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I INTRODUCTION

Carrageenans are linear, sulphated galactans, extracted from the cell walls ofred seaweeds.
The chemical structures of these major texturising ingredients are bascd on the repetition
of disaccharide sequences (canabiose units) composed of 3-l inked-p-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 arc
substituted by one (kappa q4p-DA), rwo (iora G4s, DA2s) or rhree (lambda G2S,
D25,65)  ester  su lphate groups ' ' '  ( f igure l ) .

Figure r: rhe ̂ ",, :;:::;',, ,Il)"u,",, ,,,i,'T1,,,,,ng in the slrucrure of commercia!
carraSeenans

As carrageenans are the products of a complex biosynthetic pathway, thcir chemical
structures are not simple; graphic presentation of their structures being often idealised.
1'hey are usually built up by a combination of sevcral types of carrabiose units
Consequently, for example, the so-called K-carrageenan designates a family oI

polysaccharides composed mainly, but not only, of rc-canabioses. l 'he most currcnt

inegularit ies found in K-carrageenan are its biosynthctic prccursors (p-, p-carrabioscs) and

r-carrabioses.
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. i r i l . i rg ,cc l la l l s  * ' l th  i t  rangc  o f ' t -ca f ra t ) iosc  un l ts  rep fcscn t l l tu  abou[  20-45 , :1 ,  u i . r t , .
r i r r ra .gccnar l  cornpos i l jon  are  a lso  ca l lec l  rc -2 -ca . ragc .nun ' . ' l ' l r csc  hybr i r i  s t ruc tL r rcs  a rc
crp lo r tec l  fo r .  t l r c i r  spcc i f i c  p roper t ies  as  ge l l i .g  an< i  b rnc l ing  agc . Is  r r ]  var rous  da i ry
app l rca l ions  l t  t s  now acceptcd  tha t  r< / t -hybr id  car rageenans arc  no t  s rmplc  n i i x tu r . ,  o f - *_
i r r r r l  r -car ragccnan homopo lymcrs ,  bu t  s tmctures  made o I  r -  and t -car rabrose ur r r ts  l rnked
in a carragccnan heteropolyler. Whilc chenrical or spectroscopic arralyscs or. u,. ,ubl.  to
lilrir1u1isll,n]l]:ï":,!l"Try.l1ntcrs from hctcropot;.rncrs, anatysis ot tncir rcspcclivc
d;riry' '  and pnyslcal propcrtlcs strongly supports the hcterogcncous structure of t5osc
*/t-canageenans. In fact, only_enzynatic hydrolysis performed on rc/r-hybrid carrageenans
llve unambiguously supported these statementss'10.

-l 'hc pioneering work.by Yaphe's group'r suggests that enzymes could bc vcry helpful
tools for a better understanding of carrabiose sequences in carrageenans. In<ieed,
carrageenan hydrolases or carrageenases offer^the advàntage of lragmentrng carragccnan
nrorecules by the specific disruprion of rhe p(l-4) glycosidic riJagcs without drastic
chemical trcatment that may interfere with the sorving of thc nativc structurc.
Carrageenases are also specific to a given class of carrageenan that is, K_carrageenascs
degrade K-carrageenans but are inactive on r-carrageenans- Major end products ofthese rc-
and t-carrageenase degradations are.respectively neo-r-carrabios"s oi Dp2 and Dp4 and
neo-r-carrabioses of DP4 and DP6l2-r4. More recently, Knutsen and Grasdalenrs ha;;
obscrved that the K-carrageonase of Alteromonas carrageenovora is able to accommodatc,
at its activc site, some canabiose units that differ from the rc-carrabiose sulphating pattcms.'l'hus, we can suggest that carrageenases should be ablc to recognize and hydiolyse thc
hybrid structure of x./r-carrageenan. chromatographic and NMRlnarysis of degradation
products of r/l-hybrid carrageenan could lead to a description of the r- and r-carrabiose
units distribution along the native carrageenan chaini. We have undertaken these
enzymatic experiments on r/t-carrageenans extracted from seaweed species collected at
several sites' This study reveals that these rc/r-hybrid carrageenans, even with a same rc/r
ratio, did not display the same r- and r-carrabiose distriùution of units. Two principar
nrodes of distribution can occur in the structure of r/r-hybrid carrageenans copolymers: i) arandom distribution of t-carrabioses in r-chains i i) an alterniting distnbution of t-canabioses and x-carrabroses

2 MATERIALS AND METHODS

2,1 Carrageenan Substrates

carrageenans were provided by Degussa Texturant Systems. They were extractcd undervfgorous alkaline conditions from the algae Kappaphycus alvarerii lcommercially knownas "cottonii") 
and Eucheuma denticilotu^ (commercially knoin as ..spinosum,')

commercially cultivated in the Phil ippines. All othcr materials wcre non-mechanicallyharvested from natural populations, ChondracanlÈus (formerly Gigarrina) chanrissoi(chile), Gigartina skottsbeigii (chiie) and two sources of chondris crispus (Easremcanada, and France). After hlot nttratiÉn under pr"rrrre, carrageenans were recovcred byprecipitation in isopropanol, except for the .u..ugr.nun extraÇtçd frorn K. alvarezii wïticl.t* 'as gellcd by addition of KCI andrecovered through pressing.



54 ()urtt.ç ttttt! 5'tult i l i . tt:r,; fttr l lrc ltootl lndu.\trt, l j
2.2 Carrageenascs prod uction

Rccombinant iota-carragecnase from Arreronronas fortis.and kappa_carragecnase fromPseudoalteromones carrageenovora were over-exprcssed in E.'coti uL2 l (DE3) andpurif ied by affinity chromatography according to Michcl et alt6. n.

2.3 Enzymatic Ilydrolysis of Carrageenans

carrageenans (0'5% in 0. I M NaNO3) were digested for 4gh at 40"c by addition of excessamount of carraseenase' Degradarion'advancement was followed by High pressure Anion

,u;'Jliï ": H;: m, #:"i: *"î*J t' 
^i 

v' " u' u..i n g t h e a m o u n t à r reo u c ; n g s u gu,

2.4 Chromatographic Analysis of l lydrolysis products

- 2.4.1 Size Exclusion Chronntography.
Size exclusion chromatograpny îvas ierformed according to rhc adapted method ofKnutsen et al'te' Briefly, a sôo pL firtered triqr. e.22 ltm,Milripore) was injecred on asemi-prepararive pharmacia_superaex 

iô looo*ro mm i.d.) and eluted with 50 mM(NH4)2cor at a rate of 60 m[Â ano ruintuin"d at 20"c. Separation was folowed with arefractive index detecror (spectra system Rt-io, rn".-o Separation products).

2.4.2 High Pressure Anion Exchange Chromatography (HpAEC).
20 pL of a filtered sample g'11 r,., Mi'ipore) was injected on to an anaryticar ASllcolumn (4 x 250 mm l_9|''Pac@ oionex), gounr"o with an AS l l guard corumn, equiribratedin NaoH 15 mM. Erution was performed at 20'c with a NaoH step gradient from l0 to300 mM with a 0.5 mt-/min flàw rate (ôp;6 gradient pump, Dionex). origosacchandeswere detected bv conducrimerry using an ASRI urra-4il ?bil;;j. Acquisirion of rhechromatogram was achieved *iif, Cf,rJrn.f""" rr".t Net software.

2.5 Purif ication and Characterisation of Hydrolysis products

^_2:5 I Enzyme Resisrant Fraction (ERF) purifcation

PXJXT_::tarated 
from the origo-canug."n* mixrure by urtrafirtrarion on a r0.000rvrYYLL.' membrane, using a 50 mL stirred pressure-fi l tration cell maintained under anitrogen gas pressure or t.o tglcm'. nnn' *", l irut"a in disti l led water and washed free ofoligosaccharides and salts by Ëp.ut.d uttrafi l irarion.

2. 5. 2 Neo-rc-carrabiose and Neo- rcarrabiose purificarion
Thc end products or K. alvarezii and E denticuraium hydrolysis were purified on a
Pharmacia Superdex 30 prep grade corumn looo*ze mm i.d.). i;J;;;; crude
hydrolysate (2Yo, firtratcd 

?!?n pm, Miilipore) was injecred (2 mL) on,o,t,, corumn
and eluted with 50 mM [NHq):COr at 102 rUt 1pu-p p-500, Arnersham Bioscicnces)Peaks detected by differentiar refractom"try *.r. poored separarery #';;;;;;;ed. The
use of ammonium carbonate avoided a desairing stcp.

2.5. 3 NMR Spe(:lroscopy
Prior to anulysis,  t l rc nrorécrr iar rvcight of  thc cirrragr.crrrps rvls rcdtrcctr  rrv r :r . intrr l rg r  i  ! :
of lrtrlysaccharidcs for 24 hours at qtl uto of thc nraxrnral spccil *,irr' , rr,1rrizito"ùrti,,,,tt.t



[Ji,tlrcntic'ttl, Chenti.ul antl ph1'sitochentical Charur:lari.çariott 55

(RETscH). ' lJ NMR spectra were recorded with a BRL-KER Advance DRX 500spscrrometer equipped wirh an indirecr 5 mm gradient probehJ rH/ËôijË, 
;, ' î;;:temperature of 70"c. prior to anarysis, ru'npl., *.." .*.t u.,g"d iwrce in D2o, andredissolved in 99.91 atom%o D2o. chemicar shifts ur" ."p..rr"Jl,ïpp. uy reference to anexremal standard (trimerhytsilylpropionic acid). No,uppr".ri ln'î i '  nOo signar wasperformed.

3 RESULTS AND DISCUSSION

3.1 Evaluation of r- and r_Carrabiose Ratio Uy rl l NMR.

In attempt to increase the resorution of the ,H NMR spectrum of texturisingpolysaccharides, severar, me.thods 
-of .depolymerisation (chemicar, enzymatic andmechanical) were reported to lower the viscàsity of solutions. we rouno that dry millingwas an efficient, altemative method to lower the molecular weight of the carrageenans and,thus, to obtain werr resolved'H NMR spectra (figure zl. rn "aàition,-,t i, rrug*entationprocess did not seem to induce a modification in thè chemical structure of the carïageenan.No signals that could be assigned to degraded carrageenans were obseryed on rH I.IMRspectra of mil led rc/r-carrageenans.
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rattos tlctct]nincd in the carrageenan of C. chanrissoi and 6 .skottsbcrgir wcrc
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ano cor l tâ lncd about  42 o/o of  x-carrabiosc uni ts  and 58 %o of  r -carrabiosc upi ts .t  rnt \ \ ' rSC'  x / t - t r rn 'atcct tans f ront  both (1.  cr ispus havc a s inr i lar  r / r  rat io  (at rout  69/ l l  x /L)

C. skoasbergii

5 8 r / 4 2 r

C. chamissoi

5 8 r / { 2 r
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but tlrey are richer in r-carrabiose units than r</r-canagccnans frorn the Gigorrina an<)
?!::,1:ft::::l: 

tnl] l'hesc rc/r rarios conesponded ro rhosc usually rcporlcci for rhcsc' ) lrçLrcr Yve also prepared mixtures of r- and t-carrageenan honropolymcrs as stanclards.As^already.reported{ 'H 
NMR ;L*.,.. i t.", i"" reveared no indications of structuraldifferences between mixrures "f h";;"i;;rs and the GigartinarChoncrracanthus andChondrus rc/t-hybrid carïageenan extracts (figurc 2).

3'2 Enzymes are Toots to Distinguish Mixtures of carrageenans from llybridCarrageenans

Action of carrageenases on mixtures of carrageenans is presented in figure 3. These aredigestion profi les of the 50/50 mixtures oi*- uno r-carrageenans incubated with r-carrageenase and t-carrageenase separately or sequentially. one can see that digestion ofthe mixture by r-carrageenase has led exclusively to the production of r-carrabioseoligosaccharides' similarly, incubation with t-carrageenase has resulted in the release of r-carrabiose oligosaccharides. The hydrolysis of the mixture performed by sequentialincubation with the two carrageenases has given rise to K- and r-carrabioseoligosaccharides, the conesponding size exclusion chromatogram being the super-imposition of those obtained with boiir "nry.", separately (figure 3).
When G skottsbergii rclr-carrageenan, which contains about 5g% of r-carrabiose units

accord.ing to.NMR experiments, was subjected to degradation by r-carrageenase, no r-carrabiose oligosaccharides were detected by size exctusion chromatography. In contrast,
after incubation with K-carrageenase, r-carrabiose oligosaccharides weie observcd as well
as oligosaccharides having retention times attributed neither to x- nor t-carrabiose
oligosaccharides. when the two enzymes were applied together, digestion products were
similar to those obtained by the action of r-carrageenase alone. These results suggest that
the x'lr-carrageenan extracted from G. skottsbergii is not a simple mixture of r- and r-
homopolymers bu( a r,/r-heteropolymer.

( j trnr,ç t tnd Stol)t l i . \( , t . . \  l 'or thc l i tot l  l t rcl t t .stry, l .J

50/50 Homonolvmer Mixture xlr,-hvbrid carraeeenan - G.s kottsberg ii
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within this hctcropolyner the r-carrabiose units shourcr not fonn r-blocks as thc L-calrageenase ts not ablc to accommodate in its active site the r-carrabiose units of t lrc G.skoltsbergii calÏageenan' This means that the r-carrabiose units were probably distributedalong the K-carïagecnan ch.ains.in a way that the r-carrageenase cannot accept the r-carrabiose pattem in its^active site and performcd rhe creavage. on the other hand, thetmportant degradation ofthc G. skottsbergii carrageenan by r-carrageenasc showed that x-blocks, or long enough x-fragments, wÀ accessibre to the enz*,e. r{ydrorysis with rc_carrageenase led also to the production of x/r hybrid origosaccharides _ nor purc r- nor K-oligosaccharides - suggesting that t-carrabiose units were released in the medium by thehydrolysis of the x-canageenan units. Similar observations were done with C. chamissoiand the chondrus from.canada and France (data not shown). consequen,y, according tothe enzymatic degradation profires, these jr-hybrid carrageenans are not a mixturc ofhomopolymers, but, more probably, heteropolyners of r-carrabioses distributed arong theK-carrageenan chains.

È:rrïilfl::tËil,Jl' 
*" Modes of Distribution of r_carrabiose units atong r<_

3'3'l copolyners with a Random Distribution of rcarrabiose (Jnits in rc-carrabioseChains

K

*
195

K-K

I
I+

K-K

(K-K-K) (t-r) (r-r-t)

K-t-x

40 60 æ rin 1m tz5 , <l 7 <

K. alvarezii

C.  cf tpus (Can)

C. chantissoi'

C. crispus (Fr)

G. skoltsbcrgii

z s  n l t n

fiqure 
4.Analyses of rc-carrageenase hyclrolysare a. by Size Exclusion Chrontatograply

b. by High Pressure Anion Exciange Chromatography

In an attempt to clescribe the distribution of r-canabioses along thc hcteropolymcr, wc havc
undertakcn thc character isat ion of  the o l igosacchar ides re lcasJd af tcr  hyc i ro lys is  of - thc four
trzt hybrid carragccllans by thc x-carragccllasc.
In a l i  cascs,  wc observcr i  thc proc luct ion of  nco-r -carrabiosc and nco-x-carrarcrraosc asu'c l l  i ts  r / t - l rybr ic l  o l igosacchar i t lcs of 'h ighcr  r r ro lccLr lar  rvc ight  i ls  wus dcnronstmtct l  by

r / {  hybr id s i ructure

r</r hybrid
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sizc exclus ion chromatography in F igure 4a.  wc anaryscd th is  comprcx mixturc
:l l!::*t,nrldes 

by HpAEc ro erucid*are borh rhc divcrsity an<r amounr of r./r-hyboltgosaccharides present. Figure 4b prcsents the I, lpAEC .h-n]utogr"*s recor<jecl on tdigestion products of the four rc/L-hybrid carrageenans extracts as well as thosc of thcalvarezii K-carrageenan as standards. As expected, the digestion products of thecalrageenan of K' alvarezii are composed mainly of neo-*-cuÀbiosc olrgosacchari6es a;in very low amount of oligosacchrrla"r orr,yurid structure . wr,cn conrloering the I{pAIprofiles of the other seaweeds, the oligosaccÉarides formcd are iaentical lo K. alvarezii,bthe relative abundance ofeach oligosicchariJl o"p"no, strongly on the botanical originthe carrageenan' we observed a gradient in the ratio between pure r-oligosaccharides arhybrid oligosaccharides. Interistingry, in the case oi c. skottsbergii, hybroligosaccharides are, so far, the main enâ product of the K-carrageenase activity.The purification and characterisation uy 'u- uno 't-wna*;; 
d;o oligosaccharid,have been undertaken. our preliminury ,Éruit, revcared a k--i-l< sequence (DA-G4S-DA2ic4s-DA-c4s) which has been arready t."" .;;;;; i ;",1"i;;";videncc or hybroligosaccharides released after enzymatic digestion supports the idea of coporym,structures for these x/r-hybrid carrageenâns. The structure ofothcr hybrids which are nosubjected to full NMR characterisati-on in the laboratory, suggest that the distribution of tl

t-canabiose units along the rc-carrageenan chain i. prouabiy random. This is consister
with the fact that the *-a"*ug""nure can onry accommodate to some exte)
oligosaccharides having t-carrabiose units in its activity site.

-. I 3'2 Copolymers with an Alternating Distribution of uCarrabiose and r-Carrabio:Unils
The enzyme resistant fraction corresponds to the fi'action of carrageenan which was n(
converted into oligosaccharides by the combined action of r- and ,-"...ug".nures. Thes
resistant fractions were analysed by 'H l.Itr4R and the rc/r ratios observed are listed table L

When we compared the r</t ratios of the digested and undigested carrageenan extractr
we observed the enrichment of K/l-hybrid carrageenan in r-carrabiose units. I;'or all th
seaweeds tested, the amount of r-carrabiose was superior to that of thc rc-carrabiose. Th
hydrolysis with the K-carrageenase which removed r<-canabiose blocks as well as x
carrabiose chains containing dispersed r-motives has lead to a x./r ratio close to 45/5!
Since this fraction was not degraded by the canageenases, the distribution ofthe carrabios
unit did not allow for the productive recognition of this substrate by the enzyn,er
Preliminary analysis of hybrid oligosaccharides suggests that x-carragecnase rcquires e
Ieast a K-carratetraose unit to achieve the disruption of thc glycosidic tint ug.
Consequently, t-carrabiose units must be inserted between r-carrabiose units to hinder th
action of the K-carrageenase.

Prior hydrolysis
iota /kappa mol-o/o

ERF
iota

iotase/kappase
/kappa mol-oÂ

C. crispus (Canada) 3U69 56/44
C. crispus (France) 30/10 s s/45

55145G. skottsbergii 42/58
C. chamis.soi 42t58 58!!2_

l 'able I  Contposit ion in r- and rcarrabioses of t l tc Rt,.si .stant l i rut: t ion trf !cr x" ontl  t

corrogeenose hS,/y611,5is. ('ornporisotr tvith the non-h1,7!y71l.y,5cl po11,211,1.5


