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a  b  s  t  r  a  c  t

Fucosylated  glycosaminoglycans  (FGs)  are  complex  glycosaminoglycans  that  exhibit  potent  anticoagulant
activity.  To  study  the  relationship  between  molecular  size  and  biological  activity,  oligosaccharides  with
(2,5)-anhydro-d-talose units  at new  reducing  ends  were  prepared  by  hydrazine  deacetylation  and  nitrous
acid  depolymerization.  The  product  chemical  structures  were  analyzed  by one-  and  two-dimensional
NMR  methods.  Additionally,  anticoagulant  activities  were  evaluated  by  clotting  assay  and  chromogenic
eywords:
ea cucumber
lycosaminoglycan
eacetylation
eaminative cleavage
nticoagulant activity

substrate  cleavage.  The  results  demonstrated  that  under  mild  deacetylation  and  deaminative  cleavage
conditions,  both  products  were  relatively  homogeneous  and  sulfated  fucose  branch  types  and  sulfate  sub-
stituents  remained  stable.  These  depolymerized  FGs  with  different  molecular  sizes  had  potent  intrinsic
anticoagulant  activities,  which  were  similar  to those  that  were  obtained  by free-radical  depolymerization
with  similar  molecular  weights.  Decreasing  molecular  weight  may  weaken  activity  but  not  significantly
affect  factor  Xase  and  heparin  cofactor  II  (HCII)-mediated  thrombin  inhibition.
. Introduction

Fucosylated glycosaminoglycans (FGs) extracted from sea
ucumbers have a chondroitin sulfate E-like structure that contains
arge numbers of sulfated �-l-fucopyranose branches linked to �-
-glucuronic acid residue position 3 (Mourão et al., 1996; Wu,  Xu,
hao, Kang, & Ding, 2010a, 2010b; Wu  et al., 2012; Yoshida, Minami,
emoto, Numata, & Yamanaka, 1992), while the FG fucose branches

ay  have distinguishable sulfate substitution patterns and propor-

ions (Wu et al., 2012). Chondroitin sulfate derivatives have high
nticoagulant and antithrombotic properties (Buyue & Sheehan,

Abbreviations: GAG, glycosaminoglycan; FG, fucosylated glycosaminoglycan;
FG, depolymerized fucosylated glycosaminoglycan; UFH, unfractionated heparin;
MWH,  low-molecular-weight heparin; DD, deacetylation degree; GalNAc4S6S, 4,6-
-disulfated N-acetylgalactosamine; GlcUA, glucuronic acid; GalN, galactosamine;
nTal, anhydro-d-talose; Fuc3S, 3-O-sulfated fucose; Fuc4S, 4-O-sulfated fucose;
uc2S4S, 2,4-O-disulfated fucose; APTT, activated partial thromboplastin time; HCII,
eparin cofactor II; EC50, half maximal effective concentration.
∗ Corresponding authors. Tel.: +86 871 65226278; fax: +86 871 65226278.
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2009; Sheehan & Walke, 2006). However, FGs also exhibit unde-
sirable effects such as inducing factor XII activation and platelet
aggregation (Fonseca et al., 2010; Li & Lian, 1988). To minimize side
effects, its low molecular weight derivative depolymerized FG was
prepared, which retained antithrombotic and anticoagulant activ-
ities without causing platelet aggregation in human platelet-rich
plasma (Suzuki, Kitazato, Takamatsu, & Saito, 1991; Yoshida et al.,
1992). Furthermore, pharmacological research has indicated that
the depolymerized product and its native FG share common mech-
anisms for factor tenase inhibition in the intrinsic pathway and
thrombin inhibition by activating heparin cofactor II (HCII) (Buyue
& Sheehan, 2009; Sheehan & Walke, 2006). The literature and
our preliminary studies also confirmed that low-molecular-weight
fragments exhibit a better antithrombotic–hemorrhagic ratio than
unfractionated heparin (UFH) and low-molecular-weight heparin
(LMWH) (Kitazato, Kitazato, Sasaki, Minamiguchi, & Nagase, 2003;
Sheehan & Walke, 2006; Wu  et al., 2010b). Therefore, to further
study the relationship between molecular size and FG biological
activity, depolymerized derivatives with different structural char-

acteristics should be prepared.

Based on these facts, searching for a proper protocol to effi-
ciently prepare depolymerized FGs may  be necessary. However,
a limited number of techniques for molecular reduction have

dx.doi.org/10.1016/j.carbpol.2013.07.063
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.07.063&domain=pdf
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een described. Unlike heparin and chondroitin sulfate, FG can-
ot be directly digested by polysaccharide degrading enzymes
uch as heparin lyases or chondroitin ABC lyase, possibly because
heir sulfated fucose branches may  be linked to position 3 of
lcA residues (Luo et al., 2013; Mourão et al., 1996). Free radical
epolymerization is the first commonly used method for degraded
ample preparation (Kitazato, Kitazato, Nagase, & Minamiguchi,
996; Suzuki et al., 1991). Recently, the 60Co irradiation method
as reportedly used to prepare depolymerized FG with a Mw

etween 2.5 and 7.6 kDa (Wu et al., 2013). In our previous study,
e developed hydrogen peroxide-mediated free radical FG depoly-
erization in the presence of cupric ion (Wu et al., 2010a),
hich produced FG fragments with no obvious sulfate or fucose

ranch loss. These preparation processes may  produce different
roducts with different structures, molecular weights, anticoag-
lant activities, and pharmacological properties. Thus, a need still
emains to develop efficient and different methods to prepare low-
olecular-weight fragments for chemical structure analysis and

tructure–activity relationship research. Here, we  investigated the
pplication of deaminative cleavage for preparation of depolymer-
zed FG (DFG).

Deaminative cleavage with nitrous acid is a successful chem-
cal method for heparin and heparan sulfate depolymerization
ecause of its advantages such as high selectivity, mild depolymer-

zation conditions and no preferential side chain cleavage (Petitou,
asu, & Lindahl, 2003). This method has been used for LMWH  pro-
uction such as dalteparin, nadroparin and reviparin (Linhardt &
unay, 1999). However, because the hexosamines in FG are all
-acetylated hexosamine residues, FG cannot be directly depoly-
erized by nitrous acid. To apply the deaminative cleavage method

o prepare depolymerized FG, it may  be necessary to partially
emove the FG acetyl group. Hydrazinolysis was a commonly used
ethod for glycosaminoglycan (GAG) deacetylation such as chon-

roitin sulfate (CS), dermatan sulfate (DS) and heparan sulfate (HS)
Guo & Conrad, 1989; Shaklee & Conrad, 1984). Because of these
ucose branches, the FG structure is more complex than CS, DS and
S structures. Therefore, the current work sought to investigate

he deacetylation and deaminative cleavage for FG depolymeriza-
ion and to characterize the product structures and anticoagulant
ctivities.

. Experimental design

.1. Materials

FG (purity: 99.9%, average molecular weight: 69.930 kDa, sul-
ate/carboxyl groups: 3.54) was isolated and purified from the sea
ucumber Thelenota ananas. Isolation, purification and character-
zation of this glycosaminoglycan were performed as previously
escribed (Wu et al., 2010a, 2010b). Hydrazine hydrate (contain-

ng about 64 wt.% hydrazine in water) was obtained from Aladdin
eagent (Shanghai, China). Anhydrous hydrazine was obtained

rom hydrazine hydrate according to the method of Takasaki,
izuochi, and Kobata (1982). Hydrazine sulfate and sodium nitrite
ere purchased from DamaoChem., Ltd. (Tianjin, China). Deu-

erium oxide (D2O) containing 0.05 wt.% trimethylsilyl-propionic
cid (TSP) sodium salt was obtained from Sigma (St. Louis, MO,
SA). Activated partial thromboplastin time (APTT) assay kits (Lot
o. 10917752) and Tris–HCl (Lot No. 20110726) were obtained

rom TECO Medical Instruments Co., Germany and Amresco Co.,
SA, respectively. A chromogenic assay kit for measuring fac-
or VIII: C in concentrates (Lot No. 12101-PK:11) and HCII assay
eagents including HCII (Lot No. 09041F), human thrombin IIa (Lot
o. 100628A) and thrombin chromogenic substrate (Lot No. 11204-
-PK:1) were purchased from Hyphen Biomed (France). Human
ers 98 (2013) 1514– 1523 1515

coagulation factor VIII was  obtained from Shanghai RAAS Blood
Products, Ltd., China. All of the other chemicals and reagents used
were of analytical grade.

2.2. FG deacetylation

FG deacetylation was performed using Fukuda’s modified
method that has been described previously (Fukuda, Kondo, &
Osawa, 1976; Shaklee & Conrad, 1984). Briefly, dried FG (60 mg)  and
1.45 ml  hydrazine hydrate containing 1% hydrazine sulfate were
added in a reaction tube. The tube was  flushed with nitrogen, sealed
and incubated at 90 ◦C for 12 h on a magnetic stirrer at 250 rpm.
After the reaction, the solution was added to ethanol (quadruple the
solution volume). When several drops of saturated sodium chloride
were added, a white precipitate was formed. The precipitate was
collected by centrifugation and dissolved in distilled water. This
precipitation and dissolution procedure was repeated 4 times to
remove the hydrazine and hydrazine sulfate. The resulting solution
was dialyzed against flowing tap water for 2 d and distilled water
for 1 d with a 3500 Da molecular weight cut-off and subsequently
lyophilized.

To optimize the reaction conditions, a series of experiments
were performed based on the above representative protocol with
varied reaction parameters (time, catalyst type, temperature and
concentration of hydrazine), and each experiment was  performed
at least in duplicate. In the protocol, the sample deacetylation
degree (DD) was  calculated using the two  methyl peak area
ratios that were approximately 1.36 and 2.06 ppm in the 1H NMR
spectrum, which were from the N-acetylgalactosamine (GalNAc)
methyl group and from the fucose sulfate methyl group, respec-
tively. The N-deacetylated FG yield was calculated using the
N-deacetylated and native FG sample weights.

2.3. Deaminative FG cleavage

The deaminative cleavage protocol was  designed according
to the literature (Bienkowski & Conrad, 1985; Shively & Conrad,
1976). The pH 4 nitrous acid reagent was prepared by addition
of 0.5 M H2SO4 to 5.5 M NaNO2 until pH 4 was reached. In total,
1 ml  ice-cold 20 mg/ml  N-deacetylated FG solution was  added to
2 ml  pre-cooling nitrous acid reagent in a reaction tube. The reac-
tion was performed for different times in an ice bath, and the
excess nitrous acid was  destroyed by addition of 0.5 M NaOH
until pH 8 was reached. Finally, the sample was dialyzed with
a 1000 Da molecular weight cut-off and lyophilized as described
above.

Different reaction times (4, 6, 8, 10, 15, 20, 25, 30 min) and
reaction temperatures (room temperature and an ice bath) were
investigated using 35% N-deacetylated FG according to the above
representative protocol. The deaminative cleavage protocol was
then investigated using native FG (Mw 69.930 kDa) and the depoly-
merized sample (Mw 13.710 kDa) by free radical method, and
DFG samples of different Mw (5021–22240 Da) were prepared
using deaminative cleavage for structure and activity measure-
ments.

2.4. NMR analysis

NMR  analyses were performed at 300 K with a 500 MHz  Bruker
Advance DRX 500 spectrometer (Bruker BioSpin GmbH) that had
been equipped with a 13C/1H dual probe in the FT mode as

described previously (Gao et al., 2012). The native, N-deacetylated
and depolymerized FG samples were dissolved in deuterium oxide
(99.9% D) at 10–20 mg/ml  and lyophilized thrice to replace the
exchangeable protons with deuterium.
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Table  1
Effects of different reaction conditions on deacetylation degree and deacetylated product physicochemical properties.

Variable-levela DD (%) Molecular weight,
Mw (kDa)

Polydispersity
(Mw/Mn)

Yields (%)

Reaction time (h) 2 6.5 69.970 1.503 100.0
4  12.3 66.040 1.545 100.1
6  16.7 65.330 1.495 99.9
8  23.7 65.130 1.578 100.2
10 30.1 64.400 1.547 99.1
12  31.0 63.380 1.553 99.8
14  34.2 56.790 1.587 99.6
24 51.9 55.130 1.580 98.0
36  69.1 34.590 1.587 94.6
48  78.4 26.840 1.488 85.0

Catalyst type Absence of catalyst 11.9 65.343 1.403 99.2
N2H4·H2SO4 32.0 63.603 1.468 99.0
HCl 31.4 63.063 1.467 98.7
N2H4·2HCl 33.8 63.413 1.476 99.3

Reaction temperature (◦C) 60 1.0 70.000 1.393 100.0
75  13.4 69.840 1.391 99.3
90  31.9 63.420 1.481 99.6
105 58.2 41.540 1.627 98.3

Concentration of hydrazine in water (wt.%) 32 8.4 69.370 1.406 99.0
64  31.5 63.320 1.501 98.7
100 70.4 45.120 1.552 97.0
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a The 60 mg  dried FG samples were hydrazinolyzed by 1.45 ml  of hydrazine hydr
nd  determined by HPGPC and NMR. The conditions for hydrazinolysis were invest

.5. Molecular weight and sulfate/carboxyl group measurement

To investigate the molecular weight changes during the
eacetylation and deamination reaction process, the weight-
verage molecular mass (Mw), number-average molecular mass
Mn) and molecular weight distribution (Mw/Mn) of the native, N-
eacetylated and depolymerized FG samples were determined by
igh-performance gel permeation chromatography (HPGPC) using
n Agilent technologies 1200 series (Agilent Co., USA) apparatus
hat had been equipped with a Shodex OH-pak SB-804 HQ column
8 mm × 300 mm).  Chromatographic procedures and conditions
ere performed according to a previous method (Tsukamoto,
attori, Sakabe, & Haginaka, 2001; Wu et al., 2010a). A standard
urve was calibrated for molecular weight estimation using
tandard D-series Dextrans (D-0, 2, 3, 4, 5, 6, 7 and 8); native and
ree radical-depolymerized FG samples from the sea cucumber T.
nanas with known Mw of 65.820, 11.580 and 4.961 kDa were used
or sample standardization. Molecular weight calculations were
erformed using GPC software version B01.01 (Agilent Co., USA).

Native, N-deacetylated and depolymerized FG sample sul-
ate/carboxyl groups were determined by a conductometric

ethod according to the literature (Casu & Gennaro, 1975).

.6. DFG anticoagulant activity

The DFG APTT was determined at ten gradient concentrations
2.56, 1.28, 0.64, 0.32, 0.16, 0.08, 0.04, 0.02, 0.01 and 0.005 mg/ml)
sing an APTT assay kit on a coagulometer (TECO MC-4000,
ermany) as described previously (Gao et al., 2012). Antithrom-
in activity in the presence of HCII and factor Xa generation by the
actor IXa-factor VIIIa complex were determined by the methods
escribed previously; similar Mw were prepared by deaminative
leavage and free-radical depolymerization (Wu  et al., 2012).

. Results and discussion
.1. FG deacetylation

In this study, hydrazinolysis conditions were investigated by
arying different parameters. As demonstrated in Table 1, the
ntaining 1% hydrazine sulphate at 90 ◦C for 12 h, precipitated, dialyzed, lyophilized
 as these model reactions while varying levels of the variables in this table.

reaction may  be pseudo-first-order (k = 0.0319 min−1) in the pres-
ence of hydrazine sulfate at 90 ◦C from 2 to 48 h. Thus, controlling
reaction time may  be an optimal way to obtain samples with dif-
ferent DD for deaminative cleavage. However, compared with data
from the literature that was obtained under similar conditions
(Guo & Conrad, 1989), reaching the same DD for FG may  require
more reaction time than what is required for other GAGs such as
heparin.

The data in Table 1 also demonstrate that the FG DD
was obviously increased in the presence of different catalysts
(hydrazine sulfate, hydrochloric acid and hydrazine dihydrochlo-
ride) at 90 ◦C for 12 h compared with no catalyst. Although a
common catalyst used in glycoprotein and GAG hydrazinolysis is
hydrazine sulfate (Bradbury, 1956; Fukuda et al., 1976), no sig-
nificant differences were found among the FG sample DDs that
were deacylated with different catalysts, indicating that an acid
catalyst that provides the same amount of protons may  acceler-
ate the hydrazinolysis reaction rate with a similar deacetylation
rate.

Hydrazine temperature and concentration in water may  also be
critical parameters that affect the deacylated FG reaction rate and
yield. As demonstrated in Table 1, with increasing reaction tem-
perature and hydrazine concentration in water, the deacylated FG
DD obviously increased. However, the N-deacetylated FG Mw was
obviously decreased after reaction with 64% hydrazine in water
at 105 ◦C for 12 h or with anhydrous hydrazine at 90 ◦C for 12 h.
The reagent containing 70% hydrazine in water can also reportedly
eliminate the heparan sulfate polymer chain �-eliminative cleav-
age (Guo & Conrad, 1989), which coincides with our observations
that less depolymerization occurred with lower hydrazine concen-
trations in water. Thus, this Mw reduction of the products may be
because of �-elimination resulting in FG cleavage under alkaline
conditions.

The hydrazinolysis method has been commonly used for partial
glycoprotein and GAG such as chondroitin sulfate and heparan sul-

fate deacylation for structural modification and analysis (Bradbury,
1956; Fukuda et al., 1976). Our results revealed that the hydrazi-
nolysis method might be successfully applied to FG, although FG
has unique sulfated fucopyranose branches.
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Table 2
Relationship of DD and DFG Mw obtained from raw materials of two different Mw.

Mw of raw materialsa (kDa) DD (%) Theoretical, Mw (kDa) Measured, Mw (kDa) Polydispersity

13.710 11.0 8.245 8.777 1.401
13.710 13.8 6.577 6.751 1.396
69.930  16.0 5.683 6.083 1.162

tion m

3

a
p
p
s

F
“
s

69.930  8.3 10.984 

a The raw material with a Mw 13.710 was  prepared by free-radical depolymeriza

.2. FG deaminative cleavage

When N-deacetylated FG with 35% DD was treated with nitrous

cid (pH 4) for 4–30 min  in an ice bath or at room temperature, high-
erformance gel permeation chromatography (HPGPC) product
rofiles were very similar (similar retention time and elution curve
hape, not shown). These results revealed that the N-deacetylated

ig. 1. 1H NMR  spectra of native (A), N-deacetylated (B and C) and deaminative depolymer
1”,  “3” are GalN H-2 and H-4 signals; “2” is a new Fuc2S4S H-1 signal found in N-deacet
et  of the H-1 and H-4 anTal (diol) signals; “6” is terminal fucose H-6 signals.
9.702 1.292

ethod according to Wu  et al. (2010b).

FG deaminative cleavage with nitrous acid occurred fast, and that
these reactions could complete in very short time (<4 min) at a
low temperature, which is consistent with previous reports on

heparin depolymerization with nitrous acid (Shively & Conrad,
1976). In addition, these products had similar yields (approxi-
mately 80%) and similar sulfate/carboxyl groups (approximately
3.1–3.4).

ized FGs (D48 and D88) (D and E). N-deacetylated FG DDs are 48% and 88%. Symbols
ylated FGs; “4” is another Fuc2S4S H-1 signal found in depolymerized FGs; “5” is a
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ig. 2. Native (A), N-deacetylated (B and C) and deaminative depolymerized FG (D4
1”  and “2” are GalN C-1 and C-2 signals, respectively; “3” and “4” are anTal (diol) C

To investigate the relationship between the deacetylated FG DD
nd the Mw of its deaminative cleavage products, N-deacetylated
G samples with four different DDs were prepared by varying the
eaction times, using native FG (Mw 69.930 kDa) and depolymer-

zed samples (Mw 13.710 kDa) with free radicals as raw materials.
he four N-deacetylated FG samples were then depolymerized by
itrous acid treatment (pH 4) for 10 min  at room temperature.
he results indicated that the practical Mw as measured by HPGPC

able 3
eaminative cleavage-prepared DFG physicochemical properties, yields and anticoagulan

Sample Mw (kDa) Polydispersity Sulfate/carboxyl
ratios

DFG1 22.240 1.35 3.33 

DFG2  17.100 1.29 3.48 

DFG3  12.567 1.11 3.12 

DFG4  11.332 1.54 3.27 

DFG5  10.497 1.63 3.20 

DFG6  9.476 1.48 3.35 

DFG7  8.336 1.40 3.36 

DFG8  7.000 1.36 3.40 

DFG9  6.603 1.39 3.34 

DFG10 5.021 1.20 3.36 
 D88) 13C NMR spectra (D and E). N-deacetylated FG DDs are 48% and 88%. Symbols
 C-2 signals.

coincided with the theoretical DFG Mw, which is calculated using
the formula: Mw = 1/DD × 907 (where 907 is the Mw of every consti-
tutional FG unit), indicating that the DFG Mw may  be determined by
the FG DD and might not be related to the Mw of the raw materials.

Therefore, we  may  obtain the DFG with different Mw by controlling
the FG DD using raw materials of different Mw (Table 2).

According to the above depolymerization investigation, the
DFG samples of different Mw (5021–22240 Da) were prepared by

t activities.

Yields (%) Doubling APTT
(�g/ml)

Anticoagulant
activity (U/mg)

93.0 3.40 79.29
86.0 3.55 76.05
86.5 4.22 63.92
86.5 4.85 55.68
85.0 4.92 54.85
81.0 6.14 43.94
81.0 6.25 43.16
79.0 6.78 39.79
78.8 7.81 34.56
72.5 12.38 21.79
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leaving N-deacetylated FG samples with nitrous acid at room tem-
erature. The molecular weight distribution (polydispersity) was
sed to measure the molecular weight distribution width, which
epresents polymer homogeneity and dispersibility (Tsukamoto
t al., 2001). As demonstrated in Table 3, the distribution data
1.1–1.6) indicated that the products are relatively homogeneous.
n contrast to the native FG, the DFG physicochemical properties
uch as polydispersity and sulfate/carboxyl groups demonstrated
o obvious changes, indicating some similarly in their chemical
tructures (see below for discussion).

.3. Native FG, deacetylated FG and DFG structural analysis and
omparison

To obtain the desirable DFG with a certain Mw, it may  be
equired that the basic N-deacetylated and depolymerized FG
tructure should be similar to the native FG without loss of O-
ulfate substituents and sulfated fucose branches. Thus, native FG,
-deacetylated FG of different DD (48% and 88%) and DFG (named
48 and D88) structures were obtained by cleaving 48% and 88%
-deacetylated FGs and studied by 1D and 2D NMR  spectroscopy.
heir 1H–1H COSY, TOCSY and ROESY spectra are demonstrated in
igs. 1–4. The chemical shifts in Table 4 are based on the interpre-
ations of the COSY, TOCSY, ROESY, HMBC and HSQC spectra.

Native FG 1H and 13C NMR  signals could be assigned as described
reviously (Mourão et al., 1996; Wu et al., 2012; Yoshida et al.,
992). Compared with these native FG signals, some new 1H and
3C signals appeared in the N-deacetylated FG with different DD
MR  spectra, which could be assigned to protons signals and 13C
f GalN (i.e., the N-deacetylated products of GalNAc).

As demonstrated in Fig. 1B and C, the signals at 3.1–3.3 ppm
ssigned as ‘1’ were from H-2 of GalN. We  found two  GalN
pin systems by analyzing 1H–1H COSY, ROESY and TOCSY N-
eacetylated FG spectra (Fig. 4A), which may  belong to different
ypes of sulfate substituted GalN, i.e., major 4,6-O-disulfated N-
cetylgalactosamine (GalN4S6S) and minor GalN4S. Similarly, we
lso observed that some terminal 2,4-O-disulfated fucose (Fuc2S4S)
nd glucuronic acid (GlcUA) H signals were shifted downfield after
eacetylation, and their shifted integrals were proportional to their
Ds, which are consistent with the observations from chondroitin
nd dermatan sulfate deacetylation (Nadkarni et al., 1996). As
emonstrated in Fig. 2B and C, compared with the corresponding
alNAc signals, the GalN C-1 and C-2 signals appeared at approx-

mately 100.3–100.6 and 55.04–55.06 ppm, which were shifted
pfield by approximately 2 ppm and downfield by approximately

 ppm, respectively. Fucose H-1 signals were at 5.2–5.7 ppm, which
ere different spin systems of three sulfated fucose types, namely

uc2S4S, 3-O-sulfated fucose (Fuc3S) and 4-O-sulfated fucose
Fuc4S) in the ROESY and TOCSY spectra (Fig. 4A). Although H-1
ucose signal splitting could be seen in these spectra, the sul-
ated fucose types and 1H signal integral ratios for the three
ucose types were similar to those of the native FGs. Based on
hese analyses, N-deacetylated FG 1H and 13C NMR signals were
ssigned as demonstrated in Table 4, suggesting that the main
G structures may  be essentially stable during FG deacetylation
ith hydrazinolysis, except occurrence of deacetylation and partial
epolymerization.

Similar to the oligosaccharides that were produced by nitrous
cid chitosan depolymerization, the existing form of the reactive
2,5)-anhydro-d-mannose-unit at new reducing end was almost
ydrated aldehyde (Tommeraas, Varum, Christensen, & Smidsrod,
001). In our work, the H-1 and C-1 resonances from the sugar unit

t the new reducing end were found at 5.0–5.1 ppm and 91–92 ppm
egions (Figs. 1 and 2), respectively, indicating that the H2O
olecule was added to the carbonyl group (also called gem diol).

dentification of the resonances within the (2,5) anhydro-d-talose
Fig. 3. Native (A), N-deacetylated (DD 48%) (B) and depolymerized FG (D88) 1H–13C
HSQC spectra (C). Labels F, U, A, dA and T represent Fuc2S4S, GlcUA, GalNAc, GalN
and anTal (diol), respectively. f signals are from Fuc3S or Fuc4S.

(anTal) (diol) system (Figs. 3 and 4) was  relatively straightfor-
ward according to proton spectra assignments observed for (2,5)
anhydro-d-talitol rings (Laudera, Huckerbya, Nieduszynskia, &
Sadlerb, 2011). Confirmation that the chondroitin sulfate polymer
chain cleavage using hydrazinolysis followed by nitrous acid does
indeed produce anTal-ol residues from GalNAc precursors may be
obtained from NMR  spin–spin coupling data (Laudera et al., 2011).
The cleavage process is proposed to involve diazotization followed
by inversion at the C2 site in GalNAc with loss of elemental nitro-
gen, giving rise to the talo configuration in which H2 and H3 are on
opposite sides of the furanose ring plane; however, H-3, H-4 and H-
5 all reside on the same ring face (Laudera et al., 2011). J2,3 of anTal
is consistently of greater magnitude (approximately 8.0 Hz) com-
pared with J3,4 and J4,5, which both have values of approximately

4.0 Hz, in accord with the relative coupling pathway geometries.
Based on analysis of these signals from ROESY and TOCSY spectra,
the spin systems of anTal were assigned as demonstrated in Fig. 4B
and Table 4.
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Table 4
Assignment of 1H/13C NMR  signals of native FG and its N-deacetylated and depolymerized products.

Chemical shift (ppm)

H1 H2 H3 H4 H5 H6 Ac C1 C2 C3 C4 C5 C6 Ac

CH3 CH3 C O

Native FG
�-GalNAc4S6S 4.58 4.05 3.92 4.79 3.94 4.16, 4.26 2.05 102.6 54.1 79.8 79.2 76.8 70.3 25.5 177.6
�-GlcUA  4.46 3.64 3.73 3.94 3.68 – – 106.8 76.8 80.5 79.8 80.4 177.6 – –
�-Fuc2S4S 5.66 4.48 4.14 4.83 4.88 1.34 – 99.4 78 69.6 84.1 69 18.6 – –
�-Fuc4S  5.33 3.82 4.01 4.81 4.91 1.34 – 101.4 71.4 74.0 80.5 69 18.6 – –
�-Fuc3S 5.37 4.15 4.69 4.03 4.52 1.25 – 101.2 71.8 83.9 73.3 69.3 18.6 – –

48%  N-deacetylated FG
�-GalNAc4S6S 4.63 4.02 3.94 4.81 3.96 4.16, 4.29 2.06 102.1 53.8 77.9 79.7 74.8 69.8 25.2 177.5
�-GalN4S6S  4.78 3.24 4.06 4.75 4.07 4.16, 4.29 2.06 100.6 55 77.9 79.7 74.4 69.8 – –
�-GlcUA 4.52  3.7 3.96 3.95 3.87 – – 106.2 76.2 80.2 78.8 79.8 177.5 – –

4.47 3.67  3.83 3.97 3.86 – – 105.4 76.2 80.5 78.8 79.8 177.5 – –
�-Fuc2S4S 5.69  4.5 4.12 4.75 4.79 1.31 – 99 77.7 69.1 83.6 68.6 18.3 – –

5.66  4.52 4.11 4.82 4.79 1.31 – 99 77.9 69.1 83.4 68.6 18.3 – –
�-Fuc4S 5.34  3.87 4.03 4.83 4.87 1.34 – 101.3 71.1 71.4 79.9 68.9 17.8 – –
�-Fuc3S  5.36 4.16 4.68 4.03 4.53 1.26 – 101.2 72.1 83.5 73.3 68.9 17.8 – –

88%  N-deacetylated FG
�-GalNAc4S6S 4.72 4.03 3.99 4.86 3.99 4.19, 4.31 2.07 102 53.8 77.9 79.6 74.8 69.7 25.1 177.7
�-GalN4S6S 4.81 3.33 4.07 4.78 4.08 4.20, 4.33 2.07 100.3 55.3 77.9 79.9 74.4 69.7 – –
�-GlcUA  4.54 3.72 3.82 4 3.89 – – 105.4 75.8 80.5 79 79.8 177.7 – –
�-Fuc2S4S  5.7 4.53 4.12 4.76 4.82 1.33 – 98.9 77.7 70.8 83.3 68.7 18.3 – –
�-Fuc4S  5.37 3.87 4.07 4.85 4.89 1.38 – 101.3 71.1 71.5 79.9 69.1 17.8 – –
�-Fuc3S 5.44 4.2 4.7 4.28 4.55 1.27 – 101.2 72.3 83.1 73.3 69.1 17.8 – –

Depolymerised DFG (named D48) by deaminative cleavage
�-GalNAc4S6S 4.54 4.02 3.92 4.77 3.95 4.14, 4.24 2.02 102.3 51.8 78.1 79 74.4 67.7 23.2 177.6
anTal4S6S  5.05 4.02 4.58 5.02 4.5 4.19, 4.32 – 91.6 86.32 79.1 80.5 80.4 68.2 – –
�-GlcUA  4.44 3.59 3.66 3.89 3.72 – – 106.4 76.4 80.3 79.2 79.4 177.6 – –
�-Fuc2S4S  5.66 4.45 4.13 4.85 4.89 1.33 – 99 77.8 70.1 83.6 68.8 18.5 – –
�-Fuc4S  5.31 3.83 3.97 4.8 4.86 1.33 – 101.3 71.1 72.6 79.9 69 17.8 – –
�-Fuc3S 5.38 4.13 4.63 4.02  4.5 1.22 – 101.2 72.8 83.5 71.3 68.8 18.2 – –
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espectively. F2S4S, F3S and F4S represent three sulfated fucose types in FGs, 2,4-O-d

It is notable that the signals at 3.1–3.5 ppm that were assigned
o H-2 of GalN in 1H NMR  of N-deacetylated FG disappeared in the
FG 1H NMR, indicating that d-�-GalN in the N-deacetylated FGs
as almost deaminated by nitrous acid. Besides these, in contrast

o the 1H/13C N-deacetylated FG NMR  signals, the DFG signals were
ore similar to those of native FG (Figs. 1 and 2). Compared with the

H–13C HSQC (Fig. 3), ROESY and TOCSY (Fig. 4) native FG spectra,
ignals from GalNAc and GlcUA in DFG could have been assigned as
emonstrated in Table 4. As demonstrated in Fig. 4B and Table 4,
lthough 1H signals from each type of fucose split into two positions
signed “4” in Fig. 1D and E), DFG also contained three types of sul-
ated fucoses, i.e., Fuc2S4S, Fuc3S and Fuc4S, which was similar to
ative and N-deacetylated FG. The results also implied that fucose
ide chains and their substituted sulfate might be stable during the
eacetylation and deaminative cleavage reactions.

.4. Anticoagulant properties

Previous studies demonstrated that the peroxidation-prepared
epolymerized FG with a molecular weight from 10,000 to 15,000
as powerful anticoagulant activities and treats thromboembolism
ith less bleeding than UFH and LMWH  (Minamiguchi et al.,

003; Nagase et al., 1995). In the present study, nine DFG samples
ith different molecular weights were prepared by deamina-
ive cleavage and evaluated for their anticoagulant activities by
PTT assay (Tables 3 and 5). The results demonstrated that all
f the DFG samples strongly prolonged human plasma APTT, and
he concentrations of DFG with higher than 6.0 kDa Mw that
erized FG (B). Labels U, A, dA and T represent GlcUA, GalNAc, GalN and anTal (diol),
ed fucose, 3-O-sulfated fucose and 4-O-sulfated fucose, respectively.

were required to double the APTT were less 12 �g/ml, indicat-
ing that these derivatives can inhibit intrinsic coagulation. At
the 0.005–2.560 mg/ml  concentration, different molecular weight
DFGs prolonged APTT activities in a concentration-dependent man-
ner (not shown). Additionally, as demonstrated in Table 3, the
APTT prolonging activities of DFG with different Mw decreased
logarithmically in proportion to the molecular sizes, which is in
agreement with previous reports (Gao et al., 2012; Wu et al., 2010b).
Because of hematological activity, if DFG is to be used as an anti-
coagulant drug, its molecular weight might not be below 6.0 kDa,
which is in agreement with our previous study on free-radical
depolymerization-prepared DFG (Wu  et al., 2010b). Interestingly,
deaminative cleavage-prepared DFG exhibited slightly stronger
anticoagulant activity than free-radical degradation-obtained DFG
with similar Mw and polydispersity (Table 5).

Previous pharmacological studies of depolymerized and native
FG have demonstrated that the factor Xase-inhibiting activities and
HCII-dependent antithrombin activities may be the main mecha-
nisms for their anticoagulant activities (Glauser, Pereira, Monteiro,
& Mourão, 2008; Nagase et al., 1995; Sheehan & Walke, 2006;
Wu et al., 2012). To evaluate the DFG anticoagulant mechanisms,
effects of different molecular size DFG on factor Xase inhibition
and HCII-mediated thrombin inhibition were further investigated.
The results demonstrated that DFGs effectively inhibited intrinsic

tenase-mediated factor X activity (anti-f.Xase activity), and the half
maximal effective concentration (EC50) was  20–40 ng/ml (Table 5),
demonstrating high potency for anti-f.Xase activity. In the pres-
ence of heparin cofactor II, the deaminative cleavage-prepared
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Table  5
Physicochemical properties and anticoagulant activities of deaminative cleavage (DFG3, DFG7, and DFG10) and free-radical depolymerization (DTHG1–DTHG3)-prepared
DFG  samples with similar Mw.

Sample Mw (kDa) Polydispersity Doubling APTT
(�g/ml)

Anti-f.Xase (EC50,
ng/ml)

Anti-IIa (EC50,
ng/ml)

DTHG1 12.730 1.52 6.52 23.47 265.99
DFG3  12.567 1.11 4.22 21.34 285.51
DTHG2 8.549 1.33 9.86 38.07 156.59
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DFG7  8.336 1.40 6.2
DTHG3 4.961 1.55 19.5
DFG9 5.021 1.20 12.3

FG samples demonstrated potent thrombin inhibition (anti-IIa
ctivity; EC50 < 286 ng/ml). Additionally, deaminative cleavage-
repared DFG samples exhibited similar anti-f.Xase and anti-IIa
ctivity potency as free-radical depolymerization products. Fur-
hermore, the deaminative cleavage-prepared DFG samples with

w higher than 6.0 kDa may  prolong the APTT and strongly inhibit
hrombin via HCII and factor Xa generation via the intrinsic tenase
omplex in a manner that is similar to native glycosaminogly-
an, indicating that the effects of their molecular sizes on factor
ase inhibition and HCII-mediated thrombin inhibition may  be very
light.

. Conclusion

In this work, partial N-deacetylation and deaminative cleavage
f FG were investigated, and its products with a (2,5)-anhydro-
-talose unit at the new reducing end were prepared by
ydrazinolysis and nitrous acid treatment depending on experi-
ental conditions. The product chemical structures were studied

y one- and two-dimensional 1H and 13C NMR  methods. Under
ild conditions, basic N-deacetylated FG and DFG structures are

imilar to those of native FG, indicating that fucose side chains and
heir substituted sulfate may  remain stable during deacetylation
nd deaminative cleavage reactions. In contrast to DFGs with simi-
ar molecular mass by free radical degradation, these products also
xhibit potent anticoagulant activity and inhibit thrombin via HCII
nd factor Xa generation via the intrinsic tenase complex. There-
ore, oligosaccharides with the anhydro-d-talose unit at the new
educing end can be used to constitute a compound library that will
e useful for elucidating the FG structure–activity relationship.

cknowledgements

This work was supported in part by Grants from the Yun-
an Provincial Science and Technology Department in China (Nos.
010CI116, 2012BC011 and 2012FB177), the National Natural
cience Foundation of China (No. 81102372), the Outstanding Tech-
ical Talent Foundation of the Chinese Academy of Sciences and the
est Light Foundation of the Chinese Academy of Sciences.

eferences

ienkowski, M. J., & Conrad, H. E. (1985). Structural characterization of the oligosac-
charides formed by depolymerization of heparin with nitrous-acid. Journal of
Biological Chemistry,  260(1), 356–365.

radbury, J. (1956). An improvement of the hydrazine method for determination of
C-terminal amino-acids. Nature,  178, 912–913.

uyue, Y., & Sheehan, J. P. (2009). Fucosylated chondroitin sulfate inhibits plasma
thrombin generation via targeting of the factor IXa heparin-binding exosite.
Blood,  114(14), 3092–3100.

asu, B., & Gennaro, U. (1975). Conductimetric method for determination of sulfate
and carboxyl groups in heparin and other mucopolysaccharides. Carbohydrate

Research, 39(1), 168–176.

onseca, R. J. C., Oliveira, S. N., Pomin, V. H., Mecawi, A. S., Araujo, I. G., & Mourão, P. A.
S.  (2010). Effects of oversulfated and fucosylated chondroitin sulfates on coagu-
lation challenges for the study of anticoagulant polysaccharides. Thrombosis and
Haemostasis,  103(5), 994–1004.
30.46 182.67
52.88 141.42
38.18 227.18

Fukuda, M.,  Kondo, T., & Osawa, T. (1976). Studies on hydrazinolysis of
glycoproteins core structures of oligosaccharides obtained from porcine thy-
roglobulin and pineapple stem bromelain. Journal of Biochemistry, 80(6),
1223–1232.

Gao, N., Wu,  M., Liu, S., Lian, W.,  Li, Z., & Zhao, J. (2012). Preparation and characteri-
zation of O-acylated fucosylated chondroitin sulfate from sea cucumber. Marine
Drugs,  10(8), 1647–1661.

Glauser, B. F., Pereira, M.  S., Monteiro, R. Q., & Mourão, P. A. S. (2008).
Serpin-independent anticoagulant activity of a fucosylated chondroitin sulfate.
Thrombosis and Haemostasis, 100(3), 420–428.

Guo, Y., & Conrad, H. E. (1989). The disaccharide composition of heparins and hep-
aran sulfates. Analytical Biochemistry, 176(1), 96–104.

Kitazato, K., Kitazato, K. T., Nagase, H., & Minamiguchi, K. (1996). DHG, a new depoly-
merized holothurian glycosaminoglycan, exerts an antithrombotic effect with
less bleeding than unfractionated or low molecular weight heparin, in rats.
Thrombosis Research, 84(2), 111–120.

Kitazato, K., Kitazato, K. T., Sasaki, E., Minamiguchi, K., & Nagase, H. (2003). Prolonged
bleeding time induced by anticoagulant glycosaminoglycans in dogs is associ-
ated with the inhibition of thrombin-induced platelet aggregation. Thrombosis
Research,  112(1-2), 83–91.

Laudera, R. M., Huckerbya, T. N., Nieduszynskia, I. A., & Sadlerb, I. H. (2011). Char-
acterisation of oligosaccharides from the chondroitin/dermatan sulphates: 1H
and 13C NMR  studies of oligosaccharides generated by nitrous acid depolymeri-
sation. Carbohydrate Research, 346(14), 2222–2227.

Li, J. Z., & Lian, E. C. Y. (1988). Aggregation of human-platelets by acidic mucopolysac-
charide extracted from Stichopus japonicus Selenka. Thrombosis and Haemostasis,
59(3),  435–439.

Linhardt, R. J., & Gunay, N. S. (1999). Production and chemical processing of
low  molecular weight heparins. Seminars in Thrombosis and Hemostasis, 25,
5–16.

Luo, L., Wu,  M.,  Xu, L., Lian, W.,  Xiang, J., Lu, F., et al. (2013). Comparison of physi-
cochemical characteristics and anticoagulant activities of polysaccharides from
three sea cucumbers. Marine Drugs,  11(2), 399–417.

Minamiguchi, K., Kitazato, K. T., Nagase, H., Sasaki, E., Ohwada, K., & Kitazato, K.
(2003). Depolymerized holothurian glycosaminoglycan (DHG), a novel alterna-
tive anticoagulant for hemodialysis, is safe and effective in a dog renal failure
model. Kidney International, 63(4), 1548–1555.

Mourão, P. A. S., Pereira, M.  S., Pavao, M.  S. G., Mulloy, B., Tollefsen, D. M.,  Mow-
inckel, M. C., et al. (1996). Structure and anticoagulant activity of a fucosylated
chondroitin sulfate from echinoderm: Sulfated fucose branches on the polysac-
charide account for its high anticoagulant action. Journal of Biological Chemistry,
271(39), 23973–23984.

Nadkarni, V. D., Toida, T., VanGorp, C. L., Schubert, R. L., Weiler, J. M.,  Hansen, K. P.,
et  al. (1996). Preparation and biological activity of N-sulfonated chondroitin and
dermatan sulfate derivatives. Carbohydrate Research, 290(1), 87–96.

Nagase, H., Enjyoji, K., Minamiguchi, K., Kitazato, K. T., Kitazato, K., Saito,
H., et al. (1995). Depolymerized holothurian glycosaminoglycan with novel
anticoagulant actions – Antithrombin-III-independent and heparin-cofactor-
II-independent inhibition of factor-X activation by factor-IXa factor-VIIIa
complex and heparin-cofactor-II-dependent inhibition of thrombin. Blood,
85(6),  1527–1534.

Petitou, M.,  Casu, B., & Lindahl, U. (2003). 1976–1983, a critical period in the history
of  heparin: The discovery of the antithrombin binding site. Biochimie, 85(1–2),
83–89.

Shaklee, P. N., & Conrad, H. E. (1984). Hydrazinolysis of heparin and other gly-
cosaminoglycans. Biochemical Journal, 217(1), 187–197.

Sheehan, J. P., & Walke, E. N. (2006). Depolymerized holothurian glycosaminoglycan
and heparin inhibit the intrinsic tenase complex by a common antithrombin-
independent mechanism. Blood, 107(10), 3876–3882.

Shively, J. E., & Conrad, H. E. (1976). Formation of anhydrosugars in chemical depoly-
merization of heparin. Biochemistry, 15(18), 3932–3942.

Suzuki, N., Kitazato, K., Takamatsu, J., & Saito, H. (1991). Antithrombotic and
anticoagulant activity of depolymerized fragment of the glycosaminoglycan
extracted from Stichopus japonicus Selenka. Thrombosis and Haemostasis, 65(4),
369–373.

Takasaki, S., Mizuochi, T., & Kobata, A. (1982). Hydrazinolysis of asparagine-linked

sugar chains to produce free oligosaccharides. Methods in Enzymology, 83,
263–268.

Tommeraas, K., Varum, K. M.,  Christensen, B. E., & Smidsrod, O. (2001). Preparation
and characterisation of oligosaccharides produced by nitrous acid depolymeri-
sation of chitosans. Carbohydrate Research, 333(2), 137–144.

http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0130


Polym

T

W

W

fucosylated chondroitin sulfate from sea cucumber, Pearsonothuria graeffei, via
L. Zhao et al. / Carbohydrate 

sukamoto, T., Hattori, M.,  Sakabe, M.,  & Haginaka, J. (2001). Determination of
the molecular mass of new l-fucose-containing glycosaminoglycan and its
distribution by high-performance gel-permeation chromatography with laser
light-scattering detection. Analytical Science, 17,  555–558.

u,  M.,  Huang, R., Wen, D., Gao, N., He, J., Li, Z., et al. (2012). Structure and effect
of sulfated fucose branches on anticoagulant activity of the fucosylated chon-

droitin sulfate from sea cucumber Thelenota ananas. Carbohydrate Polymers,
87(1),  862–868.

u,  M.,  Xu, S., Zhao, J., Kang, H., & Ding, H. (2010a). Free-radical depolymerization of
glycosaminoglycan from sea cucumber Thelenota ananas by hydrogen peroxide
and copper ions. Carbohydrate Polymers, 80(4), 1116–1124.
ers 98 (2013) 1514– 1523 1523

Wu,  M.,  Xu, S., Zhao, J., Kang, H., & Ding, H. (2010b). Physicochemical characteristics
and anticoagulant activities of low molecular weight fractions by free-radical
depolymerization of a fucosylated chondroitin sulphate from sea cucumber
Thelenota ananas. Food Chemistry,  122(3), 716–723.

Wu,  N., Ye, X., Guo, X., Liao, N., Yin, X., Hu, Y., et al. (2013). Depolymerization of
(60)Co irradiation. Carbohydrate Polymers, 93(2), 604–614.
Yoshida, K., Minami, Y., Nemoto, H., Numata, K., & Yamanaka, E. (1992). Structure of

DHG, a depolymerized glycosaminoglycan from sea cucumber, Stichopus japo-
nicus. Tetrahedron Letters,  33(34), 4959–4962.

http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00749-2/sbref0160

	Structure and anticoagulant activity of fucosylated glycosaminoglycan degraded by deaminative cleavage
	1 Introduction
	2 Experimental design
	2.1 Materials
	2.2 FG deacetylation
	2.3 Deaminative FG cleavage
	2.4 NMR analysis
	2.5 Molecular weight and sulfate/carboxyl group measurement
	2.6 DFG anticoagulant activity

	3 Results and discussion
	3.1 FG deacetylation
	3.2 FG deaminative cleavage
	3.3 Native FG, deacetylated FG and DFG structural analysis and comparison
	3.4 Anticoagulant properties

	4 Conclusion
	Acknowledgements
	References


