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ABSTRACT

Counterion n.m.r. relaxation rates and signal intensities from mixed ion
forms (sodium and rubidium) and mixed types (kappa and iota) of gel-forming
carrageenans are presented. Data from the gel-promoting rubidium ion and the inert
sodium ion obtained in the same mixed kappa-carrageenan systems indicate that
only the rubidium ion binds to kappa-carrageenan and only in the gel state. Under
non-gelling conditions, the transverse and longitudinal relaxation rates of sodium
and the longitudinal relaxation rate of rubidium are independent of the ionic com-
position of samples of kappa-carrageenan.

In systems containing mixed iota’kappa-carrageenan of the rubidium form,
the large line-broadening effects observed for rubidium correlate with the kappa-
carrageenan transition, which occurs in a temperature range well separated from
that of the iota-carrageenan transition. The same conclusion holds for natural iota-
carrageenan (from Euchema spinosa), where a small fraction of kappa-carrageenan
is responsible for the large effects of ion binding observed in the rubidium relaxa-
tion.

INTRODUCTION

The carrageenans! are linear sulfated galactans, extracted from certain
marine red algae, which are widely used and studied because of their ability to act
as thickeners or form aqueous gels. Different types of carrageenans may be
distinguished by their primary structure, and the gel-forming iota- and kappa-
carrageenans are dominated by regular sequences!-2 of the disaccharide repeating-
units 1 and 2, respectively. The thermoreversible gelation of iota- and kappa-
carrageenan involves a coil-to-helix transition of these regular sequences, which
may be accompanied by aggregation of the helical molecules to infinite network
structures?.

*Presented at the XIVth International Carbohydrate Symposium, Stockholm, Sweden, August 14-19,
1988.
fAuthor for correspondence.

0008-6215/89/$ 03.50 © 1989 Elsevier Science Publishers B.V.



122 L. PICULELL, S. NILSSON, P. STROM

0,80
CH,OH Qo
9 ~6 O
o
HO
OR
1R = $SO3 (iota)

2R = H (kappa)

Both kappa- (2) and iota- (1) carrageenan arc polyions and, consequently,
salts affect their conformational transitions and gelation behavior’ ?'. However,
particularly conspicuous in the case of carrageenans is a dramatic cation specifi-
city?=689 in their conformational transitions and association processes, which is also
reflected in the rheological properties®2-1%. Thus, for the different ion forms of
kappa-carrageenan’, some “specific” monovalent cations (i.e., rubidium, potas-
sium, and cesium) induce the formation of helices at concentrations between one
and two orders of magnitude lower than that of “inert” cations (sodium, tetra-
methylammonium, and lithium). The non-specific electrostatic effects on the coil-
helix transitions of kappa- and iota-carrageenan in the presence of inert monovalent
and divalent cations are well described by the Poisson-Boltzmann cell model?0?1,
but the specific effects of certain cations are less well understood. Although the
binding of specific cations has been demonstrated for kappa-carrageenan by
studies!®22-24 of n.m.r. chemical shifts, the importance of this binding for the for-
mation of gels by carrageenans has been questioned!>?423, Moreover, it is not clear
to what extent the specific binding of ions is sensitive to the conformation of the
carrageenan molecule. Cation shift effects, indicative of ion binding accompanied
by partial dehydration, occur only in the presence of the helical conformation of
kappa-carrageenan, while ultrasonic absorption® and optical rotation? effects have
been taken to indicate cation-specific interactions also with the coil conformation
(in one instance?® also for iota-carrageenan). It has been proposed® that the intrinsic
cation selectivity of kappa-carrageenan (regardless of its conformation) is solely
responsible for the observed effects of specific cations in this system.

Specific effects of cations on rheological properties®!2!* and ion binding!42
of iota-carrageenan have been found, although they are less pronounced than for
kappa-carrageenan. Thus, in early systematic studies of different ion forms of iota-
carrageenan®’, a hysteresis in the thermally induced conformational transition of
the potassium form was found, indicating the formation of aggregates. Under
certain conditions, two discrete steps in the transition of the potassium form could
be found®, namely, a reversible transition that occurred at the same temperature as
the transition of the tetramethylammonium form and an ion-specific transition that
occurred, with significant thermal hysteresis, at higher temperatures. It was
proposed that the aggregation of iota-carrageenan helices was a specific process
that occurred only in the presence of certain cations®, However, these studies were
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performed on samples containing large proportions of the kappa-structure®. In re-
cent studies?” of natural iota-carrageenan samples of greater structural purity, no
hysteresis effects were found and the dependence of the transition temperature on
the identity of the cation was quite weak, in contrast to kappa-carrageenan’®. These
findings pointed to the possibly important role of kappa-carrageenan impurities in
the cation-specific properties of iota-carrageenan samples.

In order to clarify the molecular origin of cation specificity in carrageenans,
the method of counterion spin relaxation has here been used. This method is a very
sensitive indicator422.243 of cation-specific effects in carrageenan systems, and
correlations!4242> between gel formation and the broadening and loss of signal
intensity in the n.m.r. spectra of the gel-promoting cations have been demonstrated.
However, even in the absence of binding, line-broadening of the n.m.r. signals of
small molecules in polysaccharide gels may be expected?®. The first objective of the
present study is, therefore, to investigate to what extent large relaxation effects of
gel-promoting ions in carrageenan gels are, in fact, due to ion binding. The second
purpose is to test further the suggestion?” that the cation-specific effects often found
for iota-carrageenan have their origin in small amounts of kappa-carrageenan im-
purities, which are generally present in natural extracts of iota-carrageenan®. In
order to obtain this information, mixed ion forms and mixed types of carrageenan
have been studied, whereby possible interpretational ambiguities may be avoided.

EXPERIMENTAL

Materials. — Commercial samples of iota- (from Euchema spinosa; Lot No.
124F-0605) and kappa-carrageenan (from Euchema cottonii; Lot No. 124F-0604)
were obtained from Sigma. The kappa-carrageenan was dissolved in water at
elevated temperatures, 1 vol. of 0.3M KCl was added, and the mixture was cooled,
with stirring, in an ice—water bath. The resulting gelatinous precipitate was collected
by centrifugation at 10,000 r.p.m. for 30 min, and subjected again to the dissolu-
tion—precipitation—centrifugation procedure. The resulting gel was dissolved in
water and precipitated by the addition of 2 vol. of ethanol, washed with aqueous
75% ethanol (3 times), aqueous 96% ethanol (3 times), and ether (3 times), and
then dried overnight. A similar procedure, but with 3M KCl in the initial precipita-
tion step, was used for iota-carrageenan. Pure ion forms of the carrageenans were
obtained by ion exchange at elevated temperatures, followed by freeze-drying.
Segments of enhanced structural regularity, prepared from the untreated commer-
cial samples as described by Bryce et al.®, were dialyzed against millipore-filtered
water and freeze-dried.

Samples for n.m.r. measurements were made by adding the appropriate
solvent (water or salt solution) to known amounts of freeze-dried carrageenan in a
soda-glass tube (of a size which fitted snugly into standard 12-mm n.m.r. tubes),
which was sealed and heated, with occasional shaking, in boiling water until a clear
homogeneous solution was obtained. Ideal disaccharide molecular weights of the
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freeze-dried pure ion forms were assumed in the calculation of the molar (di-
saccharide) concentrations of carrageenan in the samples.

Carrageenan segments3? have been shown?’ (by proton n.m.r. spectroscopy)
to contain structural impurities?®. The iota-carrageenan used here contained ~10%
of kappa-structure and vice versa. Values of the fractional content of kappa-
carrageenan of the mixed samples are given in weight per cent of the dry material
and refer to the amount of material originating from E. cottonii rather than to the
actual content of kappa-structure, which is not known accurately.

N.m.r. spectroscopy. — A Nicolet NIC-360 spectrometer was used, operating
at 118.38 and 95.70 MHz for the ¥Rb and #*Na nuclei, respectively. Acquisition
parameters were as follows:

Nucleus w/2 pulse length Sweep width Points acquired Dwell time
(us) (Hz) (ns)

BNa 3842 3000 1024 333

$Rb 2542 40,000 1024 25

Longitudinal relaxation rates (R,;) were obtained from inversion recovery experi-
ments. Line-widths (at half amplitude), Av, were obtained from lorentzian fits to
the absorption signals. Both 7Rb and **Na are spin 3/2 nuclei and give rise to bi-
exponential relaxation (bi-lorentzian spectra) under non-extreme narrowing condi-
tions’! (i.e., when R, > R,). Therefore, the line-width data reported were not con-
verted generally into transverse relaxation rates (using the relation R, = wAv). In
some experiments, the rapid (R,*) and slow (R,”) rates of the two-component
transverse relaxation were obtained by bi-exponential fits (using the theoretical’!
3:2 ratio of the amplitudes of the slow and the fast components) to the free in-
duction decays obtained experimentally (extrapolated to full intensity at time zero,
where the dead time of the spectrometer was taken into consideration). This fitting
procedure gives more weight to the determination of the slow-relaxing component
and the effects of second-order dynamic frequency shifts3? are neglected. The R,*
values reported should therefore not be regarded as quantitative. For 2Na, con-
tributions from magnetic field inhomogeneity to the line-widths/transverse relaxa-
tion rates were significant. Such contributions (~3 Hz) were evaluated separately
in each experiment (from comparisons of line-width and R, measurements on
reference salt solutions) and are subtracted from the sodium results. In order to
remove the trivial dependence of the measured relaxation data on temperature and
to facilitate comparison between data from the two investigated ions, only nor-
malized (with respect to the reference solutions) relaxation data are reported. Re-
ported signal intensities were obtained by comparing areas of the absorption signals
of the samples with those of reference salt solutions recorded under identical condi-
tions. The peak areas were obtained either by integration (Fig. 1) or by excision
and weighing (Figs. 5 and 6).
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Optical rotation data. — These were obtained for a 5-cm pathlength with a
Jasco DIP-360 polarimeter. Values of the specific optical rotation, [a}, are given in
degrees.cm ! M(disaccharide) 1.

RESULTS AND DISCUSSION

General considerations. — The n.m.r. relaxation behavior and, consequently,
the line-shapes of quadrupolar ions in gel-forming polymer systems may, in
general, be quite complex where the effects of diffusion in ordered systems*- and,
possibly, (slowly exchanging) site-bound ions are involved. However, a common
feature of ion n.m.r. in these types of systems®-* is that the nuclei experience
different environments on the time scale of n.m.r. relaxation and, consequently,
the observed n.m.r. relaxation rate will be an average over these environments, or
states. For a site-binding macromolecular system, one may, in the simplest case,
write the observed relaxation rate as a population-weighted average so that, when
only two states have to be considered, equation I obtains:

R gos = PaRin + DeRip, 1
where R; ,, is the observed relaxation rate and py and py. are the fractions of ions
residing in the bound and free states, respectively, the two states being charac-
terized by the intrinsic refaxation rates R; 3 and R, ¢. Relation / is valid only when
the exchange between the two states is rapid compared to the intrinsic relaxation
rates. However, this restriction is essentially troublesome only in the interpretation
of a relaxation enhancement due to ion binding in terms of py and R; g, which will
not be attempted here. A more serious problem is that, in aggregating macro-
molecular systems, the relaxation rate R, g is not, in general, equal to the relaxation
rate in a simple salt solution, since non-specific electrostatic interactions®~%-% and
the size, shape, order, and rigidity of macromolecules or macromolecular aggre-
gates®3.38 may enhance the relaxation also for the free ions. Thus, enhancement
of the relaxation of an ion in a macromolecular system does not necessarily indicate
ion binding.

The general features of counterion n.m.r. relaxation in solutions of non-
aggregated polyelectrolytes are well known?33 and well understood™. For systems
that are sufficiently concentrated, the relaxation of the free ions is unaffected by
slow diffusion processes® and the extreme narrowing condition obtains. The
enhancement of the counterion relaxation in such systems is dominated by the per-
turbation of the environment of ions residing within a distance of the order of the
diameter of a hydrated ion from the polyion. In the absence of site-binding of ions,

Rips = PsRis + (1 — PR 1 2

equation 2 may be used for the observed relaxation rate, where p; is the fraction of
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ions perturbed by the polyelectrolyte and the local relaxation rate, R, ;, differs from
the bulk value, R;, With p; estimated from the Poisson-Boltzmann cell model
and with R, ; used as a (constant) fitting parameter, equation 2 has been employed
to rationalize the variation in counterion relaxation in polyelectrolyte titration®
and ion competition®-* experiments. Thus, in a non-aggregating polyelectrolyte
solution and in the absence of site-binding, the excess relaxation rate of the
counterions, defined in equation 3, is a measure of the fraction of counterions resid-
ing in the immediate vicinity of the polyelectrolyte.

Ri.ex = Ri.obs - Ri,ref 3

Systerns with mixed counterions. — An advantage of the n.m.r. method is
that it allows the behavior of different molecular species in a mixed system to be
monitored individually. In the present carrageenan systems, the gel-promoting
rubidium ion and the inert sodium ion have been compared. Fig. 1 compares the
intensities of the signals of Rb and #Na as functions of temperature, in heating
experiments, in salt-free systems of 64mM kappa-carrageenan with mixed counter-
ions. The molar fraction of rubidium, xy,,, was varied between 0 and 1 in increments
of 0.2. There are large differences in the results from sodium and rubidium, with
dramatic line-broadening effects?2-24:2> occurring only in the rubidium signals. The
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Fig. 1. Relative intensities of the n.m.x. signals of (a) ¥Rb* and (b) 23Na* as functions of temperature
in salt-frec 64mm mixtures of Na and Rb carrageenan. Molar fractions of the rubidium form: 0 (TJ), 0.2
(W), 0.4 (A7), 0.6 (A), 0.8 (), and 1 (@). Arrows indicate the temperatures of onset of helix forma-
tion, on cooling, in the samples with xg,, 0.2 (left) and 1 (right).
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intensity of the n.m.r. signal of the inert sodium ion was not significantly reduced
in kappa-carrageenan even under gelling conditions, where the high resolution
signal of rubidium was totafly lost. These results indicate gualitatively different
interactions of the sodium and the rubidium ions with kappa-carrageenan in the
ordered (aggregated) state.

The intensities of the rubidium signal correlated with the macroscopic state
of the system. The samples that showed full intensity were fluid, whereas the gel-
like samples gave very broad 8Rb signals. For example, the line-width for the pure
rubidium form of kappa-carrageenan at 40° was 2~3 kHz (¢f. 110 Hz for the refer-
ence solution of RbCl). The correlation®*2 between gel formation in kappa-
carrageenan and a dramatic broadening of the n.m.r. signal of the gel-promoting
cations thus holds also in systems containing mixed cations. The differences in
melting temperatures of the gel for the various cation forms correlated also with
the counterion dependence® of the kappa-carrageenan order—disorder transition.
Thus, the arrows in Fig. 1a indicate the temperatures of the onset of helix forma-
tion, as determined by optical rotation, in the samples with xg, 0.2 and 1, respec-
tively. No conformational transition occurred in the sample with xg,, 0 in the temp-
erature interval (~80°. The fact that the loss in intensity of the rubidium signal
persisted at temperatures that are higher than that of onset of the formation of
helices is a reflection of the thermal hysteresis of the helix—coil transition of kappa-
carrageenan under aggregating conditions.

In the cases where full intensities of the n.m.r. signals were obtained, the
relaxation rates of the ions in the mixed ion forms of kappa-carrageenan were also
measured. Fig. 2 shows normalized line-widths and longitudinal relaxation rates for
the sodium ion, at different temperatures, versus the fractional content of rubidium.
It is clear that the data for the gels are distinctly different from those for fluid
samples. In the fluid samples, the normalized relaxation rates of sodium were con-
stant but slightly larger than those for the reference salt solution, regardless of
temperature or ionic composition. Furthermore, under non-gelling conditions, the
normalized longitudinal relaxation rates and the normalized line-widths of the
n.m.r. signals are equal, indicating that the extreme narrowing condition obtained
and that the line-width is a measure of the single transverse relaxation rate R,,
according to the relation Av = R,/w. The observation that the temperature depen-
dence of the counterion relaxation in solutions of kappa-carrageenan scales
with that of a simple salt solution is characteristic of purely electrostatic ion-polyion
interactions, as the concentration profiles of ions in aqueous polyelectrolyte systems
are insensitive to temperature*!. The observation that the relaxation of sodium ions
in non-gelling samples was independent of the rubidium content indicates that
rubidium ions are not enriched preferentially in the vicinity of the kappa-carrageenan
coil.

In contrast to the fluid samples, the kappa-carrageenan gels showed a depen-
dence of the normalized relaxation data for the sodium ions on both the tempera-
ture and the rubidium content (Fig. 2). Furthermore, the relaxation rates were
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Fig. 2. Normalized (a) line-widths and (b) longitudinal relaxation rates of ZNa* in salt-free 64mM mix-
tures of Na and Rb carrageenan as functions of the molar fraction of the rubidium form obtained at 26°
(1), 40° (A), and 55° (). Data points above the horizontal dotted lines refer to gel samples. Solid lines
indicate the average value of all normalized relaxation rates (line-widths and R, data) obtained for fluid

samples.

enhanced and the extreme narrowing condition was no longer satisfied. With the
exception of the sample with xg, 0.8 at 55°, the n.m.r. signals were also markedly
bi-lorentzian. Since rubidium binds specifically to carrageenan gels, the increase in
the relaxation rates of sodium with increasing content of rubidium and decrease in
temperature must reflect structural changes in the kappa-carrageenan gel. An
enhancement of the relaxation rates of inert ions like sodium has been observed
also in agarose gels?®%2, and the results in Fig. 2 are not evidence of any specific
binding of sodium ions but a structure effect which seems to be general for all
aggregated gel systems. The relative effect was larger in kappa-carrageenan than in
agarosec, but this may be due to the increased concentration of sodium ions close to
the charged kappa-carrageenan molecules.

Data for the relaxation of rubidium in mixed ion forms of kappa-carrageenan
in the fluid state are shown in Fig. 3, as normalized line-widths (only the spectrum
of the sample with xp, 0.6 at 55° was visibly bi-exponential) and longitudinal relaxa-
tion rates. The longitudinal relaxation rates (Fig. 3b) of rubidium in the fluid
samples conform to the picture seen with sodium, although the normalized rates
were slightly larger for rubidium, i.e., they were independent of temperature or
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Fig. 3. Normalized (a) line-widths and (b) longitudinal relaxation rates of Rb* in salt-free 64mMm mix-
tures of Na and Rb carrageenan as functions of the molar fraction of the rubidium form obtained at 55°
(<), 65° (A), and 75° (3). All data refer to fluid samples. Solid lines indicate the average value of the
normalized longitudinal relaxation rates.

ionic content of the system, indicating that the interaction of rubidium ions with the
kappa-carrageenan coil is of a non-specific electrostatic nature.

In contrast, the results in Fig. 3a show substantial, counterion-dependent
line-broadening effects for the rubidium ion except for samples in the range 0.2 <
Xgp < 0.8 at 75° where the extreme narrowing condition obtained. The significant
differences between the rubidium R, and line-width data in most of the fluid
samples may be due to a small fraction of aggregated kappa-carrageenan which
persisted on heating, as kappa-carrageenan solutions must be heated to quite high
temperatures®® in order to obtain molecularly disperse systems. Owing to the
extremely large rubidium line-broadening effects caused by ions bound to aggre-
gates of kappa-carrageenan, very low concentrations of such aggregates will cause
effects of the magnitude observed in Fig. 3a. These line-width results thus indicate
that the samples had to be heated to ~75° before all rubidium binding structures
had disappeared. The existence of few, specific binding sites is the most plausible
explanation of these results, since any ion-specific interaction involving a significant
proportion of the rubidium ions would have been evident also in the longitudinal
relaxation rates. Furthermore, the increase in the line-width with increasing
rubidium content shows that the line-broadening cannot be due to site-binding of
rubidium ions to the kappa-carrageenan coil.

The results (data not shown) obtained for salt-free samples of iota-carrageenan
with mixed cations were similar to those obtained by Belton et al.1*% for the pure
ion forms. Thus, there were much larger relaxation effects for the rubidium ion
than for the sodium ion in the gel state. The relaxation of rubidium was bi-exponen-
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tial at lower temperatures, resulting in a maximum loss of signal intensity of ~40%,
whereas there was no loss of intensity in the sodium signal although, as for kappa-
carrageenan, a significant line-broadening in gel samples was observed. The
samples with mixed cations behaved much like the corresponding single cation
samples, except that the melting temperature of the gel, and the temperature at
which substantial effects on the line shape of the rubidium signal were evident,
varied with the fractional content of rubidium.

As for kappa-carrageenan, in the samples of iota-carrageenan with the
highest content of rubidium, effects on the line shape of the rubidium signal were
observed at temperatures well exceeding the gel melting temperature. These effects
persisted at temperatures exceeding by >10° that at which complete conversion of
iota-carrageenan into the coil conformation occurred. Howevcr, it was considered
unlikely that the enhanced relaxation of rubidium in iota-carrageenan solutions
was due to aggregates of Jota-carrageenan persisting at high temperatures since no
hysteresis of the transition, indicating aggregation, had been found for pure iota-
carrageenan of any (monovalent) cation form?’. Rather, the cation-specific effects
found for the iota-carrageenan sample might derive from kappa-carrageenan im-
purities. The relaxation of rubidium in mixtures of iota- and kappa-carrageenan
was therefore studied.
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Mixed carrageenan systems. — Under suitable conditions, iota- and kappa-
carrageenans in mixtures undergo separate, thermally induced, conformational
transitions?’. Segmented rubidium carrageenans (see Experimental) as 1% solutions
in 0.1M rubidium chioride were chosen for this study for the following reasons.
Segments were used since intact carrageenans produce hazier and sometimes
birefringent systems. The large excess of salt ensured that the activity of the
rubidium ion was only weakly dependent on the kappaliota ratio, the carrageenan/
salt ratio gave rise to cation-specific n.m.r. effects of a suitable magnitude, and the
conformational transitions of kappa- and iota-carrageenan molecules in mixed
samples were well separated. Fig. 4 shows the temperature dependence of the optical
rotation of various mixtures of carrageenan with up to 22% kappa-carrageenan. At
higher percentages, the optical rotation readings became erratic, which is charac-
teristic of concentrated systems of kappa-carrageenan®?’,

Fig. 4. shows that the transition curves for iota-carrageenan were reversible
even in mixed samples and the onset of helix formation occurred at 50 +2° in each
sample. Similar conclusions hold for the transition of kappa-carrageenan except
that there was hysteresis, indicative of aggregation, which became more pronounced
as the content of kappa-carrageenan increased. Also for kappa-carrageenan, the
temperature of the onset of helix formation on cooling (64 +2°) was independent
of the composition of the sample and equal to the transition temperature observed
for a sample prepared from only kappa-carrageenan (data not shown). This in-
sensitivity of the coil-to-helix transitions to the relative proportions of iota- or
kappa-carrageenan (at constant rubidium activity) strongly supports the conclu-
sion?” that the two molecular transitions occur independently in the mixture, and
that no mixed aggregates are formed.

The temperature of final melting of all aggregated helices of kappa-carra-
geenan on heating seems to depend on the content of kappa-carrageenan. The
aggregation of kappa-carrageenan is a non-equilibrium process and may proceed to
different extents depending on the concentration of kappa-carrageenan and the
amount of iota-carrageenan present.

Figs. 5 and 6 show the temperature dependence of the rubidium relaxation in
a mixture containing iota-carrageenan and 22% of kappa-carrageenan, and a
system containing iota-carrageenan alone. The apparent intensities and the two
components of the transverse relaxation, R,* and R,”, (see Experimental) are
plotted as functions of temperature. All data refer to heating experiments. The
temperatures at which the two types of carrageenan are completely converted into
the coil state, as deduced from Fig. 4, are also indicated. As the hysteresis increases
with increasing content of kappa-carrageenan, the final melting temperature of
kappa-carrageenan is estimated to be 70° and 64° in Figs. 5 and 6, respectively.

The data in Fig. 5 show that the large effects on the rubidium relaxation in
the mixed sample correlate with the transition step of the kappa-carrageenan, as all
measured parameters, R,”,R,*, and the intensity of the rubidium signal, changed
markedly over the temperature interval of the kappa-carrageenan transition. At
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Fig. 5. Line-shaped [normalized R,* (M) and R,” (0J)] and relative signal intensity (A) of the ¥Rb*
signal in a 1% rubidium carrageenan mixture (22% kappa-carrageenan) in 0.1m RbCl as a function of
temperature. Vertical dotted lines indicate the temperatures where the helix-to-coil transitions of the
iota (left) and kappa (right) fractions are complete (see text).

higher temperatures, the two transverse relaxation rates merged and there was a
single lorentzian peak of full intensity. Conversely, at temperatures below that of
the kappa-carrageenan transition, the intensities and the normalized relaxation
rates reached constant values and were insensitive to the conformational transition
of the iota-carrageenan which occurred at <50°. Thus, all the paramecters meas-
ured, including the stow transverse relaxation rate R,~, were more sensitive to the
transition of kappa-carrageenan than to the transition of iota-carrageenan.

The rubidium relaxation conformed to the same picture also for the sample
containing no added kappa-carrageenan, as seen in Fig. 6. Although the effects on
the rubidium relaxation were smaller than those of Fig. 5, they were dramatic and
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Fig. 6. As for Fig. 5, but for 1% rubidium iota-carrageenan.

occurred over the temperature interval characteristic of the transition of kappa-
carrageenan under these conditions. Only for R,~ was there a slight variation at
<50°, reflecting the different intercharge separations and, hence, non-specific ion-
binding properties of the iota-carrageenan coil and helix conformations. Thus, the
small fraction of residues of kappa-carrageenan structure present in the sample of
lota-carrageenan was responsible for the ion binding seen in rubidium n.m.r.
Furthermore, this kappa-carrageenan fraction clearly gave rise to a separate, co-
operative order—disorder transition which occurred in the temperature interval
characteristic of “pure” kappa-carrageenan. This transition corresponds to the
small step at >50° in the optical rotation curve for the sample containing no added
kappa-carrageenan (Fig. 4). This implies that at least a portion of the kappa-
carrageenan impurities in iota-carrageenan are located in long blocks of uniform
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primary structure rather than as isolated desulfated units. Whether these regular
kappa-carrageenan structures occurred as pure polymers of kappa-structure or as
blocks in copolymers of hybrid kappa/iota-structure (or both) is not clear, but their
presence would be expected to have consequences for the rheological properties
and cation specificity of natural iota-carrageenan.

Concluding remark. — Although a quantitative interpretation of the n.m.r.
relaxation of ions in polysaccharide gels is difficult, its sensitivity to ion binding
may be utilized to obtain information on the occurrence and the transitions of
structural impuritiecs, which may be difficult to extract by other methods. In cases
where these structures may act as potent cross-linkers, like kappa-carrageenan,
this information should be valuable for the interpretation of the rheological be-
havior of the systems.
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