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A new source for the production of bioactive glucuronic acid oligosaccharides (GIcUAOs) from the depo-
lymerization of green seaweed Ulva lactuca glucuronan (Algal glucuronan) has been investigated. Algal
glucuronan purification was optimized by the acidic precipitation method which allowed us to separate
the polysaccharide mixture extracted from the cell wall of Ulva lactuca using hot water containing
sodium oxalate. A series of the GIcUAOs were obtained by enzyme degradation of algal glucuronan with
a glucuronan lyase (GL) isolated from Trichoderma strain. The putative bioactive GIcUAOs generated were
then purified by size-exclusion chromatography in gram quantity and characterized by 'H/'>C NMR spec-
troscopy and ESI-Q/TOF-mass spectrometry.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Homopolyuronides are anionic polysaccharides presenting
many biological interests and industrial applications. It is
described in the literature that apart from polygalacturonate and
alginate, the structural variability of this class of acidic polysaccha-
rides is poor and low. Consequently, new generation of the
homopolyuronides has been developed. Firstly, the emergence of
2,2,6,6-tetramethylpiperidine-1-oxy (TEMPO) chemistry has led
to regioselective oxidation of polysaccharides." When applied to
cellulose, this specific oxidation of primary alcohol function gener-
ated B-(1,4)-p-polyglucuronic acids (synthetic glucuronans).?
Secondly, the bacterial strain Sinorhizobium meliloti M5N1CS was
isolated for its ability to excrete variably acetylated B-(1,4)-p-
polyglucuronic acids called glucuronans (bacterial glucuronans).3*
The interest of the scientific community for this new family of
acidic polysaccharides was mostly motivated by its rheological
and biological properties. Effectively, this glucuronan form may
be employed as gelifying, thickening, hydrating, stabilizing,
chelating, or flocculating agent,” and also as a biologically active
polysaccharide in therapy and agronomy.~® In the two latter cases,
low-molecular weight glucuronan and glucuronic acid oligosac-
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charides (GIcUAOs) seem to be more active than the native
polymer. This phenomenon is often described for oligosaccharides
showing biological activities.!°

It is true that bacterial glucuronans appear to have some advan-
tages over the synthetic glucuronans, generally because they are
non-toxic, less expensive, and freely available. Moreover, appropri-
ate strains can be genetically modified to acquire a product with
desired properties.!! In addition, several bacterial oligo- and poly-
saccharides have been reported, while only a few of them have
been developed on a commercial scale because of the pathogenic
nature of certain producer organisms.'?> For this reason, new
sources of natural glucuronan have been explored.

Previous studies have revealed the presence of B-(1,4)-p-poly
glucuronic acids (algal glucuronans) in the cell walls of a number
of green seaweeds.'? It was reported that the algal glucuronan
was co-extracted together with ulvans, major water-soluble
polysaccharides usually extracted from the cell wall of Ulva sp.
using hot water often containing a calcium chelating agent such
as sodium oxalate.!” This algal glucuronan poses several problems
for the fine chemical structure analysis of the ulvans. Thus, in
previous studies some authors have successfully used the ion-ex-
change chromatography to eliminate the algal glucuronan.!*!>
Nevertheless, these chromatographic techniques, which are
labor-intensive and time-consuming, pose real obstacles and limit
the industrial scale valorization of algal glucuronan.
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The purpose of this study was to develop a rapid, technically
simple, and cost-effective method to separate the ulvans/glucuron-
ans mixture from the most widely distributed green algae (Ulva
lactuca) extracts using acid precipitation. Moreover, the large-scale
production of bioactive GIcUAOs is proposed by enzymatic depoly-
merization of algal glucuronan using glucuronan lyase (GL).

2. Results and discussion
2.1. Extraction of algal glucuronan

A new procedure (Fig. 1) was developed to efficiently and quan-
titatively extract the glucuronan from Ulva lactuca. By combining
oxalate buffer extraction (50 mM, pH 6) at 90 °C for 3 h with acid
precipitation, we were able to produce a high yield of pure glucu-
ronan in few reaction steps. Table 1 gives the details of the main
fractions extracted according to the procedure developed in our
laboratory. The yield of the different polysaccharide-enriched frac-
tions was determined based on the dry weight of the algae. As
described in the literature,'* fraction A corresponds to an ulvan/
glucuronan mixture. To separate this mixture simply and rapidly
into two distinct polysaccharides, the acid precipitation was
employed due to the non-solubility of glucuronan at a lower pH.
As we can observe, after sugar and sulfate analysis of fractions A,
B, and C that were obtained, the separation of glucuronan and
ulvan was confirmed. In fact, the high degrees of purity, estimated
at 94% by the uronic acid contents associated with the absence of
sulfate groups give evidence for the presence of pure glucuronan
in fraction C (Table 1). On the other hand, the uronic acids and neu-
tral sugar ratio in fraction B conform to ulvan structure.'*!> Extrac-
tion yields are in agreement with previous reports concerning the
study of water-soluble cell wall polysaccharides from Ulva sp.'*
Consequently, the algal glucuronan was obtained in 2.5% yield. It
has to be mentioned that contrary to other Ulva sp. glucuronan
extraction processes, the method presented here does not need
any chromatographic purification steps.

I Fresh Ulva lactuca |
| Extraction with EtOH,
acetone, chloroform (aq)

Difatted Ulva lactuca

Oxalate (aq) 0.05 M;
pH=6; T=90°C; 3h

Fraction A

Residual fraction |7

[ pH= 2 & Centrifugation ]—

Fraction B Fraction C

(Ulvan)

(Glucuronan )

Figure 1. Extraction procedure of ulvans and glucuronans from Ulva lactuca.

Table 1

Composition of polysaccharide fraction preparations from Ulva lactuca

Fraction A B C
Yields* 20 17.5 2.5
Proteins® 8 1 4
Neutral sugars® 51 60 2
Uronics acids® 23 19 94
Sulfates™® 18 20 Nd

Nd = not detected.
2 Yield of crude polysaccharides, based on milled seaweed.
" Based on dry weight of the polysaccharide fraction preparation.
¢ Expressed as SOsNa.

2.2. TH NMR analyses of extracted fractions

To confirm the efficiency of the separation process, fractions B
and C were analyzed by 'H NMR as shown in Figure 2. Concerning
fraction C, five resonance peaks, characteristics of glucuronan,
were observed according to the previous work.'® These signals
were attributed to: H-1 (5.25ppm), H-2 (4.08 ppm), H-3
(4.33 ppm), H-4 (4.42 ppm), and H-5 (4.58 ppm). The NMR analysis

a CH;-Rha

mH1 H4

HS

ppm

Figure 2. 'H NMR spectra of (a) fraction B and (b) fraction C. HOD refers to the
signal of the residual water in the sample.
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provides Supplementary data on the presence of glucuronan struc-
ture in fraction C. This interpretation is based on the comparison of
'H NMR spectrum presented here with those obtained from bacte-
rial and synthetic glucuronans.'®!” On the other hand, the 'TH NMR
spectrum of fraction B shows the presence of a signal at about
1.76 ppm which is a characteristic of the methyl group of rham-
nose (CHs-Rha). The result of this analysis is the first indication
of the presence of ulvans, which are mainly composed, in addition
to rhamnose, of glucuronic acid, xylose, iduronic acid, and
sulfate.!*18-23 Then, 'H NMR resonance peaks were assigned to
ulvans with specific signals at 5.60, 5.61, 5.30, and 5.5 ppm, respec-
tively. These resonance peaks were attributed to H-1 of rhamnose
3-sulfate linked to iduronic acid (R1’), H-1 of iduronic acid (I;), H-1
of glucuronic acid (G7), and H-1 of rhamnose linked to glucuronic
acid (R;).2* This NMR analysis confirms and validates the fact that
we have obtained ulvans and glucuronans form after this extrac-
tion process, supporting a successful separation of polysaccharides
by using acidic precipitation.

2.3. Biodegradation study of algal glucuronan

Having at our disposal an important new source of glucuronan
from Ulva lactuca, we investigated the biodegradation of this algal
glucuronan . As previously described in the literature,?>~2® numer-
ous enzymatic activities have been discovered and employed for
the depolymerization of the glucuronan. In this study, we used a
glucuronan lyase (GL) from Trichoderma isolated from compost
using bacterial glucuronan as the sole carbon source.®

This GL (4.2.2.14) allows the production of large amounts of
GIcUAOs that are acetylated or not acetylated by depolymerization
of the bacterial?’”2°3! and synthetic glucuronans.?®3? They have
been induced by an enzymatic B-elimination leading to the forma-
tion of 4-deoxy-L-erythro-hex-4-enopyranosyluronic acid. Then,
biodegradation of algal glucuronan was followed by the measure-
ment of the absorbance at 235 nm and comparison with the bacte-
rial glucuronans and ulvans. Logically, ulvans (fraction B)
depolymerization is very low with regard to the evolution of the
absorbance at 235 nm. On the contrary, similar activities were
observed after 15 min for bacterial and algal glucuronans (data
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Table 2
Time course of relative yields (mass %) of various GIcUAOs

Oligosaccharides Samples (mass %)

12° 24° 48* 72°
GIcUA 131 15.3 16.5 17.2
GIcUA2 20.8 29.1 33.1 30.5
GIcUA3 28.6 43.2 49.2 523
GIcUA4 8.5 35 1.2 -
GIcUA5 10.6 6.3 = =
GlcUA6 5.8 2.6 — —
GIcUA7 9.2 - - -
GIcUA8 34 = = =

@ Reaction time (h).

not shown). Therefore, this high level of GL activity on algal glucu-
ronan authorized us to envisage the large-scale production and
purification of GIcUAOs as described previously for bacterial and
synthetic glucuronans.

2.4. Large- scale production of GIcUAOs

Algal glucuronan was depolymerized for 72 h by GL in order to
generate bioactive GIcUAOs. Fractions were collected each at 12 h
and GIcUAOs mixtures were analyzed and quantified. In Table 2
the yield values for each individual oligosaccharide present at
different time intervals are resumed. As observed, after 12 h, we
produced GIcUAOs with a degree of polymerization (dp) of up to
8 whereas after an incubation period of 72 h with GL activity, the
oligosaccharides mixtures were essentially made up of monosac-
charides (GlcUA), disaccharides (GlcUA2), and trisaccharides
(GIcUA3) with molecular weights of 175, 351, and 527, respec-
tively (Fig. 3). This result conforms with those obtained with
bacterial and synthetic glucuronans where the complete biodegra-
dation gave unsaturated disaccharide and trisaccharide as the most
abundant final products.3%32

The GIcUAOs mixture obtained after 72 h was loaded on Biogel
P-2 column to purify the oligosaccharide families (Fig. 4).
The chromatograms obtained confirm the results of the mass

Betssy
DEGTOT 15(0.543) Cm (15:55) TOF MSES -
100 1 334
GlcUA
175.04 GiolAD
351.08
GlcUA3
527.11
%
193 3
131,04 ] e 43910 i =
157 B3
o | || Ll \IDT.UJJ l[ o sl Lol |\|u.rB|.I.._J W l. L L J\.|\| H I
8 100 120 140 A0 18D ' 200 220 ' 24D ' 260 280 A0 330 340 360 380 400 420 440 460 48D 'S00 520 540 560 250 600 620 @640 ' 660 'm

Figure 3. ESI-Q/TOF-mass spectra of GIcUAOs mixture (72 h of incubation).
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spectrometry analysis with the detection of two major products
(GIcUA2 and GIcUA3). These oligosaccharides were collected and
dried under vacuum after five injections on Biogel P-2. Purity and
dp of each oligosaccharide were assessed and confirmed by ESI-Q/
TOF-mass spectrometry.

Finally, GIcUA2 and GIcUA3 were characterized by NMR spectros-
copy. Similar resonances were observed for each oligosaccharide 'H
NMR spectrum such as the characteristic doublet at 6.4 ppm (Fig. 5)
attributed to H-4 of an unsaturated unit (H-4A), and signals at
5.6 ppm, 5.0 ppm, 5.8 ppm, and 5.2 ppm assigned to H-1 of an unsat-
urated residue (H-1A), H-1 of the repeating unit (H-1), and anomeric

GIcUA3

Absorbance (235nm)

b =,
GlcUA3
£
0
a4
g
=
Z
g
-]
«
C 34

GlcUA2

Absorbance (235nm)
P

8.5

L
o T T T T T 3
0 50 100 150 200 250 300 350 400

Volumes (ml)

Figure 4. Gel chromatograms of GIcUAOs mixture (72 h of incubation) (a) and each
pooled fraction (GIcUA3, GIcUA2) was separately applied to the same Biogel column
(b,c).

a
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Figure 5. 'H NMR spectra of GIcUA2 (a) and GIcUA3 (b) (20 g/L in D,0).

H-1 protons (H-1ocand H-1p).3° The dp was then confirmed at 2 and 3
for GIcCUA2 and GIcUA3, respectively, by comparison of H-1 signal
integration of B-A-(4,5)-glucuronic acid (H-1A) and all H-1 signal
integrations (H-1A, H-1B, H-1a, and H-1).

The structure information of the products was further con-
firmed by '*C NMR. A typical pattern for GlcUA2 and GIcUA3 was
observed according to the NMR spectrum (Fig. 6). The resonances
of the unsaturated oligosaccharides at 178 and 170 ppm were as-
signed to the carbon of sodium carboxylate at the reducing end,
influenced by the a- and B-anomeric structures, and C-6A at the
non-reducing end, respectively. Obviously the C-4A resonance
was observed at around 108 ppm which is the characteristic signal
of the unsaturated glucuronic acid unit at the non-reducing end.
These results show that GlcUA2 and GlcUA3 produced by GL are di-
mer and trimer, respectively.?®

Consequently, on the basis of the production yield, we can
envisage the large-scale production of pure GIcUAOs by biodegra-
dation of algal glucuronan.

In conclusion, we explored seaweeds such as Ulva lactuca as
putative natural abundant sources of glucuronan to substitute
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Figure 6. '>C NMR (80 °C) spectra of GIcUA2 (a) and GIcUA3 (b) (100 g/L in D,0).

bacterial or synthetic production way. We developed a new and
fast process to extract the algal glucuronan selectively in large
amounts. The major novelty of this method, with respect to
the previously reported one, is that it avoids the difficulty of
the chromatography step exploiting the precipitating power of
glucuronan at a low pH. Disposing of a new and inexhaustive
way to produce pure algal glucuronan associated with the high
yield of this enzymatic degradation is a good means for the
large-scale bioactive GIcUAOs production. In the relatively near
future, GL activity from Trichoderma sp. could be a good tool
for the biodegradability and industrial valorization of Ulva
lactuca.

3. Experimental

3.1. Isolation and separation of Ulva lactuca water-soluble
polysaccharides

The method was carried out according to the scheme shown in
Figure 1. Fresh seaweeds were pretreated with EtOH, acetone, and
chloroform. Samples of defatted algae (100 g) were extracted with
hot oxalate solution (3 L, 0,05 M, pH 6, 90 °C, 3 h). The resultant ex-
tracts (fraction A) were subjected to acid precipitation. HCI (4 M)
was slowly added dropwise to give a final pH of 2 and the precip-
itate glucuronan was collected (fraction C). The ulvans (fraction B)
were precipitated from the supernatant with aqueous EtOH (80%).

The yields of fractions A, B, and C were determined from the dry
weight of the algae. These results are given in Table 1.

3.2. Colorimetric assays

The following colorimetric assays were used: The uronic acid
(UA) and neutral sugar (NS) contents of fractions A, B, and C were
measured in duplicate with both the meta-hydroxydiphenyl
(m-HDP)?? and the resorcinol micromethods.>* Rhamnose and glu-
curonic acid were used as the standards. The content of UA was
directly determined with the m-HDP test. The content of NS was
calculated after correcting the UA interference in the resorcinol
assay. Protein concentrations were measured using the Bradford
assay with BSA as the standard.®®

3.3. Sulfate content

For sulfate analysis, the appropriate fractions were quantita-
tively assayed by turbidity measurement after hydrolysis with
HCl (4 M) and addition of gelatin-barium chloride (BaCl,).2®

3.4. Preparation of crude enzyme fraction

To produce GL activity, Trichoderma strain GL2, isolated from
compost, was cultured sequentially on Trichoderma complete med-
ium and on Trichoderma minimal medium supplemented with glu-
curonan as previously described.?” After 72 h, the culture was
filtered successively through 160 and 0.2 um filters to remove
the mycelia. Extracellular proteins were recovered and concen-
trated (40-fold) on a 1 x 10* NMWCO (Normal Molecular Weight
Cut Off) polyethersulfone membrane (Amicon, Beverly, Mass.) in
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a stirred Amicon cell (Amicon). This protein preparation was stored
at 80 °C for up to 6 months.

3.5. Enzyme assay

The GL activity was measured by monitoring the increase in
absorbance at 235 nm using an Uvikon 930 spectrophotometer
(Kontron, Montigny Lebretonneux, France). The reaction mixture
was composed of 1mL of 0.2% (w/v) glucuronan solution in
50 mM potassium acetate buffer (pH 5.5) and an appropriate vol-
ume (5-10 pL) of enzyme preparation equivalent to 2 U per gram
of glucuronan. One unit (U) of the enzyme activity was defined
as the GL amount required to cause an increase in the absorbance
by 1 at 235 nm in a minute under the above conditions.

3.6. Production of GIcUAOs

Solutions of algal glucuronan (100 mL, 20 g/L) in 50 mM potas-
sium acetate buffer (pH 5.5) were incubated at 20 °C with the
enzymatic preparation (6 U per gram of glucuronan) for various
reaction times (12, 24, 48, and 72 h). After incubation, the GL activ-
ity was stopped by dipping the reaction medium into a 100 °C
water bath. The hydrolysis mixtures were then centrifuged
(15000g, 15 min, 20 °C) and the supernatants (containing GIcUAOs)
were recovered.

3.7. Purification of GIcUAOs

All the purifications were performed at room temperature using
low-pressure liquid chromatography system (Proteam LC system
210, Lincoln, NE). The GlcUAOs were size-fractionated by low-pres-
sure gel-permeation chromatography on a Biogel P-2 and P-6 fine
(Biorad) column (2.6 x 100 cm, Amersham Bioscience). Each
GlcUAOs mixture was loaded (100-500 mg in 10 mL) and eluted
with a 50 mM ammonium formate solution at a flow rate of
0.8 mL/min. Detection was achieved with a UV detector (UA-6
from ISCO) at 254 nm and with a RI detector (Melz). Fractions
(5 mL) were collected with a Foxy 200 (ISCO) collector. Fractions
belonging to the same peak were pooled and freeze-dried.

3.8. Nuclear magnetic resonance (NMR) spectroscopy

NMR analyses were performed at 80 °C with a Bruker Avance
300 spectrometer of 300 MHz equipped with a '3C/'H dual probe
according to the conditions described previously.!* The NMR
experiments were recorded with a spectral width of 3000 Hz, an
acquisition time of 1.36's, a pulse width of 7 s, a relaxation time
of 1 s, and a number of 256 scans. The HOD signal was presaturated
by a presaturation sequence. All samples were previously dissolved
in D,0 (99.9% D) and lyophilized to replace exchangeable protons
with deuterium. The lyophilized samples were then dissolved in
D,0 at a 10-100 g/L concentration.

3.9. Mass spectrometry

The GIcUAOs mixture (72 h incubation) was analyzed by
Electrospray Ionization Quadrupole Time-of-flight Mass Spectrom-
etry (ESI-Q/TOF-MS). Experiments were carried out on a Q-TOF Ul-
tima global (Micromos-waters) equipped by electrospray source
(Z-spray) using negative and positive modes for ionization. The
source temperature and desolvation gas (N,) temperature were
80 and 150 °C, respectively. Gas flows used for cone and desolvata-
tion were 50 and 350 L/h, respectively.

Samples were diluted in ultra high quality water (UHQ-water)
and injected into electrospray source at a flow rate of 5 pml/min
with a capillary tension of 2.5 kV and a cone tension of 35-75 V.
Spectra were accumulated at 2 s/scan. The mass range was scanned
from 50 to 2050 atomic mass units (amus). All acquisitions were
recorded in the negative mode and treated by MassLynx V 4.0
software.
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