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1 INTRODUCTION

Carrageenans are linear, sulphated galactans, extracted from the cell walls of red seaweeds.
The chemical structures of these major texturising ingredients arc based on the repetition
of disaccharide sequences (carrabiose units) composed of 3-linked-B-D-galactopyranose
(G) and 4-linked-a-D-galactopyranose (D). Carrageenans are classified according to their
sulphating pattern (S) and the occurrence of 3,6-anhydro-D-galactose (DA) on the 1,4-
linked residue. In the case of the most exploited carrageenans, carrabiose units are
substituted by one (kappa G4S -DA), two (iota G4S, DA2S) or three (lambda G2S,
D28S,6S) ester sulphate groups"? (figurel).
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Figure 1: The most abundant carrabiose units occurring in the structure of commercial
carrageenans

As carrageenans are the products of a complex biosynthetic pathway, their chemical
structures are not simple; graphic presentation of their structures being often idcalis;d.
They are usually built up by a combination of several types of carrabiose units.
Consequently, for example, the so-called k-carragecnan designates a family of
polysaccharides composed mainly, but not only, of k-carrabioses. The most current
irregularities found in x-carrageenan are its biosynthetic precursors (B-, p-carrabioses) and
1-carrabioses.
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Gigartinacean algae are sources of ‘kappa/iota-hybrid? carrageenans. k/thybrid
carrageenans with a range of t-carrabiose units reprcs}cn[ing about 20-45% of (he
carrageenan composilioq are also gallcd K-Z—g&imigccnax1 . _'l'hcsc hybr}'d slruvcturcs are
cxplotted for their specific properties as gellmg and binding agcr‘lls i various dairy
;lppllczmons. It 1s now accepted that x/i-hybrid carrageenans arc not snmpl‘c mixtures of k-
and t-carrageenan homopolymers, bu.t structchs made of k- and 1-carrabiose units linked
in a carrageenan heteropolymer. While chemical or spectroscopic agalyscs arc unable to
distinguish mixtU@ 051_"7hom0po.lymers from heteropolymers, analysis of their respective
duiry" “ and physical”’ properties stropgly suppo_rts the heterogeneous structure of those
«/1-carrageenans. In fact, only enzymatic hydro!gylsols performed on k/t-hybrid carrageenans
have unambiguously supported these statemﬁms o

The pioneering work by Yaphe’s group'' suggests that enzymes could be very helpful
tools for a better understanding of carrabiose sequences in carrageenans. Indeed,
carrageenan hydrolases or carrageenases offer the advantage of fragmenting carrageenan
molecules by the specific disruption of the B(1-4) glycosidic linkages without drastic
chemical treatment that may interfere with the solving of the native structure.
Carrageenases are also specific to a given class of carrageenan that is, k-carrageenases
degrade x-carrageenans but are inactive on \-carrageenans. Major end products of these -
and t-carrageenase degradations are respectively neo-k-carrabioses of DP2 and DP4 and
neo-t-carrabioses of DP4 and DP6'%'*. More recently, Knutsen and Grasdalen'® have
obscrved that the x-carrageenase of Alteromonas carrageenovora is able to accommodate,
at its active site, some carrabiose units that differ from the k-carrabiose sulphating patterns.
Thus, we can suggest that carrageenases should be able to recognize and hydrolyse the
hybrid structure of x/i-carrageenan. Chromatographic and NMR analysis of degradation
products of «/i-hybrid carrageenan could lead to a description of the 1- and K—carrabiose
units distribution along the native carrageenan chains. We have undertaken these
enzymatic experiments on k/i-carrageenans extracted from seaweed species collected at
several sites. This study reveals that these k/t-hybrid carrageenans, even with a same /1
ratio, did not display the same - and k—carrabiose distribution of units. Two principal
modes of distribution can occur in the structure of K/1-hybrid carrageenans copolymers: i)a
random distribution of i-carrabioses in k-chains i) an alternating distribution of 1-
carrabioses and k-carrabioses

2 MATERIALS AND METHODS
2.1 Carrageenan Substrates

Carrageenans were provided by Degussa Texturant Systems. They were extracted under
vigorous alkaline conditions from the algae Kappaphycus alvarezii (commercially known
as “cottonii”) and Eucheuma denticulatum (commercially known as “spinosum™)
commercially cultivated in the Philippines. All other materials were non-mechanically
harvested from natural populations, Chondracanthus (formerly Gigartina) chamissoi
(Chile), Gigartina skottsbergii (Chile) and two sources of Chondrus crispus (Eastern
Canada, and France). After hot filtration under pressure, carrageenans were recovered by
precipitation in isopropanol, except for the carrageenan extracted from K. alvarezii which
was gelled by addition of KCI and recovered through pressing.
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2.2 Carrageenases Production

Recombinant lota-carragecnase from Alteromonas fortis and kappa-carrageenase from
Pseudoalteromonas carrageenovora were over-expressed in £ coli BL21 (DE3) ang
purified by affinity chromatography according to Michel er a/'% /7.

2.3 Enzymatic Hydrolysis of Carrageenans

24 Chromatographic Analysis of Hydrolysis Products

2.4.1 Size Exclusion Chromatography.
Size exclusion chromatography was performed according to the adapted method of
Knutsen et al.'’, Briefly, a 500 uL filtered sample (0.22 pm, Millipore) was injected on a
semi-preparative Pharmacia Superdex 30 (600x16 mm id.) and eluted with 50 mM
(NH4);CO;s at a rate of 60 mL/h and maintained at 20°C. Separation was followed with a
refractive index detector (Spectra System RI-50, Thermo Separation products).

2.4.2 High Pressure Anion Exchange Chromatography (HPAEC).
20 pL of a filtered sample (0.22 pm, Millipore) was injected on to an analytical AS11
column (4 x 250 mm Ion Pac® Dionex), coupled with an AS11 guard column, equilibrated
in NaOH 15 mM. Elution was performed at 20°C with a NaOH step gradient from 10 to
300 mM with a 0.5 mL/min flow rate (GP40 gradient pump, Dionex). Oligosaccharides
were detected by conductimetry using an ASRS ultra-4mm (Dionex). Acquisition of the
chromatogram was achieved with Chromeleon Peak Net software.

2.5 Purification and Characterisation of Hydrolysis Products

2.5.1 Enzyme Resistant Fraction (ERF) Purification
ERF was separated from the oligo-carrageenan mixture by ul(raﬁltration.on a 10.000
MWCO membrane, using a 50 mL stirred pressure-filtration cell maintained under af
nitrogen gas pressure of 1.0 kg/cm’. ERF was diluted in distilled water and washed free o
oligosaccharides and salts by repeated ultrafiltration.

2.5.2 Neo-x-carrabiose and Neo-i-carrabiose Purification ' L a
The end products of K. alvarezii and E. denticulatum hydrolysis were purified Olde
Pharmacia Superdex 30 prep grade column (600x26 mm id.). Concentrated CIYU 5
hydrolysate (2%, filtrated on 0.22 um, Millipore) was injected (2 mL) on to .thc co l”S“)
and eluted with 50 mM (NH,),CO; at 102 mL/h (pump P-500, Amersham BlOSC.lC“C;hC‘
Peaks detected by differential refractometry were pooled separately and freeze dried.
use of ammonium carbonate avoided a desalting step.,

2.5.3 NMR Spectroscopy NP
Prior to analysis, the molecular weight of the carrageenans was rgduccd by grinding “jl'lc”r
of polysaccharides for 24 hours at 40 % of the maximal speed with a MM200 ball n
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(RETSCH). 'H NMR spectra were recorded with a BRUKER Advance DRX 500
spectrometer equipped with an indirect $ mm gradient probehead 'H/C/'P, at a probe
temperature of 70°C. Prior to analysis, samples were exchanged twice in D,0, and
redissolved in 99.97 atom% D,0. Chemical shifts are expressed in ppm by reference to an
external standard (trimethylsilylpropionic acid). No suppression of HOD signal was
performed.

3 RESULTS AND DISCUSSION

3.1 Evaluation of x- and 1-Carrabiose Ratio by '"H NMR.

In attempt to increase the resolution of the 'H NMR  spectrum of texturising
polysaccharides, several methods of depolymerisation (chemical, enzymatic and
mechanical) were reported to lower the viscosity of solutions. We found that dry milling
was an efficient, alternative method to lower the molecular weight of the carrageenans and,
thus, to obtain well resolved '"H NMR spectra (figure 2). In addition, this fragmentation
process did not seem to induce a modification in the chemical structure of the carrageenan.
No signals that could be assigned to degraded carrageenans were observed on 'H NMR
spectra of milled x/1-carrageenans.

Figure 2 Comp
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from various seaweeds was determined by integration of the anomeric signals. The k/t
¢arrabiose ratios determined in the carrageenan of C. chamissoi and G. skottsbergit were
very close and contained about 42 % of x-carrabiose units and 58 % of i-carrabiosc units.
Likewise, K/t-carrageenans from both C. crispus have a similar k/t ratio (about 69/31 x/1)
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but they are richer in \-carrabiose units than k/1-carrageenans from the Gigartina and
Chondracanthus spp.. These x/i ratios corresponded to those usually reported for these
species’. We also predpared mixtures of - and t-carrageenan homopolymers as standards.
As already reported®, 'H NMR  characterisation revealed no indications of structural
differences between mixtures of homopolymers and the Gigartina/Chondracanthus and
Chondrus x/t-hybrid Carrageenan extracts (figure 2).

3.2 Enzymes are Tools to Distinguish Mixtures of Carrageenans from Hybrid
Carrageenans

Action of carrageenases on mixtures of carrageenans is presented in figure 3. These are
digestion profiles of the 50/50 mixtures of k- and i-carrageenans incubated with -
carrageenase and t-carrageenase separately or sequentially. One can see that digestion of
the mixture by K-carrageenase has led exclusively to the production of k-carrabiose
oligosaccharides. Similarly, incubation with t-carrageenase has resulted in the release of 1-
carrabiose oligosaccharides. The hydrolysis of the mixture performed by sequential
incubation with the two carrageenases has given rise to x- and 1-carrabiose
oligosaccharides, the corresponding  size exclusion chromatogram being the super-
imposition of those obtained with both enzymes separately (figure 3).

When G. skottsbergii K/1-carrageenan, which contains about 58% of i-carrabiose units
according to NMR experiments, was subjected to degradation by t-carrageenase, no 1-
carrabiose oligosaccharides were detected by size exclusion chromatography. In contrast,
after incubation with K-Carrageenase, K-carrabiose oligosaccharides were observed as well
as oligosaccharides having retention times attributed neither {0 x- nor t-carrabiose
oligosaccharides. When the two enzymes were applied together, digestion products were
similar to those obtained by the action of k-carrageenase alone. These results suggest that
the x/i-carrageenan extracted from G. skottsbergii is not a simple mixture of k- and 1-
homopolymers but a k/1-heteropolymer.

50/50 Homopolymer Mixture x/i-hybrid carrageenan - G.skottshergii
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Figure 3 Comparison by Size exclusion Chromatography of hydrolysates after s~ and i-
carrageenase treatment on 50/50 homopolymer mixture and x/i-hybrid carrageenans.
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Within this heteropolymer the 1-carrabiose units should not form 1-blocks as the -
carrageenase is not able to accommodate In its active site the 1-carrabiose units of the G.
skottsbergii carrageenan. This means that the 1-carrabiose units were probably distributed
along the x-carrageenan chains in a way that the 1-carrageenase cannot accept the 1-
carrabiose pattern in its active site and performed the cleavage. On the other hand, the
important degradation of the G. skottsbergii carrageenan by x-carrageenase showed that -
blocks, or long enough x-fragments, were accessible to the enzyme. Hydrolysis with k-
carrageenase led also to the production of /4 hybrid oligosaccharides - not pure - nor k-
oligosaccharides - suggesting that 1-carrabiose units were released in the medium by the
hydrolysis of the K-carrageenan units. Similar observations were done with C. chamissoi
and the Chondrus from Canada and France (data not shown). Consequently, according to
the enzymatic degradation profiles, these x/1-hybrid carrageenans ar¢ not a mixture of
homopolymers, but, more probably, heteropolymers of 1-carrabioses distributed along the
k-carrageenan chains.

3.3 Hypothesis for two Modes of Distribution of -Carrabiose Units along «x-
Carrabiose Chains

3.3.1 Copolymers with a Random Distribution of 1-Carrabiose Units in -Carrabiose
Chains
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Figure 4 Analyses of x-carrageenase hydrolysate a. by Size Exclusion Chromatography
b. by High Pressure Anion Exchange Chromatography

Inan attempt to describe the distribution of 1-carrabioses along the heteropolymer, we have
undertaken the characterisation of the oligosaccharides released after hydrolysis of the four
&/t-hybrid carragecnans by the k-carrageenase.

In all cases, we observed the production of neo-k-carrabiose and nco-k-carratelraose as
well as k/i-hybrid oligosaccharides of higher molecular weight as was demonstrated by






