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troscopy
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The sulphated galactan from Furcellaria lumbricalis, commercially known as
furcellaran, has a repeating backbone of alternating 3-linked f-pD-galactose and 4-linked
a-D-galactose residues. Of the f-Gal units, ~50% are 4-sulphated ($-Gal-4S) and the
a-Gal units are mainly in the 3,6-anhydro form (x-3,6 AGal). The structural relationship
of this polysaccharide to kappa-carrageenan has been shown by treatment with kappa-
carrageenase from Pseudomonas carrageenovora'. However, the use of kappa-carragee-
nase to quantify the content of kappa-carrageenan' may be questioned since this
enzyme possibly requires a particular minimum number of units in the kappa-carragee-
nan. Investigation and classification, based on the chemical structure, have confirmed
the nature of kappa-carrageenan and that the f-Gal units are incompletely sulphated®’.
*C-N.m.r. measurements*® have shown that, for the carrageenan from F. lumbricalis,
the ratio of the integrated intensities of the signals for C-1 of a-3,6Gal in a-3,6AGal-f-
Gal and «-3,6AGal-8-Gal-4S is close to unity after treatment with alkali.

Since it has not been possible to resolve this carrageenan into sulphated and
neutral fractions, the f-Gal units and $-Gal-4S units are likely to occur in the same
molecule. In addition, alkali-labile 6-sulphate in «-Gal units has been detected by
n.m.r.* and chemical methods®, and $-Gal-6S units (Phyllophora type carrageenan) have
also been found™. The occurrence of a-3,6AGal-2S units has been reported in the
carrageenans from Canadian® and Russian’ Furcellaria.

Carrageenans and agars, extracted under non-alkaline conditions, generally have
some of the a-Gal units 6-sulphated (x-Gal-6S). These units can be transformed into
«-3,6AGal units by treatment with strong alkali or, enzymically, by sulphoeliminase®'°
and are termed precursors''. However, little work has been done on the distribution of
these types of residue along with the 4-linked 3,6AGal and 3-linked Gal units. Pre-
cursors are detected routinely with specific enzymes'>'* combined with *C-n.m.r.
spectroscopy, where the patterns of C-1 resonances before and after treatment with
alkali indicate the type of precursor.

* Author for correspondence.
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. Elucidation of the sequence of precursors and the patterns of substitution in agar
from Porphyra sp. was achieved by the use of high-field "C-n.m.r. spectroscopy and
specific enzymes", but it remains to be established fully for carrageenan systems.

Since the carrageenan from F. lumbricalis contains residues of both neocarrabiose
and its 4-sulphate, the content and the distribution of the precursors and the sequences
of 3,6AGal units, with and without sulphate, will give information about the micro-
structure. Therefore, some structurally extreme fractions of carrageenan from F. lum-
bricalis were prepared (see Experimental), based on solubility in water and aqueous
KCl, and characterized by high-resolution 'H- and "*C-n.m.r. spectroscopy. The cold-
water (FLC) and hot-water (FLH) extracts were each fractionated into components
that were soluble (FLCS and FLHS) and insoluble (FLCI and FLHI) in 0.IM potassium
chloride. Non-alkali-treated, precursor-rich carrageenan fractions normally give well-
resolved peaks for C-1 of the 3-linked “‘precursor” unit (at ~ 104.9 p.p.m.) but, often, a
less well-resolved signal or signals for C-1 of the 4-linked unit (96-98 p.p.m.) (unpub-
lished data). The use of "H-n.m.r. spectroscopy is superior to the less-sensitive *C-n.m.r.
variant in detecting and quantifying the minor contents of precursors in this class of
polymers.

The 500-MHz '"H-n.m.r. spectra of the model substances (Fig. 1) contain resolved
signalsat 5.09 and 5.11 p.p.m. for H-1 of a-3,6 AGal of the residues of neocarrabiose and
its 4-sulphate, respectively, and H-4 of the §-Gal-4S in the latter resonated at 4.83 p.p.m.
with an intensity equal to that for H-1at 5.11 p.p.m. Hence, integration of the intensities
of the signals at 5.11 and 5.09 p.p.m. indicates directly the kappa-character as defined by
Usov'®. This result was achieved earlier and indirectly by measuring the ratio of the
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Fig. 1. Region for the H-1 signals in the 500-MHz 'H-n.m.r. spectra of alkali-treated carrageenan from F.
lumbricalis; A, partly desulphated (same as Fig. 3) and B, kappa-carrageenase treated; X, H-1" of a-3,6 AGal-
B-Gal-48; Y, H-1' of -3,6-AGal-$-Gal; Z, H-4' of §-Gal-48-¢-3,6AGal; J, , 2.4 Hz for a3,6AGal.
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integrated intensities of the signals for H-4 of Gal-4S and H-1 of 3,6AGal, assuming a
perfect alternating sequence of units".

Only the fraction FLHI gave a 'H-n.m.r. spectrum characteristic for carrageenan
from F. lumbricalis® with signals at 5.11 and 5.09 p.p.m. (Fig. 2). In the alkali-treated
carrageenan from this alga, these two residues always co-occur and treatment of a
solution of carrageenan from F. lumbricalis with a specific kappa-carrageenase reduced
the viscosity (data not shown) but did not produce any enzyme-resistant fraction
lacking the kappa-carrageenan structure (Fig. 1) as found for Eucheumna gelatinae. The
signals at 4.83 and 5.11 p.p.m., characteristic for x-3,6AGal-f-Gal-4S, were found for
each of the 4 extracts. The '"H-n.m.r. spectra of fractions FLCS (Fig. 2) and FLHS
(spectrum not shown) did not contain detectable signals from sequences of the
2-3,6AGal-§-Gal type (5.09 p.p.m.) before treatment with alkali, and had characteristic
signals at ~5.3, ~5.2, and 4.87 p.p.m. Alkali treatment of fraction FLCS eliminated
these broad signals and gave a spectrum similar to that from fraction FLHI with about
equal intensities of the signals at 5.09 and 5.11 p.p.m.

The signals at 5.2 and 4.87 p.p.m. had similar intensities and were assigned
tentatively to H-1 in «-Gal-6S and H-4 in Gal-4S, respectively, in the precursor
O-(a-D-galactosyl 6-sulphate)-(1 — 3)-O-(f-D-galactosyl 4-sulphate). This assignment of
the signal for H-1 is also compatible with a downfield displacement of 0.14 p.p.m.,
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Fig.2. Region for the H-1signal in the 400-MHz !H-n.m.r. spectra of KCl-fractionated carrageenan from F.
lumbricalis harvested March 28, 1986; A, FLCI; B, FLCS; C, alkali-treated FLL.CS; and D, FLHI. Alkali-
sensitive signals ~ 5.3, ~5.2, and 4.87 p.p.m. are marked with arrows.
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relative to that of H-1 of 3,6-AGal observed for a-L-galactose 6-sulphate in the
corresponding precursor of agarose'®.

Desulphation of the f-Gal units in the carrageenan precursor will probably alter
the chemical shift of the resonance of H-1 in a neighboring «-Gal-6S unit only slightly. A
shift 0.1 p.p.m. towards lower field points to the broad doublet at 5.3 p.p.m. as the
candidate. This tentative assignment leads to a consistent picture when relative in-
tensities are compared before and after the treatment with alkali. Whether the §-Gal
units towards the non-reducing end were or were not 4-sulphated was not evident from
our data.

Thus, in fraction FLCS, the 3,6AGal residues were part of «-3,6AGal-$-Gal-4S
sequences, and a-3,6 AGal-f-Gal units were not detectable by n.m.r. spectroscopy in the
precursor-rich, soluble fractions before treatment with alkali. This treatment converted
o-Gal-6S units into 3,6AGal units, independently of the sulphation of neighboring
units, and could produce 3,6AGal units in regions where the sulfoeliminase enzyme is
ineffective. The 400-MHz 'H-n.m.r. spectrum of the fraction FLCI (Fig. 2) has broad
signals due to the viscosity of the solution. However, this fraction contains «-3,6 A Gal-$-
Gal-48 and a-3,6AGal-g-Gal units together with their respective precursors, a-Gal-6S-
B-Gal-4S and a-Gal-6S--Gal.

The biosynthesis pathway of the partly sulphated carrageenan from F. lumbricalis
is not evident from the foregoing data. The formation of 3,6AGal in vivo could be more
complicated than for the idealized pathway proposed from mu- to kappa-carrageenan
and from nu- to iota-carrageenan'. Whether the carrageenan from F. lumbricalis is a
“not-yet-sulphated” or a desulphated kappa-carrageenan is not known. The finding
that all the neocarrabiose sequences in fraction FLCS before treatment with alkali are
4-sulphated could be explained by the requirement' of this sulphation for the enzymic
formation of 3,6AGal.

The general biosynthesis scheme for carrageenans proposed by Craigie and
co-workers' cannot be used, without modifications, for the carrageenans from F.
tumbricalis and E. gelatinae with incomplete 4-sulphation of the 3-linked -Gal units.
There is also a conflict with the above general scheme with carrageenans from Phyllo-
phora sp., F. lumbricalis’, and Rhizoella verruculosa®™ where 6-sulphated 3-linked f-Gal
units are present.

EXPERIMENTAL

Dried and milled F. lumbricalis, harvested in the Trondheimsfjord, was treated
with 0.1m hydrochloric acid for 30 min at 4° and then washed for 4 h with running tap
water at 8°. A cold-water extract (FLC) was obtained by stirring the residue with
distilled water for 12 h after neutralizing with 0.01M sodium hydroxide. The residue was
collected and suspended in distilled water, the pH was adjusted to 8 with NaOH, and the
suspension was stirred for 1 h at 120°, to give the hot extract (FLH). Each extract was
precipitated with 2-propanol, resolubilized, dialyzed against neutral distilled water at
25°, and lyophilized. The total yield of water-extractable polysaccharide was ~35% of
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the initial dry weight, with a ratio for FLC and FLH of ~1:10. Each extract was
fractionated on the basis of the solubility in 0.1M KCl by the leaching procedure® to give
soluble (FLCS and FLHS) and insoluble fractions (FLCI and FLHI). FLC contained
>80% of KCl-soluble material, whereas FLH contained «<40%. The yields of the
various fractions from F. lumbricalis depended on the time of harvesting,

The above four fractions were investigated by 'H-n.m.r. spectroscopy. The
assignments of the H-1 and C-1 resonances were based on 25-MHz "*C- (Fig. 3) and
500-MHz 'H-n.m.r. spectra (Fig. 1) of desulphated® or kappa-carrageenase treated,
alkali-modified” carrageenan from F. lumbricalis. Parameters used for the 400-MHz
'H- and 25-MHz “C-n.m.r. spectra have been published®, The 500-MHz 'H-n.m.r.
spectra were recorded at 80° with a Bruker WM-500 spectrometer, using 18k data points
and a pulse recycling time of 2.7 s. Chemical shifts (p.p.m.) are referred to external Me,Si
via internal sodium 3-(trimethylsilyl)propionate-d, (TSP, 6 2.4 for *C and & 0 for 'H).
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Fig. 3. Signals for C-1’, 3,4,5 of «-3,6AGal-#-Gal-4S in the 25-MHz proton-decoupled *C-n.m.r. spectrum
of partly desulphated carrageenan from F. Jumbricalis; X is the resonance for C-1 in a-3,6-AGal-p-Gal.
Assignments were made after comparison with data for kappa- and desulphated kappa-carrageenan®,
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