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ABSTRACT

The ordered conformation of kappa-carrageenan molecules in condensed but
well-hydrated systems has been investigated by refining stereochemically plausible
models to fit the continuous X-ray diffraction data obtained from oriented fibers .
In the best model, the molecules are coaxial duplexes comprising right-handed,
3-fold helical chains of pitch 25 .0 A . As with iota-carrageenan, the chains are
parallel but their juxtaposition in kappa-carrageenan is significantly different since
they are offset from the half-staggered arrangement by a 28° rotation and a 1 .0-A
translation . Alternative models (single helices, coaxial duplexes containing 6-fold
chains, noncoaxial dimers, and mixtures of single and double helices) are quite
incompatible with the diffraction data . Some antiparallel, coaxial duplex models
approach the best model either in stereochemical plausibility or fit with the diffrac-
tion data, but none is as convincing overall as the best (parallel-stranded) model .

INTRODUCTION

Carrageenans are members of a family of gel-forming polysaccharides of the
marine red algae Rhodophyceae . They are extracted commercially from seaweeds
and used extensively in the food industry for gelling, thickening, bodying, and
emulsion stabilization in both water-based and milk-based systemsl' 2. All
carrageenans are linear polysaccharides of alternating (1-->3)- and (1->4)-linked
galactose units . Two principal gelling fractions of carrageenan, called kappa- and
iota-carrageenan, are built up of alternating 0-3 substituted /3-D-galactopyranosyl
and 0-4 substituted 3,6-anhydro-a-D-galactopyranosyl residues . In both, most D-
galactose units carry a half-ester sulfate group at 0-4 ; the major difference between
them is that most 3,6-anhydro-D-galactose units are sulfated at 0-2 in iota- but not
in kappa-carrageenan (Scheme 1) . Between kappa- and iota-carrageenan, there is
a continuum of intermediate compositions differing in degree of sulfation at 0-2 .
The 3,6-anhydro-D-galactose content in kappa-type carrageenans varies, some
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Scheme 1 . Atom labeling scheme for a disaccharide of kappa-carrageenan : A is p-o-galactose 4-sulfate
and B is 3,6-anhydro-ce-r>-galactose . For iota-carrageenan, B is sulfated at 0-2 .

residues being replaced by D-galactose 6-sulfate . In addition, a kappa-carrageenan
exists in which only approximately 50% of the D-galactose residues are
at 0-4. This low sulfated gelling carrageenan is known as furcellaran 4 .

Kappa- and iota-carrageenan, and furcellaran form thermally-reversible gels
upon heating and cooling of aqueous solutions . The gelling mechanism is generally
described as follows 4 _ At temperatures above the melting point of the gel, the
polymer chains exist in solution as random coils . On cooling, a three-dimensional
polymer network in which double helices form juction zones between the polymer
chains builds up . The formation of double-helical junction zones do not on their
own, however, result in cohesive gel formation . Rather, crosslinking of up to 20
polymer chains to give noninteracting polymer domains occurs . Gel formation only
results following the aggregation of the double-helical junction zones, which links
the polymer domains into a complete three-dimensional gel structure . Thus,
carrageenan systems which form nonaggregating double helices (e .g., the Li
of iota-carrageenan) do not form gels 5 .

Agarose is closely related structurally to the carrageenans . It differs only in
having the (1--+4)-linked 3,6-anhydro-a-D-galactopyranosyl residues replaced by
the L-enantiomer, and being totally nonsulfated 6 . On decreasing the degree of
sulfation from iota-carrageenan, through kappa-carrageenan and furcellaran, to
agarose, the gels formed increase in rigidity, are less elastic and more brittle, and
require lower concentrations of polysaccharide for their formation . For example,
kappa-carrageenan forms gels at 1% concentration compared with 0 .1% for
agarose . For kappa-carrageenan, gelation shows cation selectivity, occurring in the
presence of K+, Rb+, Cs', and NH4, but not in the presence of Li + or Na+ . Kappa-
carrageenan produces rigid, elastic gels with K+ ions . In practice, some calcium
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ions are always present resulting in a particularly high gel strength . Calcium ions
alone give a stiff, brittle gel . As the percentage of 0-2 sulfate groups increases, the
potassium ion sensitivity decreases and there is a weakening of the gel properties .
When 80% of the 0-2 positions are sulfated, calcium ion sensitivity becomes
predominant, and the properties become typical of those of iota-carrageenan' . An
increased anhydrogalactose content increases both the potassium sensitivity and
the gelling capacity . In aqueous systems, kappa-carrageenan exhibits synergistic
cogelling properties with galactomannans, in particular locust bean gum, which are
marked by an enhancement of the gel strength, a change from brittle to elastic gel
rheology, and a reduction in syneresis . This property is not exhibited by iota-
carrageenan . However, furcellaran exhibits enhanced cogelling properties with
galactomannans, and agarose is even more effective' . It would appear that the
mixed gelling interactions with galactomannans are favored by lower sulfate
contents in carrageenans or agarose .

Earlier X-ray diffraction studies of oriented fibers of iota-carrageenan 8 ' 9 have
shown that it adopts a double helical structure in the condensed state . The double
helix consists of two identical, parallel, right-handed, three-fold helices of pitch
26 .6 A which are displaced from each other along their common axis by exactly half
the pitch . The double helix is stabilized by hydrogen bonds between OH-2 and
OH-6 of the galactose residues in different chains .

Iota-carrageenan does not consist entirely of regular, alternating sequences
of sugar residues ; interruptions or "kinks" occur at various points in the chain which
terminate double-helix formation . These "kinks" occur when the regular 3,6-
anhydro-D-galactose residues are replaced by D-galactose, and can usually be
removed by a Smith degradation procedure to create short blocks or segments,
which retain the ability to form ordered structures but cannot ge1 10 . Iota-
carrageenan segments show a temperature-dependent sigmoidal increase in optical
rotation, the sign and magnitude of which correspond closely to that predicted from
the double-helix geometry in the solid state, when a semi-empirical calculation of
optical activity based on the glycosidic angles of the polysaccharide backbone is
used". This optical rotation change has no thermal hysteresis and shows (at
constant temperature and ionic strength) a concentration dependence which
corresponds to a dimerisation process 12 . The order-to-disorder transition is also
accompanied by an exact doubling of number average and weight average
molecular weights13 . Corroborative evidence for conformational ordering has also
been obtained by high resolution 13C- and 1H-n.m .r. measurements . Sharp, well
resolved spectra are obtained at 80°, when the polysaccharide exists as a disordered
chain, which collapses on cooling to give the rigid ordered form 12 . Because of the
"kinks" in the iota-carrageenan covalent structure, individual native polysaccharide
chains combine with many partners on conformation ordering, resulting in a gelled
structure . Iota-carrageenan gels show optical rotation changes analogous to those
of the segments, and the midpoints for the transitions are close to the sol-gel
temperatures . There is thus good evidence that the basic mechanism of cross-
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linking in the gel network is double-helix formation .
The case for kappa-carrageenan forming double helical-ordered conforma-

tions is less conclusive . Optical rotation measurements for segmented kappa-
carrageenan show a cooperative concentration-dependent transition on heating and
cooling, which provides good evidence that the ordered conformation exists in solu-
tion 14. The transition shows hysteresis behavior, which can be correlated with
aggregation of the ordered conformation . Similar optical rotation behavior is
observed for native kappa-carrageenan on gel setting and melting . The hysteresis,
however, is greater in the case of the gel, and this is interpreted as indicating that
the degree of aggregation of the ordered conformation is higher . This random coil-
to-helix transition has also been monitored by n .m .r. spectroscopy' 5 . The dynamics
of the salt (K+)-induced disorder-order transition of native kappa-carrageenan
have been studied by a polarimetric stopped-flow technique'" . The results indicated
that the formation of the ordered state is a second-order process and strongly
supported the proposal that the aggregates of ordered chains in the junction zones
of the gel comprise double-helical entities, The application 17-19 of the Manning
polyelectrolyte theory indicated that the linear charge-density of the ordered
structure is close to that expected for a di neric species . Until this study, there was
no specific evidence for double-helix formation, however . Indeed, the possibility
that the important ordered conformation in kappa-carrageenan is a single-chain
helix has been postulated 2O .2 t on the basis of optical rotation measurements in the
presence of I - ions . Moreover, the diffraction patterns from kappa-carrageenan
fibers (e.g., Fig . 1) exhibited intensities on layer lines with spacings of 25 .0 A .
Analogous spacings are systematically absent from iota-carrageenan patterns
because of the half-staggered, coaxial arrangement of parallel helices . It follows
that the ordered conformation of kappa molecules is significantly different from
that of iota molecules . Whether this is simply deviation from the half-staggered
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arrangement or something more profound could not conveniently be investigated
by diffraction analysis until recently, as kappa-carrageenan molecules in fibers can
be uniaxially oriented but not further organized laterally into microcrystallites . The
diffraction from such systems consists of layer lines of continuous intensity rather
than the sharp arcs from crystalline systems . Only recent advances 22 '23 in collecting
and processing diffraction data of the former type made it possible to conduct
detailed analyses of alternative models .

Obvious candidate models are coaxial duplexes with parallel but not half-
staggered chains, or single-stranded molecules with conformations similar to one
chain of an iota duplex . Coaxial duplexes with antiparallel chains would also
preserve the 25 .0-A layer line spacings as would duplexes with parallel half-
staggered six-fold chains of pitch 50 .0 A . A system with ordered single-strands,
some of which might be involved in iota-like half-staggered duplexes, is plausible,
and it is also conceivable that the molecules could be organized as duplexes but
without the chain axes coinciding .

EXPERIMENTAL

Sample preparation . - The samples of kappa-carrageenan used (code REX
5104 obtained from Marine Colloids Inc ., Rockland, Maine 04841, U.S.A .) were
from Chondrus crispus . Kappa-carrageenan from Chondrus crispus normally is
highly sulfated at 0-2 of the 3,6-anhydro-D-galactose units (-25%) . However,
REX 5104 is a special fraction of Chondrus crispus kappa-carrageenan having a
low (3%) degree of sulfation at 0-2, and is therefore close to that of an ideal
kappa-carrageenan . The sample was converted into the K salt by ion-exchange
chromatography on Amberlite IR-120 resin, and oriented fibres were prepared con-
ventionally24 at room temperature and 56% relative humidity .

X-ray intensity data. - X-ray diffraction patterns were recorded with flat-film
pinhole cameras using Ni filtered CuKa radiation . Spacings were calibrated by
dusting the specimens with calcite (d = 3 .035 A) . The optical densities on the
diffraction pattern were digitized with an Optronics Photoscan P-1000 rotating
drum microdensitometer . The center and orientation of the diffraction pattern,
fiber tilt to the X-ray beam, and c-repeat were determined by use of standard
methods25 . A two-dimensional background function expanded as a Fourier-Bessel
series was calculated from optical densities at positions between the layer-lines and
then subtracted from the original diffraction pattern 22 . Because the layer-lines
overlap with each other except at low resolution, samples of the intensity at 0 .01
A- i intervals along the individual layer-lines were determined by use of a profile-
fitting procedure 23 based on the method of angular deconvolution 26 . This sample
spacing is --'/3 of the minimum necessary for a molecular diameter of 15 A (ref.
23) . The measurements were corrected for oblique intersection of the angular
profile with the layer-lines, and for Lorentz and polarization effects . The basic
angular intensity profile due to disorientation was estimated on layer-lines at
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positions close to the center of the pattern, where there is no overlap . The
maximum resolution (-4 A) on each layer-line to which data were collected was
determined by the reliability with which they could be separated .

Model building . - The conformation of the D-galactose ring was derived
from the standard conformation 27 of ,B-D-glucopyranose with appropriate inversion
of the configuration at C-4 . The atom-labeling scheme used throughout is shown in
Scheme 1 . All hydrogen atoms were included . The geometry of the 3,6-anhydro-D-
galactose unit was taken from the crystal structure of methyl 3,6-anhydro-a-D-
galactopyranoside28 . The two glycosidic bridge angles were set at 116 .5° . the bond
angles at the ester oxygen atoms at 116 .0°, and all other bond angles in the sulfate
group at 109 .5° . The S-O ester bond lengths were set to 1.60 A, and all other S-O
bonds at 1 .45 A . The four conformation angles at the glycosidic oxygen bridges and
the three defining the side-group orientations were initially set at the values
determined for iota-carrageenan' . Molecular models of an isolated chain of
designated pitch and chirality were generated by use of the linked-atom least-
squares (LALS) technique29 -30 .

X-ray refinement . - The LALS technique, modified to include continuous
X-ray data, was used to refine each molecular model to achieve minimum steric
compression and best fit with the X-ray data . Variable parameters were the four
conformation angles at the glycosidic bridges, the two defining the sulfate group
conformation, and the one defining the hydroxymethyl group orientation, and an
X-ray scale factor . The variable pararnelers were adjusted so as to minimize (in a
least-squares fashion) the Expression (1) . Preferred conformational domains are
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achieved by elasticating conformation angles (0k) to their respective expected
values, and they constitute the first term E . The term X involves the differences
(AFr) between the observed X-ray amplitudes and those calculated for the struc-
ture . C involves the close, nonbonded interatomic distances, d i , which are driven
beyond normally accepted contact limits . The quantities ek, w,,,, and ki are weights .
The term L involves constraints, Gn, which become zero when residue connectivity
has been achieved and the ,, are Lagrange multipliers . Competing molecular
structures were assessed for significant differences by use of 11, X, or C in
Hamilton's test31 .
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RESULTS

X-ray diffraction patterns . - A typic I diffraction pattern obtained from
potassium kappa-carrageenan (Fig. la) may be compared with a pattern from an
oriented polycrystalline fiber of calcium iota-carrageenan9 (Fig. lb) . The kappa-
carrageenan pattern consists of continuous diffracted intensity distributed along
layer lines, showing that the molecules are oriented with their long axes approxi-
mately parallel but that there is no lateral organization 32 . The continuous intensity
is proportional to the cylindrical average of the squared amplitude of the Fourier
transform a single molecule 32-34 . The layer-line spacings correspond to a molecular
repeat distance of 25 .0 A.

Meridional diffracted intensity is present on the sixth and ninth layer lines,
indicating that the molecule forms a three-fold helix . Another prominent feature of
the diffraction pattern is the near absence of diffracted intensity on the first layer
line for values of the reciprocal space cylindrical radius R <-0 .15A -1 . This is
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Fig. 2 . Hard sphere maps for the (1-*3)- (a) and (1-4)-linkages (b) in kappa-carrageenan with (----)
and without (- -) the sulfate at C-2 on the anhydrogalactose unit .

potentially ver discriminating since such a distribution of diffracted intensity is
difficult to achi ve with certain classes of molecular model .

Molecular models . -To determine the range of confor
sterically allowed at the two glycosidic linkages, hard-sphere maps 9 were calcu e
for the two linkages (Fig . 2), both with and without a sulfate half-ester group at 0-2
(in the staggered position) . The sterically allowed regions are quite small and the
"standard" ((P, O) values are at the centers of these regions . Note that removal of
the sulfate group at 0-2 (as in kappa-carrageenan) considerably widens the range
of conformations available at the (1-*3) linkage but has no influence on the (1->4)
linkage .

Single chain molecular models of the polyanion with the required pitch and
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120

Fig. 3. Intermolecular steric compression (C), in arbitrary units, as a function of the relative orientation
(µ) and translation (w) (as a fraction of the c-repeat) of the two chains for parallel (a) and antiparallel
(b) right-handed double-helices . The broken lines indicate the centers of bands of low steric
compression .

chirality were generated with the LALS technique . Both left- and right-handed
models free of steric compression could be constructed . No intra-strand hydrogen
bonds were evident in these models, as for iota-carrageenan9 .

Possible juxtapositions of single chains to form coaxial double helices were
explored by calculating maps of the steric compression [the term C in Eq . (1)] as a
function of the relative orientation (µ) and axial displacement (w) of the two
chains . The steric compression for both parallel and anti-parallel double helices
containing left-handed chains was very high for all values of µ and w . Short contacts
could not be relieved even when µ and w were corefined with the bridge and side-
chain conformations, so double helices with left-handed chains were discarded as
possible molecular models . The steric compressions for the double helices with
right-handed, parallel and antiparallel chains were low along bands in (a,w) space
in each case (Fig . 3) so that a wide variety of right-handed double helices are
sterically possible_

The observed layer-line spacings and meridional reflections are also
compatible with half-staggered double helices containing six-fold chains of pitch
50 .0 A . Molecular models of this type containing left- and right-handed chains
could be generated free of steric compression .
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Fig. 4 . Morphological model of a kappa-carrageenan fiber containing single helical links between iota-
like double helices resulting in a statistical mixture of single and double helices .

The failure of kappa-carragccnan molecules to form strongly periodic lateral
packings might simply be because the molecules are very "sticky" and can
aggregate in a variety of different ways . On the other hand, there is no obvious
chemical reason for kappa-carrageenan not to form half-staggered double helices
similar to iota-carrageenan . We, therefore, considered a model containing a
mixture of single and half-staggered (iota-like) double helices . Such a model would
represent a specimen in which half-staggered double helices are linked by single-
helical segments (Fig . 4) . The crosslinks are assumed to be randomly distributed
and the single- and double-helix sections longer than the coherence length of the
molecules so that the coherent (layer line) diffracted intensity on the lth layer line
h(R) is given by Eq . (2)

II(R) = aIsl(R) + (1 - a)Id(R)

	

(2)

where the superscripts s and d indicate the intensity diffracted by single and double
helices, respectively, and a is the (mean square) proportion of the ordered part of
the specimen containing single helices . The double-helix term in Eq . (2) does not
contribute to the odd layer lines so that I,(R) = al(R) (Eq . 3), l being odd .

Refinement and comparison of alternative models. - Double helices with
parallel chains vs . single helices . The layer-line spacing showed that kappa-
carrageenan does not form half-staggered parallel double helices similar to those of
iota-carrageenan . The first question, therefore, is whether the diffraction data can
distinguish between single helices and minor variations on an iota-like structure .
Left- and right-handed single-helix models and double-helix models containing
parallel right-handed chains were therefore refined against the continuous X-ray
data . To ensure that all possible juxtapositions of the two chains in the double-helix
models would be trapped, refinements were started at values on a grid in (µ,w)
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°()u) Rotation of second chain relative to first (°) . b(w) Shift of second chain relative to first chain along
the molecular axis as a fraction of the c-repeat . e(f1) Ratio of (01N) 112 to that for model 3, `Best model,

space in the regions of low steric compression (Fig . 3) . The grid spacings were AA
= 20° and Aw = 0 .05, and the range of values 0° < µ < 60° and 0 < w < 1 covers
all nonsymmetry-related juxtapositions of the two chains . All the models free of
over-short contacts resulting from these refinements are listed in Table I (models
1-4) . R and R" are the conventional and quadratic X-ray R-factors respect

Both the left- and right-handed single-helix models are inferior to e
parallel double-helix models owing to their poor X-ray agreements . This is
particularly pronounced on the first layer where the single helix models predict a
strong peak in the region of R = 0 .06 tk_t in contradiction to the observations (Fig .
5) . Since the sulfate groups contribute substantially to the X-ray scattering, for the
single helices we explored the two alternative staggered conformations for 0
(C 3A-C 4A-O 4A-SA), but these produced many unacceptable short contacts .
Refinements were also conducted for single helices in which the sulfate group con-
formation was randomly distributed in the allowed domain with half-widths of the
deviation up to 30° . In no case did this improve the X-ray agreement . We also
examined a parallel double-helix model in which the two chain backbones have
identical conformations and are half-staggered (as in iota-carrageenan) but the
sulfate and hydroxymethyl groups are allowed different conformations in . the two
chains . However, in the resulting model, there was little difference in the sulfate
group conformations leading to weak calculated diffraction on the odd layer lines
and, hence, poor agreement with the X-ray data (R = 0 .5) .

On the basis of both the total discrepancy d2 and the X-ray discrepancy X, the
single-helix models could be rejected over all the parallel double-helix models at
the 99 .5% confidence level. The best parallel double-helix model (3) is offset only
slightly by a rotation of 28° and a translation of 1 .0 A from the half-staggered

Model Left
or
right

Single
or
double

Parallel
or anti-
parallel

e' wb Nx C N, ,fl N R"

1 L S 193 151 42 42 243 204 132 0 .33 0 .39
2 R S 191 151 45 39 242 201 1 .32 0 .32 0 .41
3d R D P 28 0.54 90 151 47 45 144 209 1 .00 0 .23 0 .27
4 R D P 25 0 .61 97 151 50 45 152 209 1 .03 0.23 0.28
S R D A 27 0 .46 125 151 52 43 184 207 1 .14 0.26 0.31
6 R D A 47 0 .61 142 151 52 46 200 210 18 0.29 0.34
7 R D A 80 0 .63 144 151 47 41 197 205 L18 0.29 0.34
8 R D A 102 0 .65 123 151 56 47 185 211 1-13 0.2.5 0 .31
9 R D A 88 0.69 133 151 47 40 185 204 1_15 0.28 0 .32
10 R D A 103 0.79 113 151 46 41 165 205 1 .08 0.26 0 .30
11 R D A 117 0.83 107 151 61 48 174 212 1 .09 0.24 0 .29
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Fig. 5 . Calculated amplitudes of cylindrically averaged Fourier transforms on the first layer line of the
refined right (	) and left handed (----) single helix models compared with the measured values (+),
For the calculated amplitudes, the scattering factors are water weighted 3S, and an isotropic temperature
factor B = 6.0 A' has been applied .

p o Another model (4), almost as good, c tains parallel chains ilar
rotation (25°) but translated further (2 .8 A) from the half-staggered position . There
was no significant difference between these two models on the basis of the X-ray
agreement or the total discrepancy fl . The important finding was that double-
helical models that are related to the iota structure are convi superior to
single helices as possible molecular structures .

Model 3 was chosen as a representative double-helix structure for kappa-
carrageenan. Since the two chains are in different environments, their conforma-
tion will in general be different . The symmetry of the model was, therefore, relaxed
by not requiring the two strands to be conformationally identical . Although the
conformations of the two chains changed, the average difference between the
glycosidic conformation angles and those of the model with identical chains was
small ((ISO) = 8°), and there was no improvement in the X-ray agreement . We,
therefore, concluded that any conformational differences between the two
are too small to be supported by the data available in this analysis . The representa-
tive model 3, therefore, has identical chains . The conformation angles and
calculated molecular transform are shown in Table II and Fig . 6, respectively .
Meridional reflections are difficult to measure accurately but comparison of Fig . la

TABLE II

CONFORMATION ANGLES AND CHAIN JUXTAPOSITIONS OF THE BEST PARALLEL DOUBLE-HELIX STRUCTURE

(MODEL 3) OF KAPPA-CARRAGEENAN COMPARED WITH THOSE OF IOTA-CARRAGEENAN

Conformari
angle

Type Value (degrees)

Kappa Standard Iota

8 (0 5B-C 1B-0 3k--C 3A) 61 90 77
0 (C 113-O 3A-C 3A-C 4A) , 81 120 79
0 (0 5A-C LA-0 4B-C 4B) (1-*4)-linkage 0t -97 -100 -87
8 (C 1A-0 4B-C 4B-C 513) 02 108 130 81
8 (C 3A-C 4A-O 4A-SA) Sulfate group -121 -120 -125
0 (C 4A-0 4A-SA-OS IA) -155 180 -159
9 (C 4A-C 5A-C 6A-O 6A) Hydroxymethyl group -179 145 175
W 28 0
w 0.54 0.50
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Fig, 6. Calculated amplitude (	) of the cylindrically averaged Fourier transform of the best (parallel)
double helix structure (model 3) of kappa-carrageenan compared with the measured values (+) . The
broken curve represents the calculated amplitude divided by 5 . Amplitudes are calculated as described
in the caption to Fig . 5 .

and Fig . 6 showed good qualitative agreement-weak and strong on the third- and
sixth-layer lines, respectively . Mutually perpendicular views of the structure are
shown in Fig . 7 and compared to iota-carrageenan . One of the two O-6A-O-2A
interchain hydrogen bonds per disaccharide in iota-carrageenan is retained in the
kappa-carrageenan structure (Fig . 7) .

Double helices with antiparallel chains . Double-helix models containing anti-
parallel chains were refined starting from a variety of positions in (µ,w) space in the
region of low steric compression in the range 0° < µ < 120° and 0 < w < 1 . The
models free of over-short contacts obtained are listed in Table I (models 5-11) .
Each of these models is inferior to the parallel models 3 and 4 at the 99 .5% con-
fidence level on the basis of D . However, some of them are not significantly inferior
to the parallel models on the basis of the X-ray agreement alone . Although the
models with parallel chains are preferred, there is a remote possibility that better
X-ray data would favor models with antiparallel chains .

Other models . Half-staggered double-helical models containing six-fold
chains produced poor fits with the X-ray data for both the left-handed (R = 0 .43,
R" = 0 .50) and right-handed (R = 0 .40, R" = 0 .48) cases, and were discarded .
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8cC
(a)

	

(b)
Fig . 7. Mutually perpendicular views of (a) the best refined (parallel) double-helix structure (model 3)
for kappa-carrageenan compared with (b) iota-carrageenan . The two chains are shown with open and
full bonds, and the O-6A-O-2A hydrogen bonds by broken lines . The projection of kappa-carrageenan
along the molecular axis appears more cluttered than iota-carrageenan since, in the later case (because
of the half-staggering) half of the atoms are eclipsed .
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For a model containing a mixture of single helices and iota-like duplexes (Fig .
4), inspection of Eq . (3) showed an immediate difficulty because of the discrepancy
(noted above) between the transform of the single-helix models and that observed
on the first layer line . A refinement of the right-handed single-helix model against
the X-ray data on only the odd-layer lines gave discrepancies of R = 0 .47 and R" _
0 .50 (on the odd-layer lines only) . Since the presence of half-staggered double-
helical segments would suppress the resultant amplitude on the first (and in fact all
the odd) layer lines, the transform intensities of the right-handed single-helix model
and a sterically refined half-staggered right-handed, parallel, double-helix model
were used in the right side of Eq . (2), and refined against the observed X-ray data
on all layer lines by varying a and an X-ray scale factor . The best X-ray agreement
was at a = 0 .80 giving R = 0 .32 and R" = 0 .39, which is little different from that of
the right-handed single helix alone . We concluded, therefore, that a model of this
type is not consistent with the diffraction data .

We examined also the compatibility of the X-ray data with kappa-
carrageenan dimers in which the two strands are not coaxial but associate in a
side-by-side fashion . The individual strands of the dimer would probably be three-
fold helices of the type defined . The number of possible models of this type is very
large and we did not consider it fruitful to confront them all with the limited diffrac-
tion data available . However, one general aspect of the diffraction data indicated
that side-by-side dimers are unlikely . The maximum radius of such molecules would
be approximately twice the radius of a single strand . The consequences of this
difference in radius for the diffraction pattern were assessed as follows . At low
resolution, the cylindrically averaged electron density of any structure projected
along the molecular axis can he crudely approximated by a cylinder of constant
electron density and radius equal to the maximum radius of the molecule . The
amplitude of the scattering at low resolution by such a cylinder can be compared to
the observed amplitude on the equator. The amplitude A(R) of the Fourier
transform of a circular cylinder of radius a is A(R) = JJ,(2irRa)J/R (Eq. 4) where J,
is the first-order Bessel function of the first kind . The maximum radius of both the
single and coaxial double helix structures defined above is approximately 7 .5-10.0
0
A depending on how well organized the water layer on the molecular surface might
be. Allowing for 2 A of interpenetration, the radius of a (cylindrically averaged)
side-by-side dimer would be -14 .0-16 .5 A . A(R) for cylinder radii of 9 .0 A and
15 .0 A are shown in Fig . 8 together with the amplitude measured on the equator .
The first maximum of A(R) for a cylinder radius of 9 A corresponds closely to the
first peak in the observed amplitude at R = 0 .09 A-' . For a cylinder radius of 15 .0
A, the first peak of A(R) is at a much smaller value of R . The diffraction data,
therefore, favor a coaxial dimer over a side-by-side dimer .

DISCUSSION

Our results indicated that kappa-carrageenan forms double rather than single
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Fig. 8. Calculated amplitudes of the Fourier transforms (on arbitrary scales) of homogeneous circular
cylinders of radius 9 .0 A (-) and 15 .0 A (----) compared with the amplitude observed (+) on the
equator of the kappa-carrageenan diffraction pattern . The calculated amplitude has been multiplied by
R to enhance it at high resolution .

helices in the condensed state, Double helices with parallel chains, similar to those
formed by iota-carrageenan, but with the chains offset from the half-staggered
position by -28' about and 1 .0 A along the helix axis predict diffracted intensities
in good agreement with those observed . This relatively small morphological change
from the structure of iota-carrageenan is the minimum that produces sufficient
diffracted intensity on the odd layer lines . A number of double-helical models with
antiparallel chains could be generated that are free of steric compression and also
predict diffraction amplitudes in reasonable agreement with those observed . These
models are inferior to the best parallel chain models in terms of both X-ray
agreement and overall discrepancy, but we did not consider the differences
significant enough utterly to exclude an antiparallel chain duplex . Duplexes con-
taining six-fold chains, structures containing a mixture of single and iota-like double
helices, and non-coaxial dimers are certainly inconsistent with the diffraction data .

The best (parallel) double-helical structure has conformations at the (1--+3)
linkage similar to those of iota-carrageenan (average difference between the kappa
and iota structures is (AU) = 9°), despite the greater conformational freedom
allowed by the absence of the sulfate group at O-2B . There is, however, a larger
difference in the (1->4) linkage conformations between the kappa- and iota-
carrageenans ((A6) = 18°) that cannot be due to the absence of the sulfate group at
0-213 (Fig . 2) . It could be due to the different juxtapositions of the two chains in
kappa- and iota-carrageenan or to the difference in pitch (AP = 1 .6 A) between the
two structures, which produces a compression along the molecular axis of 0 .5 A per
disaccharide unit in kappa-carrageenan . The conformation of the sulfate group
differs little from that in iota-carrageenan ((AU) = 4°) .

Although the absence of the anhydrogalactose sulfate group increases the
flexibility of the kappa-carrageenan chain over that of iota-carrageenan, it is not
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clear why kappa-carrageenan does not adopt a half-staggered conformation similar
to that of iota-carrageenan . Indeed, a stereochemically acceptable half-staggered,
parallel double-helix model with a pitch of 25 .0 A could be constructed for kappa-
carrageenan that incorporates only slightly stretched (by < 0 .1 A) O-6 . . .O-2
hydrogen bonds that occur in iota-carrageenan . Our representative double-helix
structure for kappa-carrageenan has only one intermolecular hydrogen bond per
disaccharide units in contrast to iota-carrageenan which has two . The additional
steric restrictions imposed on iota-carrageenan by the anhydrogalactose sulfate
group, as well as the loss of a free hydroxyl group, may force it to adopt a con-
figuration different to that of kappa-carrageenan . To explore the consequences of
small departures of iota-carrageenan from the half-staggered conformation, steric
refinements were conducted with the two chains forced to be slightly offset from
the half-staggered position . Axial shifts of 0 .5 A stretched one of the O-6A . . . O-2A
hydrogen bonds to 3 .1 A, and axial shifts of 1 .0 A disrupted both hydrogen bonds
and introduced over-short interatomic contacts . The structure reverted to the half-
staggered position when freely refined . Hence, the small departures from half-
staggering available to kappa-carrageenan appear to be unfavorable for iota-
carragcenan .
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