilage) of Isurus oxyrinchus and Prionace glauca. It has been reported that highly
sulfated DS have been found abundantly in lower marine organisms and that these exhibit
NOP activity and anticoagulant activity [13-17]. Shark CS/DS also showed NOP activity to-
ward mouse hippocampal neurons, despite their lower degree of sulfation than other previous-
ly reported DS samples (Figs. 1B and 3). It seems that the ratio of di-sulfated disaccharide in
DS rather than the sulfation pattern is important for its physiological function, as NOP activity
was not observed for porcine skin DS, which has a mono-sulfated disaccharide (IdoA-GalNAc
(4S)) as its predominant disaccharide unit (89%) [17]. In fact, the ratios of di-sulfated disaccha-
ride in DS from lower marine organisms are higher than that of any other CS or porcine-
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Fig 6. Determination of unsaturated disaccharide components in IdoA-rich fractions of different molecular weights. (A) Separation of IdoA-rich
domain and partially degraded samples by ChaseACIl. One mg of samples were subjected partial digestion with 1 unit of ChaseACIl at 37°C for 1 h and then
resulting degraded samples were fractionated by an HPSEC systems with an Asahipak 510HQ column (7.6 mm, i.d. x 300 mm) as described previously [27].
The fraction consisting of oligosaccharides contained an IdoA-rich domain as the GlcA-rich domains were degraded by ChaseACI|. (B) Separation of IdoA-
rich domain at the different molecular weight. Samples (0.1 mg) after digestion with ChaseACII were subjected by gradient SDS-PAGE (PAGEL NPG-1020L,
10-20%). The electrophoresis was performed as described previously [27]. (C) Determination of unsaturated disaccharides in IdoA-rich domain at the
different molecular weight. (D) Determination of unsaturated disaccharides in fraction b, c and d in Fig. 6A. Peaks: 1, ADi-0S; 2, ADi-4S; 3, ADi-6S; 4, ADiUA-
28S; 5, ADi-diSg; 6, ADi-diSg; 7, ADi-diSp.

doi:10.1371/journal.pone.0120860.g006

derived DS. For example, IdoA-GalNAc (4S, 6S) (iE-type unit) is a major disaccharide found in
DS from hagfish notochord (68%) and embryonic sea urchin (74%), while a significant amount
of IdoA-GalNAc (25, 6S) (iD-type unit) is found in Ascidian A. nigra DS (>90%) [14-16]. In-
terestingly, a high amount of IdoA-GalNAc (28, 4S) (B-type unit) is also found primarily in DS
from Ascidian S. plicat (66%) [13]. We suggest that oligosaccharides, consisting of a cluster of
di-sulfated disaccharides, especially B-type units present in shark CS/DS, can interact with
growth factors like midkine and pleiotrophin, which are important proteins for neurite out-
growth. Thus, it is important to analyze the oligosaccharide sequence of shark CD/DS contain-
ing substantial amount of di-sulfated disaccharides.

Sequence analysis of shark CS/DS was examined by partial digestion of ChaseACII (Fig. 6).
Based on the structural analysis using ChaseACII and an understanding of the CS/DS biosyn-
thetic pathway, we found that the IdoA and B-type units as well as A- and C-type units were
present in clusters in shark CS/DS. Furthermore, it was discovered that the contents of B-type
units in these IdoA-rich domains increased in a length dependent manner, while C- and D-
type units were located particularly in the immediate vicinity of the IdoA-rich domain (Fig. 7).

It appears that the acceptor substrate specificity of the C5-epimerase and sulfotransferase
enzymes is important determinants in the sequence of shark CS/DS. At first, the synthesis of
CS and DS begins with polysaccharide chain extension through the action of B-N-acetylgalac-
tosaminyltransferase-f-glucuronosyl transferases (Chysl, Chys2, and Chys3-like) [2,4]. The
glucuronic acid residue in DS is C5-epimerized to iduronic acid through the action of DS epim-
erase. The 4-position of N-acetylgalactosamine (4S) of chondroitin is sulfated by chondroitin
4-O-sulfotransferases (C4ST-1 or C4ST-2) and same position of dermatan is sulfated by der-
matan 4-O-sulfotransferase 1 (D4ST-1). The 4S sulfated product is subsequently sulfated at the
6-position by N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase (GalNAc4S6ST) producing
a disulfated product (E-type unit). In CS, the 6-position of N-acetylgalactosamine is sulfated by
chondroitin 6-O-sulfotransferase 1 (C6ST-1) [2,35]. The presence of iC- and iD-type units in
adult sea urchin and ascidian A. nigra have also been reported [14,16]. The GlcA residues of

Table 1. Unsaturated disaccharide compositions of oligosaccharides containing IdoA-rich domain at the different molecular weight.

Unsaturated disaccharide (%)

ADi-0S ADi-4S ADi-6S ADi-diSg ADi-diSg ADi-diSp ADi-TriS
Upper 3.53 471 3.98 2.59 38.2 4.63 N.D.
Shortfin mako shark Fr. a Middle 4.69 54.4 8.53 3.61 23.2 5.54 N.D.
Lower 4.74 47.9 16.3 BI55) 17.6 10.0 N.D.
Upper 4.64 53.0 5.22 3.42 28.6 5.08 N.D.
Blue shark Fr. a Middle 1.88 45.7 9.02 2.42 34.3 6.70 N.D.
Lower 2.60 38.1 28.8 3:53 17.6 9.37 N.D.

N.D.: Not detected

doi:10.1371/journal.pone.0120860.1001
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Fig 7. Proposed structures of shark CS/DS chains.

doi:10.1371/journal.pone.0120860.9007

CS and the IdoA residues of DS can also be 2-sulfated by uronosyl 2-O-sulfotransferase
(UA20ST).

In shark CS/DS, unsaturated disaccharides such as ADi-0S, ADi-4S and ADi-diSg were de-
tected in both the IdoA-rich, ChaseACII resistant region and also in the ChaseACII sensitive
region (GlcA-rich domain) (Fig. 6 and Table 1). The ADi-6S was primarily detected ChaseACII
sensitive domain, and the ratio of ADi-6S and ADi-diSp, in the IdoA rich domain, were in-
versely related to the molecular weight of the ChaseACII resistant oligosaccharides. In contrast,
the distribution and content of B-units in the IdoA-rich domain was length dependent. These
results are consistent with data suggesting that IdoA-GalNAc chain is poor acceptor substrate
for C6STs [35] and DS is a better acceptor for UA20ST than CS-C [36]. The sequence, espe-
cially IdoA-rich domain of shark CS/DS, appears to be determined by DS epimerase activity
and the acceptor substrate specificity of sulfotransferases. We have previously reported that
composition of unsaturated disaccharide units in fractionated whale cartilage CS-A (7 ~29
kDa) or in bovine tracheal cartilage CS-A (6 ~ 33 kDa) obtained by gel filtration chromatogra-
phy, was almost same in different molecular weight samples [27]. Furthermore, the composi-
tion of disaccharide units in fractionated shark cartilage CS-C (13 ~ 47 kDa) was also almost
same (data not shown). These results also support the idea that DS epimerase and acceptor
substrate specificity of sulfotransferases decide the disaccharide sequence in CS/DS biosynthe-
sis pathway. CS/DS have been identified in mammalian tissues and cells such as horse aorta
[18], embryonic pig brain [19], mouse brain [20], mouse skin [21] and HEK293 cells [22]. Fur-
ther analysis is required to understand the disaccharide unit sequence of mammalian CS/DS.

In summary, comprehensive analysis of GAGs among 11 kinds of Elasmobranches was car-
ried out and found that characteristic disaccharide units of most CS were C- and D-type units.
We identified and characterized CS/DS from dried shark fin (without skin and cartilage) in
shortfin mako shark and blue shark. These CS/DS exhibited the NOP activity toward E16 em-
bryonic mouse hippocampal neurons. Furthermore, we found that the IdoA and B-type units
as well as C- and D-type units were found in clusters in shark CS/DS. In addition, it was found
that the contents of B-type units in these IdoA-rich domain increased in a length dependent
manner, while C- and D-type units were located particularly in the immediate vicinity of the
IdoA-rich domain.

Supporting Information

S1 Fig. Electropherogram of crude GAGs from various kinds of Elasmobranchii (shown in
the upper portion of the figure). Lanes from left to right: A, Scyliorhinus torazame; B, Chimae-
ra phantasma; C, Deania calcea; D, Dalatias licha; E, Odontaspis ferox; ¥, Chlamydoselachus
anguineus; G, Mitsukurina owatoni; H, Mustelus griseus; 1, Dasyatis akajei. GAGs (approx.

5 ug of each sample) were analyzed by electrophoresis on cellulose acetate membrane using 1
M pyridine-acetic acid buffer (pH3.5) at 0.5 mA/cm for 20 min. GAGs were stained by 0.5%
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alcian blue in 0.3% acetic acid.
(TIF)

Acknowledgments

We thank Mrs. T. Mano, T. Wada and H. Tejima for their kind supply of dried fins (without
skin and cartilage) of Isurus oxyrinchus, Prionace glauca, fin (without skin) of Prionace glauca
and deep-sea elasmobranchs (sharks and rays).

Author Contributions

Conceived and designed the experiments: KH MM TT. Performed the experiments: KH YT
AM HT. Analyzed the data: KH MM RJL TT. Contributed reagents/materials/analysis tools:
TT. Wrote the paper: KH MM RJL TT.

References

1. Roden L. Structure and metabolism of connective tissue proteoglycans. In Biochemistry of Glycopro-
teins and Proteoglycans. Lennarz W., editor. Plenum Press, New York. 267-371.

2. Malmstrém A, Bartolini B, Thelin MA, Pacheco B, Maccarana M. Iduronic acid in chondroitin/dermatan
sulfate: biosynthesis and biological function. J Histochem Cytochem. 2012; 60: 916-925. doi: 10.1369/
0022155412459857 PMID: 22899863

3. Silbert JE, Sugumaran G. Biosynthesis of chondroitin/dermatan sulfate. lubmb Life 2002; 54: 177-186.
PMID: 12512856

4. Nairn AV, Kinoshita-Toyoda A, Toyoda H, Xie J, Harris K, Dalton S et al. Glycomics of proteoglycan bio-
synthesis in murine embryonic stem cell differentiation. J Proteome Res. 2007; 6: 4374—4387. PMID:
17915907

5. Sugahara K, Mikami T, Uyama T, Mizuguchi S, Nomura K, Kitagawa H. Recent advances in the struc-
tural biology of chondroitin sulfate and dermatan sulfate. Curr Opin Struct Biol. 2003; 13: 612—620.
PMID: 14568617

6. SugaharaK, Kitagawa H. Recent advances in the study of the biosynthesis and functions of sulfated
glycosaminoglycans. Curr Opin Struct Biol. 2000; 10: 518-527. PMID: 11042448

7. Schwartz NB, Domowicz M. Proteoglycans in brain development. Glycoconj J. 2004; 21: 329-341.
PMID: 15514481

8. Toida T, Sakai S, Akiyama H, Linhardt RJ. Immunological activity of chondroitin sulfate. Adv Pharma-
col. 2006; 53: 403-415. PMID: 17239777

9. Tollefsen DM, Pestka CA, Monafo WJ. Activation of heparin cofactor Il by dermatan sulfate. J Biol
Chem. 1983; 258: 6713-6716. PMID: 6687888

10. Céssaro CM, Dietrich CP. Distribution of sulfated mucopolysaccharides in invertebrates. J Biol Chem.
1977; 252: 2254-2261. PMID: 14959

11. Sakai S, KimWS, Lee IS, Kim YS, Nakamura A, Toida T, et al. Purification and characterization of der-
matan sulfate from the skin of the eel, Anguilla japonica. Carbohydr Res. 2003; 338: 263—-269. PMID:
12543559

12. Volpi N, Maccari F. Structural characterization and antithrombin activity of dermatan sulfate purified
from marine clam Scapharca inaequivalvis. Glycobiology 2009; 19: 356—367. doi: 10.1093/glycob/
cwn140 PMID: 19056786

13. Pavao MS, Aiello KR, Werneck CC, Silva LC, Valente AP, Mulloy B, et al. Highly sulfated dermatan sul-
fates from Ascidians. Structure versus anticoagulant activity of these glycosaminoglycans. J Biol
Chem. 1998; 273: 27848-27857. PMID: 9774395

14. Pavao MS, Mourao PA, Mulloy B, Tollefsen DM. A unique dermatan sulfate-like glycosaminoglycan
from Ascidian. Its structure and the effect of its unusual sulfation pattern on anticoagulant activity. J Biol
Chem. 1995; 270: 31027-31036. PMID: 8537360

15. AnnoK, Seno N, Mathews MB, Yamagata T, Suzuki S. A new dermatan polysulfate, chondroitin sulfate
H, from hagfish notochord. Biochim Biophys Acta. 1971; 237: 173-177. PMID: 4252863

16. Vilela-Silva AC, Werneck CC, Valente AP, Vacquier VD, Mourdo PA. Embryos of the sea urchin Stron-
gylocentrotus purpuratus synthesize a dermatan sulfate enriched in 4-O- and 6-O-disulfated galactos-
amine units. Glycobiology 2001; 11: 433—440. PMID: 11445548

PLOS ONE | DOI:10.1371/journal.pone.0120860 March 24, 2015 14/15


http://dx.doi.org/10.1369/0022155412459857
http://dx.doi.org/10.1369/0022155412459857
http://www.ncbi.nlm.nih.gov/pubmed/22899863
http://www.ncbi.nlm.nih.gov/pubmed/12512856
http://www.ncbi.nlm.nih.gov/pubmed/17915907
http://www.ncbi.nlm.nih.gov/pubmed/14568617
http://www.ncbi.nlm.nih.gov/pubmed/11042448
http://www.ncbi.nlm.nih.gov/pubmed/15514481
http://www.ncbi.nlm.nih.gov/pubmed/17239777
http://www.ncbi.nlm.nih.gov/pubmed/6687888
http://www.ncbi.nlm.nih.gov/pubmed/14959
http://www.ncbi.nlm.nih.gov/pubmed/12543559
http://dx.doi.org/10.1093/glycob/cwn140
http://dx.doi.org/10.1093/glycob/cwn140
http://www.ncbi.nlm.nih.gov/pubmed/19056786
http://www.ncbi.nlm.nih.gov/pubmed/9774395
http://www.ncbi.nlm.nih.gov/pubmed/8537360
http://www.ncbi.nlm.nih.gov/pubmed/4252863
http://www.ncbi.nlm.nih.gov/pubmed/11445548

@’PLOS | ONE

GAG Analysis in Elasmobranchs

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hikino M, Mikami T, Faissner A, Vilela-Silva AC, Pavao MS, Sugahara K. Oversulfated dermatan sul-
fate exhibits neurite outgrowth-promoting activity toward embryonic mouse hippocampal neurons: im-
plications of dermatan sulfate in neuritogenesis in the brain. J Biol Chem. 2003; 278: 43744-43754.
PMID: 12917413

Fransson LA, Havsmark B. Structure of dermatan sulfate. VII. The copolymeric structure of dermatan
sulfate from horse aorta. J Biol Chem. 1970; 245: 4770-4783. PMID: 5456149

Bao X, Muramatsu T, Sugahara K. Demonstration of the pleiotrophin-binding oligosaccharide se-
quences isolated from chondroitin sulfate/dermatan sulfate hybrid chains of embryonic pig brains. J
Biol Chem 2005; 280: 35318-35328. PMID: 16120610

Bao X, Pavao MS, Dos Santos JC, Sugahara K. A functional dermatan sulfate epitope containing iduro-
nate (2-O-sulfate)alpha1-3GalNAc (6-O-sulfate) disaccharide in the mouse brain: demonstration using
a novel monoclonal antibody raised against dermatan sulfate of ascidian Ascidia nigra. J Biol Chem.
2005; 280: 23184—23193. PMID: 15849184

Maccarana M, Kalamajski S, Kongsgaard M, Magnusson SP, Oldberg A, Malmstrdm A. Dermatan sul-
fate epimerase 1-deficient mice have reduced content and changed distribution of iduronic acids in der-
matan sulfate and an altered collagen structure in skin. Mol Cell Biol. 2009; 29: 5517-5528. doi: 10.
1128/MCB.00430-09 PMID: 19687302

Laremore TN, Ly M, Zhang Z, Solakyildirim K, McCallum SA, Owens RT, et al. Domain structure eluci-
dation of human decorin glycosaminoglycans. Biochem J. 2010; 431: 199—-205. doi: 10.1042/
BJ20100788 PMID: 20707770

Ly M, Leach FE, Laremore TN, Toida T, Amster IJ, Linhardt RJ. The proteoglycan bikunin has a defined
sequence. Nat Chem Biol. 2011; 7: 827-833. doi: 10.1038/nchembio.673 PMID: 21983600

Zhao X, Yang B, Solakyildirim K, Solakylidirim K, Joo EJ, Toida T, et al. Sequence analysis and domain
motifs in the porcine skin decorin glycosaminoglycan chain. J Biol Chem. 2013; 288: 9226—9237. doi:
10.1074/jbc.M112.437236 PMID: 23423381

Hoshino K, Momiyama E, Yoshida K, Nishimura K, Sakai S, Toida T, et al. Polyamine transport by
mammalian cells and mitochondria: role of antizyme and glycosaminoglycans. J Biol Chem. 2005;
280:42801-42808. PMID: 16263714

Toyoda H, Muraki F, Imanari T, Kinoshita-Toyoda A. Microdetermination of hyaluronan in human plas-
ma by high-performance liquid chromatography with a graphitized carbon column and postcolumn fluo-
rometric detection. J Chromatogr B Analyt Technol Biomed Life Sci. 2011; 879: 950-954. doi: 10.1016/
j.jchromb.2011.03.007 PMID: 21444252

Igarashi N, Takeguchi, A., Sakai, S., Akiyama, H., Higashi, K., Toida, T. Effect of molecular sizes of
chondroitin sulfate on interaction with L-selectin. Int J Carbohydr Chem. 2013; Article ID 856142.

Mikami T, Yasunaga D, Kitagawa H. Contactin-1 is a functional receptor for neuroregulatory chondroitin
sulfate-E. J Biol Chem. 2009; 284: 4494-4499. doi: 10.1074/jbc.M809227200 PMID: 19075012

Fongmoon D, Shetty AK, Basappa, Yamada S, Sugiura M, Kongtawelert P, et al. Chondroitinase-medi-
ated degradation of rare 3-O-sulfated glucuronic acid in functional oversulfated chondroitin sulfate K
and E. J Biol Chem. 2007; 282: 36895-36904. PMID: 17951579

Homma R, Mase A, Toida T, Kashiwagi K, Igarashi K. Modulation of blood coagulation and fibrinolysis
by polyamines in the presence of glycosaminoglycans. Int J Biochem Cell Biol. 2005; 37: 1911-1920.
PMID: 15936241

Sugahara K, Mikami T Chondroitin/dermatan sulfate in the central nervous system. Curr Opin Struct
Biol. 2007; 17: 5636-545. PMID: 17928217

Kinoshita A, Yamada S, Haslam SM, Morris HR, Dell A, Sugahara K. Novel tetrasaccharides isolated
from squid cartilage chondroitin sulfate E contain unusual sulfated disaccharide units GlcA(3-O-sulfate)
beta1-3GalNAc(6-O-sulfate) or GICA(3-O-sulfate)beta1-3GalNAc. J Biol Chem. 1997; 272: 19656—
19665. PMID: 9242620

Toida T, Toyoda T., Imanari T. High-resolution proton nuclear magnetic resonance studies on chondroi-
tin sulfates. Anal Sci. 1993; 9: 53-58.

Matsumoto A, Hosoyama S, Higashi K, Toida T. Simultaneous determination of uronates found in poly-
saccharides from natural products by HPLC with fluorometric detection. Carbohydr Res. 2012; 358:
82-88. doi: 10.1016/j.carres.2012.06.018 PMID: 22824507

Habuchi O, Matsui Y, Kotoya Y, Aoyama Y, Yasuda Y, Noda M. Purification of chondroitin 6-sulfotrans-
ferase secreted from cultured chick embryo chondrocytes. J Biol Chem. 1993; 268: 21968-21974.
PMID: 8408053

Kobayashi M, Sugumaran G, Liu J, Shworak NW, Silbert JE, Rosenberg RD. Molecular cloning and
characterization of a human uronyl 2-sulfotransferase that sulfates iduronyl and glucuronyl residues in
dermatan/chondroitin sulfate. J Biol Chem. 1999; 274: 10474—10480. PMID: 10187838

PLOS ONE | DOI:10.1371/journal.pone.0120860 March 24, 2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/12917413
http://www.ncbi.nlm.nih.gov/pubmed/5456149
http://www.ncbi.nlm.nih.gov/pubmed/16120610
http://www.ncbi.nlm.nih.gov/pubmed/15849184
http://dx.doi.org/10.1128/MCB.00430-09
http://dx.doi.org/10.1128/MCB.00430-09
http://www.ncbi.nlm.nih.gov/pubmed/19687302
http://dx.doi.org/10.1042/BJ20100788
http://dx.doi.org/10.1042/BJ20100788
http://www.ncbi.nlm.nih.gov/pubmed/20707770
http://dx.doi.org/10.1038/nchembio.673
http://www.ncbi.nlm.nih.gov/pubmed/21983600
http://dx.doi.org/10.1074/jbc.M112.437236
http://www.ncbi.nlm.nih.gov/pubmed/23423381
http://www.ncbi.nlm.nih.gov/pubmed/16263714
http://dx.doi.org/10.1016/j.jchromb.2011.03.007
http://dx.doi.org/10.1016/j.jchromb.2011.03.007
http://www.ncbi.nlm.nih.gov/pubmed/21444252
http://dx.doi.org/10.1074/jbc.M809227200
http://www.ncbi.nlm.nih.gov/pubmed/19075012
http://www.ncbi.nlm.nih.gov/pubmed/17951579
http://www.ncbi.nlm.nih.gov/pubmed/15936241
http://www.ncbi.nlm.nih.gov/pubmed/17928217
http://www.ncbi.nlm.nih.gov/pubmed/9242620
http://dx.doi.org/10.1016/j.carres.2012.06.018
http://www.ncbi.nlm.nih.gov/pubmed/22824507
http://www.ncbi.nlm.nih.gov/pubmed/8408053
http://www.ncbi.nlm.nih.gov/pubmed/10187838


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


