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a  b  s  t  r  a  c  t

2,2,6,6-Tetramethylpiperidine-1-oxyl  radical  (TEMPO)-mediated  oxidation  was  applied  to curdlan  to
prepare water-soluble  sodium  (1→3)-�-polyglucuronate,  and  its biodegradation  behavior  was  then
investigated.  A  bacterial  strain  (EH621)  having  the  ability  to  degrade  (1→3)-�-polyglucuronate  was  iso-
lated  from  soil,  and  identified  as Paenibacillus  sp.  Strain  EH621  cultured  with  (1→3)-�-polyglucuronate
decreased  the  initial  total  carbon  in the supernatant  by approximately  60%  within  3 days,  showing
that  (1→3)-�-polyglucuronate  can  be readily  degraded  and  metabolized  by  microorganisms  present
eywords:
EMPO
urdlan
1→3)-�-Polyglucuronate
lucuronate

in  the  natural  environment.  Hydrolytic  enzyme  activity  was detected  in the  cell-free  extract  of  EH621,
which  was  highly  specific  to  (1→3)-�-polyglucuronate.  Analyses  of  the  enzymatic  degradation  products
revealed  that  (1→3)-�-polyglucuronate  was  endolytically  degraded  to  its monomeric  unit,  glucuronate,
via  some  oligomers  and  dimers.
iodegradation
aenibacillus sp.

. Introduction

Effective use of polysaccharides as natural resources has
ecently become required to establish a sound material-cycle soci-
ty, and as a result, chemical modifications of polysaccharides
ave been attracting much attention. Among them, oxidation of
he C6 primary hydroxyl groups of polysaccharides using 2,2,6,6-
etramethylpiperidine-1-oxyl radical (TEMPO) as a catalyst under
queous conditions has received a great deal of interest for its
igh reaction rate, regioselectivity, and environmental compatibil-

ty (Bragd, Besemer, & van Bekkum, 2001; de Nooy, Besemer, & van
ekkum, 1995). Conversion rates and ratios of primary hydroxyl
roups to carboxyls depend on water-solubility and crystallinity
f polysaccharides used as starting materials as well as oxidation
onditions. This TEMPO-mediated oxidation has created oppor-
unities to provide additional functionalities to polysaccharides.
arious water-insoluble polysaccharides, such as regenerated cel-

ulose, chitin, and �-cyclodextrin are made water-soluble by the
EMPO/NaBr/NaClO oxidation system (Fraschini & Vignon, 2000;
sogai & Kato, 1998; Kato, Kaminaga, Matsuo, & Isogai, 2004;
uzzarelli, Muzzarelli, Cosani, & Terbojevich, 1999). The water-
oluble polyuronates thus obtained are expected to have new
otential applications.

∗ Corresponding author at: 1-1-1 Yayoi, Bunkyo-ku, Tokyo 113-8657, Japan.
el.: +81 3 5841 5538; fax: +81 3 5841 5269.

E-mail address: aisogai@mail.ecc.u-tokyo.ac.jp (A. Isogai).
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Curdlan, an extracellular bacterial polysaccharide, is a linear
(1→3)-�-glucan. The repeating unit of curdlan is anhydroglucose,
the same as those of cellulose, (1→4)-�-glucan, and amylose,
(1→4)-�-glucan, which are the representative biomass resources
(Harada, Misaki, & Saito, 1968; McIntosh, Stone, & Stanisich, 2005).
Because curdlan has a triple-helical structure because of the (1→3)-
�-linkage, many investigations focused on curdlan for its unique
structure and peculiar functionality (Chuah, Sarko, Deslandes,
& Marchessault, 1983; Deslandes, Marchessault, & Sarko, 1980;
Shibakami, Sohma, & Hayashi, 2012).

When the TEMPO-mediated oxidation was  applied to curdlan,
water-soluble sodium (1→3)-�-polyglucuronates were quantita-
tively obtained (Tamura, Wada, & Isogai, 2009; Watanabe et al.,
2013). The originally water-insoluble curdlan became soluble in the
aqueous reaction medium as the oxidation of the primary hydro-
xyls proceeds. Partial depolymerization of curdlan was, however,
inevitable during the oxidation reactions. Because water-soluble
polysaccharides, which originally have triple-helical structures, are
applicable as effective dispersants of carbon nanotubes and metal
nanoparticles in water (Le et al., 2011; Li, Zhang, Xu, & Zhang, 2011),
(1→3)-�-polyglucuronate is also expected to be suitable for this
purpose. Thus, the biodegradability of (1→3)-�-polyglucuronate is
an essential issue influencing its fundamental properties, applica-
bility, and performance limits.
In our previous work, the biodegradation behavior of cel-
louronate, (1→4)-�-polyglucuronate, and amylouronate, (1→4)-
�-polyglucuronate, was investigated. These polyglucuronates were
prepared from regenerated cellulose and water-soluble starch,

dx.doi.org/10.1016/j.carbpol.2013.03.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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freeze-dried reaction mixture was  dissolved in D2O and subjected
to 13C NMR  analysis. The 13C NMR  spectra of the products were
E. Watanabe et al. / Carbohyd

espectively, by TEMPO-mediated oxidation. Cellouronate was
egraded with two types of intracellular lyases produced by Bre-
undimonas sp. SH203 isolated from the natural environment
Konno, Habu, Maeda, Azuma, & Isogai, 2006; Konno, Habu, Iihashi,

 Isogai, 2008), while amylouronate was degraded with intra-
ellular hydrolases produced by Paenibacillus sp. TH501b (Iihashi,
agayama, Habu, & Isogai, 2009). These bacterial strains, however,
ere found to be unable to degrade (1→3)-�-polyglucuronate.

n this study, therefore, bacterial strains with the ability to
egrade (1→3)-�-polyglucuronate were isolated from the natural
nvironment, and the biodegradation behavior of (1→3)-�-
olyglucuronate by crude enzyme extracted from one stain was
tudied in detail.

. Materials and methods

.1. Materials

Commercially available curdlan (Wako Pure Chemicals, Co.,
apan) was used as a starting material for the preparation of
1→3)-�-polyglucuronate. TEMPO, sodium bromide, 12% sodium
ypochlorite solution, and other reagents and solvents were pur-
hased from Wako Pure Chemicals Co., Japan and Kanto Chemicals
o., Japan and used without further purification. Yeast extract was
urchased from Oxoid Ltd., UK. Curdlan (5 g) was suspended in
ater (500 mL)  at pH 10 containing TEMPO (0.08 g, 0.5 mmol) and

odium bromide (0.5 g, 5 mmol), and the suspension was stirred
t room temperature. The TEMPO-mediated oxidation was started
y adding 12% NaClO solution (36 g, 15 mmol). The pH of the mix-
ure was maintained at 10 by adding 0.5 M NaOH using a pH stat
ntil no further NaOH consumption was observed. The reaction was
uenched by adding excess ethanol (500 mL). The resulting pre-
ipitate was collected and washed three times with 80% aqueous
thanol and then acetone by centrifugation, and finally vacuum-
ried (Tamura et al., 2009). The chemical structure of the obtained
1→3)-�-polyglucuronate was confirmed by 13C nuclear magnetic
esonance (NMR). The yield of the oxidized product was  92%.

.2. Culture conditions

Microorganisms were aerobically cultured at 30 ◦C on a rotary
haker at 120 rpm in a (1→3)-�-polyglucuronate medium con-
aining 0.82 g/L (NH4)2SO4, 1.6 g/L K2HPO4, 0.4 g/L KH2PO4, 0.2 g/L

gSO4·7H2O, 0.025 g/L CaCl2·2H2O, 0.0023 g/L FeCl3·6H2O, 0.1 g/L
east extract, and 5.0 g/L (1→3)-�-polyglucuronate (pH 7.0). An L-
roth (LB) medium (pH 7.0) containing 10 g/L tryptone, 5.0 g/L yeast
xtract, and 5.0 g/L NaCl was also used as a nutrient medium. In the
ase of a solid medium, 20 g/L agar was added to the above media.

.3. Isolation and identification of the bacterial strain

Several soil samples were collected from different sites in
ochigi and Shizuoka Prefectures, Japan, as sources of microorgan-
sms occurring in the natural environment. Each soil sample (1 g)

as suspended in distilled water (10 mL), and 0.5 mL  of each sus-
ension was added to 10 mL  (1→3)-�-polyglucuronate medium in
eparated test tubes. The inoculated test tubes were shake-cultured
30 ◦C, 120 rpm) and repeatedly subcultured. The accumulated
ulture solutions were spread on (1→3)-�-polyglucuronate agar
lates and incubated for 3 days. Four bacterial strains which made
lear colonies on the (1→3)-�-polyglucuronate solid medium were
solated and designated as EH602a, EH602b, EH621 and EH622,

espectively. These strains were then cultured in the (1→3)-�-
olyglucuronate liquid medium and the total carbon (TC) in the
upernatant of the culture solution was measured using a TOC ana-
yzer (TOC-V, Shimadzu Co., Japan). Strain EH621, which showed
olymers 96 (2013) 314– 319 315

the highest reduction in TC, was  identified by comparing its
sequence for the gene encoding the 16S rRNA with databases,
using the same procedure described in our previous work (Iihashi
et al., 2009). The obtained DNA sequence was registered in the
DDBJ/GeneBank/EMBL database (Accession no. AB765931). The
nucleotide sequence for the 16S rRNA was compared with the
registered sequences in the GeneBank databases using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/).

2.4. Preparation of crude enzyme solution

The EH621 cells pre-cultured in the LB medium were cultured
in 100 mL  (1→3)-�-polyglucuronate medium. Ten mL  of the cul-
ture was  sampled daily and centrifuged at 10,000 × g and 4 ◦C for
10 min. The collected cells were washed three times with 50 mM
sodium phosphate buffer (pH 7.0) and then suspended in 3 mL  of
the same buffer and treated using an ultrasonic disrupter (UD201,
Tomy Seiko Co., Japan) at 20 kHz for 5 min  over an ice-water bath.
The mixture was  centrifuged at 10,000 × g and 4 ◦C for 10 min, and
the supernatant containing a cell-free extract was  used as the crude
enzyme solution. Selected conditions, such as pre-culture medium,
culture time, and pH, were varied to obtain higher enzyme activities
in the solution.

2.5. Enzyme assay

Enzyme activity was assayed by determining the increased
amount of reducing ends formed by cleavage of the glycoside
bonds of (1→3)-�-polyglucuronate. A reaction mixture contain-
ing the enzyme and 0.3% (w/v) (1→3)-�-polyglucuronate in 50 mM
sodium phosphate buffer (pH 7.0) was incubated at 30 ◦C for 0,
15, and 30 min. The amount of reducing ends was colorimetrically
measured at 660 nm according to the method reported by Somogyi
(1952) using a microplate reader (SH-1000 Lab, Corona Electric Co.,
Japan) with sodium glucuronate as a standard. One  unit (U) of the
enzyme activity was defined as an amount of enzyme necessary to
liberate reducing ends equivalent to 1 �mol sodium glucuronate
min−1.

2.6. Analyses of the enzymatic degradation products

A reaction mixture of 1% (w/v) (1→3)-�-polyglucuronate and an
amount of enzyme corresponding to 15 U was incubated at 26 ◦C
with reciprocal shaking at 100 rpm. After the desired incubation
time aliquots of the mixture were withdrawn and immediately
frozen until subjected to further analyses. Thin-layer chromatogra-
phy (TLC) was  performed on a TLC plate of Silica 60 F254 (Merck Co.,
Germany) with a 3:2:2 1-butanol/acetic acid/water (v/v/v) devel-
oping solvent using glucuronate (50 ng) as a standard. The reaction
products were visualized on the TLC plate by heating after dipping
it in 10% (v/v) sulfuric acid in ethanol. The molecular mass distri-
bution of the reaction products was evaluated by size-exclusion
chromatography (SEC) using an SEC column for aqueous systems
(SB-802.5 HQ, 8 mm � × 30 cm,  Shodex, Japan) and 0.1 M NaCl as
the eluent. The samples were filtered using 0.2 �m polytetraflu-
oroethylene (PTFE) membranes (Millipore, USA) before injection.
Elution was carried out at 40 ◦C with a flow rate of 0.5 mL/min,
and the elution patterns were detected by refractive index (RI). The
recorded on an ALPHA-500 (JEOL, Japan) using 3-trimethylsilyl-
2,2,3,3-d4-propionic acid sodium salt (Aldrich, USA) as an internal
standard. The data accumulations for the 13C NMR spectra were
about 25,000 times.

http://www.ncbi.nlm.nih.gov/BLAST/
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ig. 1. Time-dependent change of total carbon in supernatant of the (1→3)-�-
olyglucuronate medium incubated with isolated strains.

. Results and discussion

Curdlan was oxidized by TEMPO-mediated oxidation using
aClO and catalytic amounts of TEMPO and NaBr in water at pH
0 to prepare water-soluble TEMPO-oxidized curdlan. As will be
escribed later, 13C NMR  analysis showed that almost all the C6
rimary hydroxyl groups of curdlan were selectively oxidized to
6 carboxylate groups by the TEMPO-mediated oxidation. Thus,
lmost pure sodium (1→3)-�-polyglucuronate was  successfully
repared from curdlan in high yield (Tamura et al., 2009), and this
ample was used as the starting material in this biodegradation
tudy.

.1. Isolation and identification of the bacterial strain

In our previous work, several bacterial strains able to degrade
olyglucuronates such as cellouronate with (1→4)-�-linkages
Konno et al., 2006, 2008) and amylouronate with (1→4)-�-
inkages (Iihashi et al., 2009) were isolated and characterized.
hese strains, however, were found to be unable to grow in
he presence of (1→3)-�-polyglucuronate. Thus, new strains for
1→3)-�-polyglucuronate degradation were screened and iso-
ated from soil samples collected from various areas in a natural
nvironment. Among 42 bacterial strains which colonized on
1→3)-�-polyglucuronate agar plates, 4 isolates, EH602a, EH602b,
H621 and EH622, showed remarkable growth. These were then
icked up from single colonies and cultured in liquid (1→3)-�-
olyglucuronate medium.

Time-dependent changes of the total carbon (TC) in the super-
atant of the culture solutions were evaluated using a TOC
nalyzer and shown in Fig. 1. All the strains tested showed
lear TC reduction in the culture solutions, although reduction
ates varied between the strains. These observations suggest that
icroorganisms including bacterial strains, able to grow with

1→3)-�-polyglucuronate as a carbon source exist rather abun-
antly in the natural environment. Thus, (1→3)-�-polyglucuronate
an be recognized as a biodegradable material, although it was arti-
cially prepared from curdlan by the TEMPO-mediated oxidation

n this study. Because EH621 exhibited the most rapid TC decrease
uring cultivation, further study was carried out using this strain. To

dentify the EH621 stain, its gene sequence encoding the 16S rRNA
as compared with database-registered sequences using the BLAST

earch. The highest score, identifying 99.7% of 759 bp fragments,

as obtained against the sequence of Paenibacillus sp. KSM-318

Accession no. AB257600). Thus EH621 was recognized as Paeni-
acillus sp.
Fig. 2. Time-dependent change of intracellular hydrolase activity of the extracted
crude enzyme.

3.2. Enzyme activity of Paenibacillus sp. EH621 to degrade
(1→3)-ˇ-polyglucuronate

When the Paenibacillus sp. EH621 was  cultured with (1→3)-
�-polyglucuronate as a main carbon source, rapid TC reduction,
approximately 60% of the original TC within 3 days, was observed
(Fig. 1), indicating that the microorganisms produced enzymes
responsible for degradation of (1→3)-�-polyglucuronate. Thus,
enzyme activities in both a cell-free extract (intracellular) and a
culture supernatant (extracellular) were measured by determin-
ing the amount of reducing ends formed by cleavage of glycoside
bonds. Significant enzyme activity producing reducing ends from
(1→3)-�-polyglucuronate was  detected in the cell-free extract.
Absorbance at 235 nm, which is an indicator of lyase activity (Konno
et al., 2006), was also measured during the enzymatic treatment,
but no increase was observed. These results indicate that the above
enzyme activity resulted from hydrolytic cleavage of glycoside
bonds. The culture supernatant, however, had almost no detectable
enzyme activity, indicating that Paenibacillus sp. EH621 degrades
and metabolizes (1→3)-�-polyglucuronate mainly with intracel-
lular hydrolytic enzymes under the culture conditions used in this
study.

Paenibacillus sp. EH621 was cultivated under conditions with
various factors such as pre-culture medium, culture time, and pH,
and a crude enzyme solution (cell-free extract) was prepared to
optimize enzyme production. The optimum culture pH for the
enzyme production was  found to be 7.6 (data not shown). The LB
medium used as a pre-culture resulted in good growth of cells.
After being pre-cultured in the LB medium for 1 day, the cells were
collected by centrifugation, cultured in (1→3)-�-polyglucuronate
medium for 1–4 days, and the crude enzyme solutions were pre-
pared from them to measure their enzyme activities. Fig. 2 shows
the time-dependent changes of the enzyme activity in the crude
enzyme solution. The highest enzyme activity was obtained from
cells cultured for 3 days, whereas prolonged culturing for 4 days
led to a significant lowering of the enzyme activity.

The substrate specificity of the hydrolase activity in the
crude enzyme solution was estimated using the following
polyuronates; (1→4)-�-polyglucuronate (amylouronate), (1→4)-
�-polyglucuronate (cellouronate), alginate, hyaluronate, pectin,
starch and curdlan. As shown in Table 1, the hydrolase activity
was highly specific to (1→3)-�-polyglucuronate. The enzyme solu-
tion was  slightly active to pectin, although the relative activity was

quite low, only 8.4% to (1→3)-�-polyglucuronate. The reason for
this slight activity of the crude enzyme to pectin is unknown at
present.
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Fig. 3. TLC patterns of degradation products obtained from (1→3)-�-
polyglucuronate after crude enzyme treatment for 0–115 h. G: authentic
glucuronate.

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5

Glucuronate

115 h

72 h

46 h

6 h

0 h

Elution volume (mL)

Fig. 4. SEC elution profiles of degradation products obtained from (1→3)-�-
polyglucuronate after crude enzyme treatment for 0–115 h, detected by refractive
index.

Table 1
Substrate specificity of the crude enzyme to (1→3)-�-polyglucuronate.

Substrate Relative activity (%)

(1→3)-�-Polyglucuronate 100.0
Amylouronate ND
Cellouronate ND
Alginate ND
Hyaluronate ND
Pectin 8.4
Starch ND

Curdlan ND

ND, not detected.

3.3. Analyses of degradation products by crude enzyme

(1→3)-�-Polyglucuronate was incubated with the crude
enzyme and the resulting enzymatic degradation products were
analyzed by TLC, SEC, and 13C NMR. Fig. 3 shows TLC patterns
of the degradation products. The enzymatic degradation led to
formation of glucuronate, a monomer component of (1→3)-�-
polyglucuronate, and several products corresponding to dimer and
oligomers. The amount of glucuronate formed during the reaction
increased with incubation time.

The SEC elution profiles of the original (1→3)-�-
polyglucuronate, its degradation products by the crude enzyme,
and glucuronate standard are shown in Fig. 4. The peak of the
original (1→3)-�-polyglucuronate (incubated for 0 h) at an elution
volume of 6.1–7.5 mL  was  shifted to higher elution volumes or
lower molecular mass regions with increasing enzyme-treatment

time. Along with the peak shift, the peak due to glucuronate was
detected at an elution volume of 9.0–9.6 mL,  and increased with the
treatment time, indicating the accumulation of glucuronate by the
enzymatic degradation. The TLC and SEC results revealed that some

ppm
6080100120140160180

Curdlan

-β-polyglucuronate

Enzyme -treated product (115 h)

Glucuronate

C2
C1

C3 C5 C4 C6

C2
C1 C3

C5 C4

C6

C1α

C1β

C6

C6

C1α

C1β

(1→3

Fig. 5. 13C NMR  spectra of the original curdlan dissolved in DMSO-d6, and (1→3)-�-
polyglucuronate, its degradation product by the crude enzyme treatment for 115 h,
and  glucuronate dissolved in D2O.
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ydrolytic enzymes that depolymerize (1→3)-�-polyglucuronate
ndolytically (and probably exolytically as well) were present in
he crude enzyme solution.

Fig. 5 shows 13C NMR  spectra of the original curdlan, (1→3)-�-
olyglucuronate prepared from curdlan by the TEMPO-mediated
xidation, its degradation product by the crude enzyme for 115 h,
nd glucuronate. The signal due to C6 primary hydroxyl groups
f the original curdlan at ∼60 ppm disappeared in the spec-
rum of the TEMPO-oxidized curdlan. Conversely, the signal due
o the C6 carboxylate groups at 178 ppm appeared for the oxi-
ized curdlan, indicating that almost all the C6 primary hydroxyl
roups of curdlan were selectively oxidized to C6 carboxylate
roups by the TEMPO-mediated oxidation to form sodium (1→3)-
-polyglucuronate. Signals due to the C1, C3, and C6 carbons
f (1→3)-�-polyglucuronate at 105, 86, and 178 ppm, respec-
ively, were obviously decreased by enzymatic treatment for 115 h.
orrespondingly, peaks due to glucuronate were detected after
he enzymatic treatment. Especially, two pairs of peaks at 95/99
nd 178/179 ppm, assigned to anomeric C1 carbons and C6 car-

ons influenced by the anomeric C1 carbons, respectively (Guard,
oleman, & Ross, 1992), were clearly observed. Thus, the 13C NMR
nalysis revealed that the monomer formed and present in the
nzymatic degradation products was glucuronate.
ion, and formation of glucuronate from (1→3)-�-polyglucuronate by crude enzyme

Based on the obtained results, it was  concluded that Paeni-
bacillus sp. EH621 produces a hydrolytic enzyme system that
depolymerizes (1→3)-�-polyglucuronate in an endolytic man-
ner. Glucuronate, a repeating unit of (1→3)-�-polyglucuronate,
formed one of the primary degradation products in the enzymatic
degradation products (Fig. 6). The results in Figs. 4 and 5 also
suggest the presence of enzymes that exolytically hydrolyzed the
endolytically degraded products to efficiently form glucuronate.
Similar combinations of endo- and exo-type multiple enzymes
in effective enzymatic degradation have been reported for some
other polyuronates such as alginate (Suzuki, Suzuki, Inoue, &
Ojima, 2006), pectin (Shevchik, Condemine, Robert-Baudouy, &
Hugouvieux-Cotte-Pattat, 1999), and cellouronate (Konno et al.,
2008).

4. Conclusions

A bacterial strain, EH621, with the ability to degrade (1→3)-
�-polyglucuronate was isolated from the natural environment,

and identified as Paenibacillus sp. When EH621 was  cultured with
(1→3)-�-polyglucuronate as a carbon source, approximately 60% of
the original total carbon in the culture solution disappeared within
3 days, showing that (1→3)-�-polyglucuronate can be recognized
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s a biodegradable material. The enzyme activity responsible for the
egradation of (1→3)-�-polyglucuronate was detected in the cell-
ree extract of EH621, and the culture conditions for the enzyme
roduction were optimized. Analyses of the enzymatic degrada-
ion products revealed that the enzyme system produced by EH621
epolymerizes (1→3)-�-polyglucuronate hydrolytically to form
lucuronate, a monomer component, in an endolytic manner. The
ydrolase activity of the crude enzyme was highly specific to
1→3)-�-polyglucuronate.

cknowledgements

This work was supported by the Japan Society for the Promotion
f Science (JSPS) with a Grant-in-Aid for Scientific Research (Grant
umber 21228007 and 2258017).

eferences

ragd, P. L., Besemer, A. C., & van Bekkum, H. (2001). TEMPO-derivatives as catalysts
in  the oxidation of primary alcohol groups in carbohydrates. Journal of Molecular
Catalysis A: Chemical, 170, 35–42.

huah, C. T., Sarko, A., Deslandes, Y., & Marchessault, R. H. (1983). Packing analysis of
carbohydrates and polysaccharides. Part 14. Triple-helical crystalline structure
of  curdlan and paramylon hydrates. Macromolecules, 16,  1375–1382.

e Nooy, A. E. J., Besemer, A. C., & van Bekkum, H. (1995). Highly selective nitroxyl
radical-mediated oxidation of primary alcohol groups in water-soluble glucans.
Carbohydrate Research, 269, 89–98.

eslandes, Y., Marchessault, R. H., & Sarko, A. (1980). Triple-helical structure of
(1→3)-�-d-glucan. Macromolecules, 13,  1466–1471.

raschini, C., & Vignon, M. R. (2000). Selective oxidation of primary alcohol groups
of  �-cyclodextrin mediated by 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO). Carbohydrate Research, 328, 585–589.
uard, H. E., Coleman, W.  M.,  III, & Ross, M.  M.  (1992). On the characterization of the
reaction of organotin compounds with d-glucuronic acid. Carbohydrate Research,
235,  41–45.

arada, T., Misaki, A., & Saito, H. (1968). Curdlan: A bacterial gel-forming �-1,3-
glucan. Archives of Biochemistry and Biophysics, 124, 292–298.
olymers 96 (2013) 314– 319 319

Iihashi, N., Nagayama, J., Habu, N., & Isogai, A. (2009). Enzymatic degradation of amy-
louronate (�-(1→4)-linked glucuronan) by �-glucuronidase from Paenibacillus
sp.  TH501b. Carbohydrate Polymers, 77,  59–64.

Isogai, A., & Kato, Y. (1998). Preparation of polyuronic acid from cellulose by TEMPO-
mediated oxidation. Cellulose, 5, 153–164.

Kato, Y., Kaminaga, J., Matsuo, R., & Isogai, A. (2004). TEMPO-mediated oxidation of
chitin, regenerated chitin and N-acetylated chitosan. Carbohydrate Polymers, 58,
421–426.

Konno, N., Habu, N., Iihashi, N., & Isogai, A. (2008). Purification and characterization
of  exo-type cellouronate lyase. Cellulose, 15,  453–463.

Konno, N., Habu, N., Maeda, I., Azuma, N., & Isogai, A. (2006). Cellouronate (�-1,4-
linked polyglucuronate) lyase from Brevundimonas sp. SH203: Purification and
characterization. Carbohydrate Polymers, 64,  589–596.

Le, T. N. L., Shiraki, T., Dawn, A., Tsuchiya, Y., Tokunaga, D., Tamaru, S., Enomoto,
N.,  Hojo, J., & Shinkai, S. (2011). A pH-responsive carboxylic beta-1,3-glucan
polysaccharide for complexation with polymeric guests. Organic & Biomolecular
Chemistry,  9, 4266–4275.

Li, S., Zhang, Y., Xu, X., & Zhang, L. (2011). Triple helical polysaccharide-
induced good dispersion of silver nanoparticles in water. Biomacromolecules, 12,
2864–2871.

McIntosh, M.,  Stone, B. A., & Stanisich, V. A. (2005). Curdlan and other bacterial
(1→3)-�-d-glucans. Applied Microbiology and Biotechnology,  68,  163–173.

Muzzarelli, R. A. A., Muzzarelli, C., Cosani, A., & Terbojevich, M.  (1999). 6-Oxychitins,
novel hyaluronan-like regiospecifically carboxylated chitins. Carbohydrate Poly-
mers,  39,  361–367.

Shevchik, V. E., Condemine, G., Robert-Baudouy, J., & Hugouvieux-Cotte-Pattat, N.
(1999). The exopolygalacturonate lyase PelW and the oligogalacturonate lyase
Ogl,  two  cytoplasmic enzymes of pectin catabolism in Erwinia chrysanthemi
3937. Journal of Bacteriology, 181, 3912–3919.

Shibakami, M.,  Sohma, M.,  & Hayashi, M.  (2012). Fabrication of doughnut-shaped
particles from spheroidal paramylon granules of Euglena gracilis using acety-
lation reaction. Carbohydrate Polymers, 87,  452–456.

Somogyi, M.  (1952). Notes on sugar determination. Journal of Biological Chemistry,
195,  19–23.

Suzuki, H., Suzuki, K., Inoue, A., & Ojima, T. (2006). A novel oligoalginate lyase from
abalone, Haliotis discus hannai, that releases disaccharide from alginate polymer
in  an exolytic manner. Carbohydrate Research, 341, 1809–1819.
Tamura, N., Wada, M.,  & Isogai, A. (2009). TEMPO-mediated oxidation of (1→3)-�-
d-glucans. Carbohydrate Polymers, 77,  300–305.

Watanabe, E., Tamura, N., Saito, T., Habu, N., & Isogai, A. Preparation of completely
C6-carboxylated curdlan by catalytic oxidation with 4-acetamido-TEMPO. Car-
bohydrate Polymers, in press, http://dx.doi.org/10.1016/j.carbpol.2012.11.094

http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00331-7/sbref0105
http://dx.doi.org/10.1016/j.carbpol.2012.11.094

	Biodegradation of (1→3)-β-polyglucuronate prepared by TEMPO-mediated oxidation
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Culture conditions
	2.3 Isolation and identification of the bacterial strain
	2.4 Preparation of crude enzyme solution
	2.5 Enzyme assay
	2.6 Analyses of the enzymatic degradation products

	3 Results and discussion
	3.1 Isolation and identification of the bacterial strain
	3.2 Enzyme activity of Paenibacillus sp. EH621 to degrade (1→3)-β-polyglucuronate
	3.3 Analyses of degradation products by crude enzyme

	4 Conclusions
	Acknowledgements
	References


