Carbohydrate Research, 248 (1993) 225-231 225
Elsevier Science Publishers B.V., Amsterdam

Ultrastructural evidence for intramolecular double
stranding in iota-carrageenan

Rukmal M. Abeysekera **, Edmund T. Bergstrom ®, David M. Goodall ®,
Ian T, Norton ¢ and Anthony W. Robards **
¢ Institute for Applied Biology, University of York, Heslington, York Y01 5DD (United Kingdom)

b Department of Chemistry, University of York, Heslington, York Y01 SDD (United Kingdom)
¢ Unilever Research, Colworth Laboratory, Sharnbrook, Bedford MK44 1LQ (United Kingdom)

(Received March 26th, 1993; accepted April 23rd, 1993)

ABSTRACT

Kinetic studies of primary processes of conformational ordering in gel-forming biopolymers have
suggested that a change in mechanism from intermolecular to intramolecular multistrand formation
occurs on lowering the concentration of biopolymer. We report here ultrastructural observations
consistent with intramolecular double stranding in a carbohydrate polymer, iota-carrageenan, by
arresting this process of primary conformational ordering by an ultra-rapid freeze fixation technique.
High-resolution transmission electron microscopy (TEM) revealed isolated iota-carrageenan chains
showing a range of morphologies (linear, circular, and hairpin) consistent with intramolecular stranding.
Control experiments in which iota-carrageenan was frozen in the disordered form revealed longer and
thinner strands.

INTRODUCTION

ITota-carrageenan consists principally of an alternating copolymer of 1,3-linked
B-p-galactose 4-sulphate and 1,4-linked 3,6-anhydro-a-p-galactose 2-sulphate (Fig.
1). X-ray fibre diffraction studies of calcium iota-carrageenan have revealed a
three-fold right-handed double helix with parallel strands and a helix pitch of 2.66
nm!, In solution, iota-carrageenan undergoes a reversible disorder—order transi-
tion, with high ionic strength and low temperature favouring the ordered state.
Intermolecular double-helix formation should produce a doubling of the observed
molecular weight on going through the order-disorder transition. This has been
observed using membrane osmometry and light-scattering in some studies?~® but
not in others®. Some of the most conclusive evidence for dimer formation in
solution has come from kinetic studies using polarimetric stopped-flow>’. Reac-
tions on a seconds-to-minutes timescale, initiated by mixing iota-carrageenan and
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Fig. 1. Idealised iota-carrageenan structure showing the repeating disaccharide residue.

salt solutions [NaCl, KCl, (CH,),NCl], fit to a kinetic model with a second-order
forward reaction and first-order back reaction, indicating a reversible double-
helix-forming process,

k
2C<-_k—?_>H2 (1)

with random-coil residues, C, and double-helix residue pairs, H,. A secondary
process follows on a minutes-to-hours timescale and is assumed to involve polymer
annealing and aggregation®. Recent studies of the closely related anionic polysac-
charide kappa-carrageenan showed that the rate of primary ordering over the
concentration range 0.15-3 mg mL~! in 0.02 M KCI solution was independent of
polymer concentration, although the reaction progress curves were still those of a
second-order forward reaction’. It was suggested that the mechanism of double
stranding changes from inter- to intra-molecular'® as the polymer concentration is
decreased from above to below the critical overlap concentration, ¢* (refs 9 and
11).

In the present study, the Group II cation Ca?*, which has been shown to be
particularly effective in promoting formation of the ordered state'®!3, was used to
induce eonformational ordering of iota-carrageenan at low polymer concentration.
There have been no previous TEM investigations of iota-carrageenan, although
work by Hermansson!* on kappa-carrageenan in 0.01-0.2 M KCIl has demon-
strated the power of TEM for visualising ordered and aggregated structures. We
have used TEM to observe directly the products of reaction I prior to significant
progress in the second phase.

EXPERIMENTAL

Reaction I was carried out by mixing 2.5 mM CaCl, and iota-carrageenan
(X6955/CECA SA France) concentrations suitable for TEM visualisation of
non-overlapped molecules (0.5 or 5.0 ug mL~!) at 35°C. After 4 min, an aliquot of
the mixture (0.25 or 1.0 uL) was spread on a 5 X 5 mm square of freshly cleaved
mica and rapidly frozen in a mixture of liquid propane in isopentane by a
countercurrent plunge-freezing technique!>'. The frozen sample on mica was
subsequently freeze-dried at —65°C or less and rotary-shadowed with 0.4 nm of
platinum at an angle of 7° and 6.0 nm of carbon at 90°. The cleaned replicas were
examined by TEM. In a control experiment, iota-carrageenan and (CH,),NCI
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were mixed at a concentration of 5.0 wg mL~! and 2.5 mM, and rapidly frozen
after 4 min at 35°C.

RESULTS AND DISCUSSION

At low concentrations of (CH;),NClI, iota-carrageenan exists in the disordered
form?. Fig. 2A shows an electron micrograph prepared from the control disordered
sample (5.0 pg mL™1) in 2.5 mM (CH ;),NCI rapidly frozen from 35°C. The long
fine fibre seen in Fig. 2A (apparent width, 2 nm with the replicated platinum) is
typical of the fibres observed in this preparation and is identified as a single-
stranded random coil. Studies of iota-carrageenan in 2.5 mM CaCl,, using optical
rotation, have shown that 35°C is just below the melting temperature of the
polymer, and an equilibrium distribution contains both disordered and ordered
residues'’. Conductometric stopped-flow studies have showed that, on mixing
Ca(l, and iota-carrageenan, the primary ordering process I is effectively complete
after 4 min'’. Figs. 2B and 2C show iota-carrageenan molecules at 5.0 pg mL™!
rapidly frozen 4 min after mixing in 2.5 mM CaCl,. Numerous circular polymers of
a range of diameters (Fig. 2C) and simple loop and complex multilooped structures

random coil (A); ordered double-stranded forms showing (B) a variety of morphologies and (C) cyclic
structures. Solutions of iota-carrageenan (5.0 pg mL™') in 2.5 mM (CH;),NCI (A) and 2.5 mM CaCl,
(B and C) were sampled 4 min after mixing. Aliquots (A, 0.25 xL; B and C, 1.0 L) spread on 5X5 mm
mica were rapidly frozen in propane-isopentane, stored in liquid nitrogen, freeze-dried, and then
rotary-shadowed with platinum at an angle of 7° and carbon at 90°. Replicas were collected onto

uncoated 400-mesh copper grids and examined in a transmission electron microscope (Jeol 1200 EX) at
80 kV.
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(Fig. 2B) are visible. Figs. 3A-3E focus on individual iota-carrageenan molecules
at 0.5 ug mL~! ordered with 2.5 mM CaCl,. Fig. 3A shows both ordered and
disordered molecules alongside each other. Fig. 3B can be interpreted as a
single-stranded hairpin loop closing into a double-stranded region. A double-heli-
cal twist can be almost discerned between the arrows. In Fig. 3C, a closed
double-stranded loop is seen with two regions of uncoiled single strands. This
coexistence of disordered and ordered structures is expected in a sample frozen
close to its melting temperature. Fig. 3D is that of a fully closed double-stranded
loop. Fig. 3E suggests regions with secondary folding (supercoiling). The numerous
circular polymers and the loop structures can be interpreted as evidence for
intramolecular stranding. The distribution of chain length in Figs. 2 and 3 accords

Fig. 3. Electron micrographs of partially ordered iota-carrageenan. Sample preparation as in Figs. 2B
and C, except with 0.5 ug mL~! jota-carrageenan. In A, a structure on the right is considerably longer
and thinner than that on the left, suggesting the coexistence of single- and double-stranded forms; B, a
single-stranded loop of a hairpin structure closing into a double-stranded region (arrows); C, an
incompletely folded cyclic structure with potential double-strand separation (arrows); D, a fully ordered
cyclic structure; and E, an example of a thicker folded (double helical) form folding back again and
twisting to form a secondary fold (supercoiling) in regions. Arrows point to those secondary foldings,
while arrow heads point to regions of unfolded random coil.
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with the nonhomogeneity of the original iota-carrageenan sample. Although this
precludes the making of quantitative estimates, in general, the structures formed in
CaCl, appear to be shorter than those in (CH ;),NCI, again suggesting intramolec-
ular folding. Furthermore, the apparent width (3-4 nm) of the polymer in CaCl, is
approximately double that in (CH;),NCIl. All observations in CaCl, are consistent
with double-stranded species formed by intramolecular ordering.

Whilst circular double-stranded DNA is well documented®®, circular forms of
polysaccharides have only recently been discovered in TEM studies of triple-helical
schizophyllan and lentinan!®?. Our observation of cyclised forms of double-helical
iota-carrageenan suggests that this morphology may be a common feature in
biopolymers ordered at low concentration. In intramolecular double-helix forma-
tion, cyclised forms can result only from parallel strand nucleation whereas
hairpins result from antiparallel strands (Fig. 4). There may be some energetic
advantages to the former in iota-carrageenan, since X-ray fibre diffraction shows
parallel strands in the solid-state double helix!. Supercoiling in a polysaccharide
was also only recently first observed in the circular triple-helical structures of
schizophyllan and lentinan?. The possible functional and structural significance of
circular and supercoiled polysaccharides was discussed by Stokke et al.'?%, but left
unresolved. As with DNA, we believe that this intramolecular stranding is simply a
common feature in general in flexible biopolymers at low concentrations.

The ultra-rapid freeze fixation technique used here has enormous potential for
time-resolved studies, both because of the low dead time for freezing (< 1 ms) and
the ability to use solutions which are complementary to those used in kinetic and
equilibrium studies, in that they are free of such chemicals as glycerol that have
traditionally been added to TEM preparations of this type?!. Stokke et al.?’ were
cautious in their interpretation of supercoiling in that they could not exclude the
possibility of introduction of structural artefacts caused by sample preparation for
TEM. Addition of glycerol, spray deposition of sample, and vacuum drying at 20°C
can introduce numerous structural artefacts?!. Exclusion of any additive, gentle
deposition of sample, ultra-rapid freeze fixation, and freeze-drying in our prepara-
tion eliminate the possibility of preparation artefacts in that we can confidently say

Fig. 4. Schematic diagrams for intramolecular nucleation of A, cyclised forms from parallel stranding;
and B, loop forms from antiparallel stranding: arrows indicate the direction along the chain in Fig. 1.
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that the circular and supercoiled morphologies of iota-carrageenan are real and
therefore the similar structures in schizophyllan and lentinan are also probably
real. Our interpretation that the ordered structures are intramolecular double
strands is based on the apparent doubling of the chain thickness, the shorter chain
lengths, and the circular and looped structures of ordered iota-carrageenan com-
pared to the disordered form. Observation of single-stranded random coils in
kappa-carrageenan is believed to be impossible??. In our investigations, the visuali-
sation of the random coil was clearly possible in the presence of (CH,),Cl (Fig.
2A) but was very difficult in the absence of the salt (results not shown). Our ability
to visualise the iota-carrageenan random coil in this investigation is therefore
probably due to the good structural preservation by the ultra-rapid freeze fixation
and the very fine film of platinum (0.4 nm) deposited for replica preparation, as
well as to a possible amplification of the coil thickness by interacting (CH,),Cl
ions. Future experiments, using this technique and iota-carrageenan concentra-
tions above and below ¢* and with short-chain segments, may give further insight
into the nature of the ordered structures of this biopolymer.
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