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Abstract—The conformation of k-carrageenan in solution was studied combining 'H and '*C NMR with molecular mechanics. The
experimental conditions were chosen to characterize the disordered conformation of the polymer. Particular attention has been given
to explore a wide range of experimental conditions as to the dependence on solvent (water and Me,SO), polymer concentration, tem-
perature, pH, presence of a denaturing agent (guanidinium chloride), and of ions otherwise able to induce conformational order of the
carrageenan chains, either in solution (I7) or in the gel state (Rb™). Two-dimensional NOE experiments were analyzed to obtain infor-
mation on internuclear distances, and molecular mechanics provided the range of energetically accessible conformations. Two inter-
residue topological constraints were clearly identified: their combination is rather restricting for the chain and suggests that the
disordered conformation of k-carrageenan is characterized by an intrinsic stiffness with high values of persistent length and charac-
teristic ratio. They also rule out any postulated interchain hydrogen bonds. In contrast, experiments on the temperature dependence
of the chemical shift in Me,SO reveal the existence of two inter-residue intramolecular H-bonds which might contribute positively to
the rigidity of the polymer chain. The overall picture emerging from the present results is that of a locally elongated ‘loose single helix’.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Carrageenan; Structure; NMR; NOESY; Molecular modeling; Conformation

1. Introduction

Advanced NMR methods,' coupled with the powerful
computational tools of molecular modeling, have
brought an impressive contribution to the structural elu-
cidation of biopolymers. The latter method, soon after
its application to proteins and nucleic acids, was ex-
tended also to polysaccharides with the pioneering work
of Brant.> Advanced NMR investigations of proteins
and nucleic acids have received most of the attention
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so far, whereas, because of limited solubility and over-
crowded spectra, polysaccharides have received little
benefit from such powerful technology.® Aiming to con-
tribute along this line, we undertook a combined NMR
and molecular modeling investigation of the algal ionic
polysaccharide «-carrageenan. Its idealized primary
structure is that of a regularly alternating copolymer
of p-galactose 4-sulfate (hereafter: S), f-(1—4) linked
to 3,6-anhydro-p-galactose (hereafter: A) whose ano-
meric carbon is a-linked to position 3 of the (4-sul-
fate)-galactose comonomer S (Fig. 1). Under proper
physicochemical conditions, K-carrageenan gives rise to
thermoreversible gels:* that is, gels are formed at low
temperature, high ionic strength, high polymer concen-
tration and, notably, in the presence of alkali-metal
counterions of high ionic radius (K*, Rb*, Cs"), while
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Figure 1. Idealized primary structure of k-carrageenan segment with regularly alternating comonomers of D-galactose 4-sulfate (S) and 3,6-anhydro-

D-galactose (A).

highly solvated ions such as Li*, Na™ have a much less
favorable effect on gel formation. Another interesting
feature of x-carrageenan is its ability to produce (nema-
tic) mesophases at suitable polymer concentrations of its
Na™ salt form in the presence of I™ anions.’ This behav-
ior has been consistently explained in terms of a signifi-
cant elongation and stiffness of the carrageenan chain.®

Besides being one of the algal polysaccharides of great
industrial importance, k-carrageenan has given rise to
one of the most intense debates on secondary structure
in the whole field of polysaccharides.”** Rees and co-
workers have brilliantly associated the gelation process
to that of a disorder-to-order conformational transition,
as monitored by an increase of the optical rotation.”!!*1?
Conflicting opinions arise as to the topology of the fun-
damental ordered structure in solution. The competing
models are a coaxially intertwined double-he-
lix”!11216:17.20 and a single-strand helix ®%-1315:18-21-23

A contribution to understanding the molecular mech-
anism of formation of thermoreversible gels can be
derived from study of the structurally related polysac-
charide agarose. Convergent evidence from X-ray
diffraction®* and small-angle neutron scattering®>*® has
indicated that ‘gelation[of agarose] occurs because of
the existence of stiff chains’,*’ in view of the compara-
tively high persistence length (about 7 nm) even in the
so-called ‘conformationally disordered’ state of agarose.
Such a disordered conformation should be looked upon
as a ‘loose helix’, that is ‘a near-helical structure for which
atomic position correlations vanish rapidly compared with
those for a tight helix. On lowering the temperature, the
loose helices should merely transform into tight helices
and then align®’ thus giving rise to the junctions of the
gel structure. It also seemed useful not to dismiss the
concept of a ‘loose helix’ in the study of k-carrageenan
conformation, owing to the afore-said structural similar-
ities and to the known stiffness of k-carrageenan (a value
of the persistence length in conditions of infinite ionic
strength of 6.8 nm has been indicated on the basis of
light-scattering results'®).

NMR work has not yet unveiled by NOESY experi-
ments the detailed conformation of the x-carrageenan
polymer in dilute solution. The wealth of NMR data
and interpretations (largely limited to oligomers) has

been essentially confined to elucidation of the chemical
structure,”® ?> making it possible, in some cases, to esti-
mate gross conformational effects in non-aqueous sol-
vents, or the physicochemical features of the
interaction with cations®®*” and anions.”*® To the best
of our knowledge, there are only a few reports on
NOESY experiments relevant for k-carrageenan, and
these are confined to disaccharides.®*!

The present study employs a combined NMR/mole-
cular modeling strategy, and is not centered only on
molecular modeling with those results considered as
instrumental for a better understanding of the experi-
mental data on the polymer. The experimental NMR
work is focused initially on the major intrinsic confor-
mational features of the chain in dilute solution and
the related backbone stiffness, followed by a detailed
analysis of the H-bonding pattern. When expedient,
counterions and co-ions have been used to specifically
produce incipient conditions of chain ordering, eventu-
ally resulting in the presence of either a highly viscous
solution (with I7) or of a gel (with Rb"). Study of the
ordered conformation of k-carrageenan and of its asso-
ciation behavior in the 3-D gel matrix per se is not the
purpose of this paper. It was chosen to carefully investi-
gate a range of conditions to afford sound information
on the geometrical and macromolecular constraints for
use in with the molecular-modeling analysis, providing
a solid background for identifying in further studies
the fundamental ordered conformation in dilute
solution.

2. Materials and methods
2.1. Polymer sample

All experiments used a commercial sample of k-carra-
geenan (from Eucheuma cottonii, Sigma Chem. Co., lot
19F0637), and the polymeric material was purified from
low-molecular weight fractions and from gel-forming
cations. k-Carrageenan (750 mg) was dissolved in
50 mL of distilled water and the solution was then added
to 150 mL of 70% EtOH-water containing 1.5% (w/v) of
MeyNCl. After adding 50 mL more of pure EtOH, the
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resulting gel-like heterogeneous system was stored for
15 min at 4 °C. The polymer was then squeezed and
washed twice with 70:30 EtOH-water and finally with
pure EtOH. The sample was then dissolved in 70 mL
of distilled water and kept for 1 h at 70 °C under stir-
ring. Me4NCl (8.2 g) was then added portionwise, corre-
sponding to a 50 times excess of salt to k-carrageenan.
The solution was dialyzed against distilled water for se-
ven days, filtered through Millipore filter (0.45 pm) and
freeze-dried. Unless otherwise stated, in all experiments
the MeyN™ form of k-carrageenan was used, whose
repeating unit was assumed to have an equivalent weight
of 459 gmol~'. GPC-LALLS experiments used the
experimental procedure described already,*? based on
the use of a LALLS detector (Chromatix CMX-100)
and two serial columns (TSK G6000PW and
G5000PW, Tojo Soda Inc.), have given M,, = 3.3 x 10°
and M, = 1.43 x 10°, respectively (DP, ~ 310).

Atomic absorption measurements were performed to
detect residual presence of K" cations; the residual con-
centration of K™ corresponded to a molar ratio 1:230 to
the polymer repeating unit (i.e., 0.04% w/w), whereas
the Na* contamination was equivalent to a molar ratio
1:27 (0.19% w/w). The amount of Mg** corresponded to
a 1:154 molar ratio (0.03% w/w). It is noteworthy that
divalent cations do not seem to significantly affect the
conformation of k-carrageenan. To support this obser-
vation, increasing amounts of CaCl, were added to
the k-carrageenan solution, but no variation of the
chemical shift nor of the line width in the '"H NMR
spectra of the polymer was detected up to a metal-to-
polymer molar ratio of 20:1. The minor contamination
from divalent cations was then assumed to have no fur-
ther bearing on the conformational properties of -
carrageenan.

The '3C NMR spectrum of k-carrageenan in the
Me,N* form shows a small peak at 92.1 ppm attribut-
able to an 1-carrageenan (the doubly charged analog
of k-carrageenan) impurity whose intensity corresponds
to ~2.5% (mol) in comparison to the signals of k-carra-
geenan, as confirmed by integration of the correspond-
ing signals in the "H NMR spectrum. This sample of
K-carrageenan appears to be one of the purest so far
reported.

A -carrageenan fraction of lower MW was obtained
by storing a polymer solution at room temperature in
acidic conditions (pH = 2.8) for one week. The resulting
material (with a DP,, > 40, estimated by NMR) gave a
much better resolved '"H NMR spectrum, allowing full
assignment of chemical shifts and coupling constants.
The NMR experiments confirmed that the mild condi-
tions of hydrolysis did not produce any structural
change.

In all experiments, Mey,NCl and MeyNI, RbCl, and
guanidinium chloride were P.A. commercial reagents
from Fluka.

2.1.1. Preparation of solutions. Since aggregation often
causes difficulties in the interpretation of the experimen-
tal data on k-carrageenan, the present study avoided
conditions, which could produce aggregation. The ther-
mal and physicochemical history of the sample was care-
fully controlled as insufficient time and temperature
allowed in the redissolution of a freeze-dried sample
produces a long-lasting presence of (metastable) associ-
ated chains, which is very difficult to eliminate.'®*'"2?
The presence of gelling counterions, such as K", Rb™,
or Cs", the polymer molecular weight and concentra-
tion, the physical state of the solid polymer, the temper-
ature and the ionic strength of the solvent are all factors
able to change the state of the polymer in solution. To
study the polymer in its non-associated conformation,
high values of polymer concentration and ionic strength
were carefully avoided even with non-gelling cations. In
particular, the polymer was never freeze-dried nor pre-
cipitated from aqueous solution wunless followed
by extensive rehydration and high-temperature
conditioning.

For the study of the gel form, solutions containing
Rb* cations were always added to a molecularly dis-
perse solution of polymer in its non-gelling form at high
temperature: homogeneity was additionally ensured by
repeated cycles of heating and cooling.

2.1.2. Optical measurements. The specific rotations of
water solutions of k-carrageenan in the Me,;N* form,
at a concentration of SmgmL~!, were measured at
A=365nm, using a Perkin—Elmer 241 spectropolari-
meter and a water-jacketed thermostatted cell.

2.1.3. NMR spectroscopy. All 'H and '*C NMR spec-
tra were measured on a Bruker AMX 600 spectrometer.
In a preliminary scanning of operating conditions, 'H
NMR spectra did not show any difference in the poly-
mer concentration range from 0.25mgmL~' up to
13 mgmL~". Unless otherwise stated, all 'H measure-
ments employed samples having a concentration of
5mgmL~'. A concentration of 13 mgmL™" was used
for the >C NMR spectra.

All 2D experiments were performed in the phase-sen-
sitive mode using TPPL.* 2D NOESY* spectra were
obtained at different temperatures for k-carrageenan
MeyN™ form in D,O solution and also in Me,SO-dj
solution. All 2D NOESY experiments were measured
with a 30 ms mixing time. Two-dimensional spectra
were stored with 512 x 256 data points and processed,
after zero filling in F1, with a Gaussian window multi-
plication before the Fourier transformation. For both
solutions "H NMR spectral assignments were made with
a 2D COSY45 experiment.*> Some experiments were
also made on solutions in Me,SO-dg containing 1 M
guanidinium chloride as the denaturing agent; for these
experiments, mono-dimensional and bi-dimensional
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spectra were performed using solvent presaturation se-
quences with the carrier frequency on the guanidinium
signal at 7.2 ppm. A 2D TROESY*® spectrum was ob-
tained at 333 K using a 5 kHz spin-lock power. '*C
{'"H} NMR spectra of k-carrageenan in D-O solution
were measured at 303, 323, and 343 K.

The interaction of Rb™ with the polysaccharide was
studied on a 5mgmL~" k-carrageenan solution in the
presence of 50 mM aqueous RbCl. '"H NMR spectra
were obtained every five degrees in the range 303-
363 K; at 343 and 363 K 2D NOESY spectra were also
recorded, on the same solution.

Selective 1D versions of NOESY,*” ROESY and
TROESY experiments were performed by means of a
selective spin-echo pulse sequence. The selective excita-
tion was obtained by means of a DANTE train (7/2) fol-
lowed by a second DANTE train (n) followed by a
proper delay; in this way a DANTE echo is realized.*®
In these experiments the selective excitation was fol-
lowed by the appropriate sequence, respectively, for
NOESY, ROESY* or TROESY. Each component of
the DANTE echo train was adjusted according to the
needed selectivity. All pulses inside any sequence were
obtained from the transmitter in the low-power mode,
with an internal attenuation variable from 12 to 17 dB,
according to the desired power level. With these condi-
tions, the 7/2 flip angle is obtained with a 30-50 ps pulse.
This pulse is sufficiently strong to excite homogeneously
the entire spectral width and is long enough to produce
selective excitation by means of the DANTE trains. This
compromise is sufficient to avoid any phase shift be-
tween the selective and the hard pulses, which might
arise from any change in the power level. Optimal values
for the short pulses in the DANTE train were about
1 us. We overcame imperfect leading edges of the trans-
mitter by substituting the elementary 1 ps pulse with two
pulses of 3.5 and 2.5 us, respectively, with opposite
phases; a delay of 3 ps between the two pulses is called
for the phase switch. This modification does not sub-
stantially increase the total pulse length: on the contrary
it provides effective rectangular pulses with an equiva-
lent length of few tenths of a microsecond. Typical val-
ues for the 7/2 DANTE pulse were 50 repetitions of the
loop with a 240 ps delay. The = pulse of the selective
echo was also performed with the same modification
of the DANTE scheme; moreover the delay was bisected
(120 ps) in order to obtain the same length as for the n/2
component. This does not affect the selectivity, but
strongly reduces the total length of the echo. The main
advantage of the whole procedure is that leading edges
of the transmitter pulse do not play any role. In the
1D NOESY sequence, a 2 ms trim pulse was introduced
just after the reading pulse, to clear the dispersion com-
ponents of the residual HOD signal which produces
strong baseline distortions. No consequence of this trim
pulse was detectable on any other signal. The residual

water resonance was saturated with a 2.5 s low-power
continuous-wave irradiation.

NMR studies were also performed in the presence of
I™ anions using k-carrageenan solutions in D,0O in the
presence of 0.20 M MeyNI. As reported in the literature,
under such conditions a thermally reversible conforma-
tional transition takes place,'® albeit not devoid of some
intermolecular association.”” The temperature depen-
dence of '"H NMR spectra was studied in the range
303-363 K, while the structure was again investigated
by 2D NOESY spectra at 328 K.

The HSQC-NOESY experiment was performed at
333 K and a low-molecular weight k-carrageenan sam-
ple in D,O was used to avoid spin-diffusion effects dur-
ing the NOESY mixing time. The result was stored with
256 x 128 data points and processed with zero-filling in
both dimensions using linear prediction in F1. A stan-
dard GE-HSQCNOESY pulse sequence was used; the
NOESY mixing time was set to 75 ms and the relaxation
time was set to 2.5 s.

2.1.4. Molecular modeling. Molecular mechanics calcu-
lations were used to prepare Ramachandran-like confor-
mational energy maps with the fully unrestrained energy
minimization procedure by using the CVFF force field>°
of the Insight IT BIOSYM software package. Quasi-adi-
abatic conformational energy maps for the disaccharide
were prepared by identifying the lowest energy structure
at each (&,¥) point through minimization of the energy
associated with all the other internal degrees of freedom.

Although the 3,6-anhydro bridge in the A residue sig-
nificantly reduces the degree of freedom, the number of
possible states for the tetrasaccharide is extremely large.
To minimize all of these possible conformational sub-
states for each (@,¥) point on the energy map, an
approximate search procedure was adopted. This proce-
dure involved constructing the map in several stages,
starting with a simple approximation obtained by rotat-
ing the starting conformation rigidly about the glyco-
sidic linkage torsions to points spaced on a regular
20° x 20° grid in the (@,¥) space, followed by conjugate
gradient minimization to convergence. Presumably some
other low-energy structures would exist with different
side-group orientations, but this method nonetheless
identifies well the regions of the glycosidic linkage con-
formations generally excluded by steric clashes, and pro-
vides for the geometrical relationships necessary for the
comparison with the NMR data.

Conformational energy maps have been calculated for
the central, B-(1—4), S-A linkage in the A-S—-A-S tetra-
mer, as well as for the central, a-(1—3), A-S linkage in
the S-A-S-A tetramer (the central residues are shown in
Fig. 1). The glycosidic dihedral torsion angles are de-
fined as in Ref. 51 following the older (although wide-
spread) convention that the 0° corresponds to the
eclipsed (‘cis’) position of H atoms linked to the C atoms
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involved in the glycosidic linkage. Since the recent rec-
ommendations of TUPAC are different, all the explicit
definitions and conversions are given:
e for the a-(1—3) linkage in the —A—S— unit:

oy = K(A)-C-1(A)-0-C-3(S),

with K = H-1, O-5 or C-2 (la)

Yy = C-1(A)-0-C-3(S)-K(S),
with K = H-3, C-4 or C-2 (1b)
The approximate conversion is

¢H = 4305 —120° = ¢C2 — 120° (28_)

Y= ¥Ycq4 — 120° = P, + 120° (2b)
e for the B-(1—4) linkage in the —-S—A— unit is
& = K(S)-C-1(S)-0-C-4(A),
with K = H-1, O-5 or C-2 (3a)

P = C-1(S)-O-C-4(A)-K(A),

with K = H-4, C-5 or C-3 (3b)
whose approximate conversion is

¢H = 4505 +120° = qjcz —120° (48_)

Y= ¥cs — 120° = Y3 + 120° (4b)

For sake of simplicity, the following notations will be
used in the text:

Psa = (Pu)sas
Pas = (Ph)as

QSSA = (@H)SA, and
Pps = (Pu)as

3. Results and discussion
3.1. Optical activity

The optical activities of a salt-free aqueous solution of
k-carrageenan, Me,;N" form, were measured as a func-
tion of temperature. The data (Fig. 2) of both the abso-
lute value of the molar optical rotation [o]z¢s and its
linear temperature dependence are in agreement with
the previously reported data.*® In particular, the non-
sigmoidal decrease of [«] with increasing temperature
shows that there is no evidence of ordered conformation
in salt-free conditions at low temperature. Thus, the
conformational behavior of the sample used is consis-
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Figure 2. Temperature dependence of the optical rotation of «-
carrageenan (MesN™ salt form, ¢ =5mgmL™") in salt-free aqueous
solution.

tent with that previously described.*® Moreover, the
use of the procedure just described for the purification
and solution preparation ensured that there was no
aggregation or any other supramolecular assemblies,
usually detectable as an anomaly of the optical activ-
ity."®> The observed comparatively high value of [o], even
in a supposed disordered conformation, and the linear
decrease of [«] with increasing temperature is discussed
later in relation to solution conformation.

3.2. 'H and "3C assignment, temperature and pH
dependence of the NMR spectra

Full assignment of the "H NMR spectrum was obtained
from a COSY experiment. The chemical-shift values, 9,
referred to TSP both for 'H resonance (measured at
363 K in D,O and in Me,SO, always without any added
salt) and for 'C resonance (measured at 343 K), are re-
ported in Table 1. For all 'H and '°C signals, the tem-
perature dependence of the ¢ values in the range 303—
363 K is linear. The slopes, dé/dT (expressed as ppb
K™"), obtained from linear regression analysis are also
reported in Table 1.

Different temperature dependences were observed in
the presence of both I and Rb™: the relative values of
the 'H integral of A1 as a function of temperature show
a sigmoidal decrease from 1 to 0. This decrease corre-
sponds to line broadening that is associated to the disor-
der-to-order conformational transition.

In order to check the spectral stability upon changing
other solution variables, '"H NMR spectra of k-carra-
geenan solutions were measured in the pH range 2.85-
13.8: within this pH range identical spectra were
obtained.
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Table 1. Relevant NMR parameters of indicated atoms of k-carrageenan

d"Hpmso Sy - dordT d'Hp,o dordr Cp,0 dordr

Al 4.950 2.41 -0.27 5.100 —0.01 95.2 10.4
A2 3.812 4.2 —0.04 4.132 —0.11 69.6 3.6
A3 4.132 0.9 —0.12 4.512 —0.29 79.9 —2.4
A4 4.388 a 0.75 4.609 ° 78.9 —0.9
AS 4.388 -0.97 4.630 b 76.8 1.9
Aba 3.860 a —0.62 4.194 —0.50 69.6 3.6
A6b 3.795 a b 4.054 ~0.10 69.6 3.6
S1 4.307 7.7 —0.27 4.620 ® 102.5 0
S2 3.273 9.3 0.61 3.603 0.19 69.9 53
S3 3.660 2.9 ~0.23 3.952 ~0.86 78.9 137
S4 4.489 1 0.07 4.819 —0.62 74.1 6.5
S5 3.494 6.4/5.8 —0.26 3.800 —0.06 74.8 —0.3
S6a 3.558 ~10.9 0.72 3.790 b 61.3 —0.3
S6b 3.434 -10.9 0.25 3.810 ° 61.3 —0.3

2 Line width equal or larger then *Jyyy.

® Overlapping signals at lower temperatures.

3.3. NOE experiments

Very detailed structural information can be extracted 1D ROESY

from the NOESY experiments performed under differ-

ent experimental conditions. They were performed in

D>0O and Me,SO-dg, at several temperatures and (for

D,0) in the presence of different amounts of various

1:1 electrolytes. The fraction of ordered conformation,

as determined from optical activity and/or decrease of

"H signal intensity (data not shown), was found to be

zero in all experiments except that carried out in the 1D TROESY

presence of I at 328 K (in D,0). For the latter, the frac-

tion of ordered conformation was estimated to be about -

0.27 from the 'H integral. Registration of signal inten-

sity was equally possible for the experiments carried

out in the presence of Rb" at 363 and 343 K (in D,0).
All attempts at recording NMR spectra of k-carragee- 1D NOESY

nan in the fully ordered conformation either in solution

(in the presence of I™ anions) or in the gel state (in the

presence of Rb™ cations) failed because of complete loss

of the 'H signal, which became broad and undetectable.
The most striking result from the NOESY spectra (see .

Fig. 3) was that some cross-peaks were observed be-

tween atoms for which internuclear distances are of s2

the order of, or larger than, 5 A, as calculated for the

fully extended conformation of the polymer chain. Aga [| AGD

These anomalous cross-peaks were present even under 85

strong denaturing conditions (Me,SO + 1 M guanidi- o TR i : a0 38 36

nium chloride, at 363 K), and the integral of these
cross-peaks presented only an insignificant decrease
upon increasing temperature. The cross-peaks were
not detected in the experiments with the low molecular
weight fraction of k-carrageenan. Among these cross-
peaks the strongest are those for A1-S5 and A1-S1 pro-
tons (Fig. 1). Although, at first instance, these cross-
peaks might have been attributed to short distances be-
tween nuclei belonging to different chains and therefore
ascribable to interchain interactions, it should also be

Figure 3. '"H NMR spectrum of a 0.5% (w/v) solution of «-
carrageenan, MesN* salt form, in D,O at 333 K. 1D NOESY, 1D
ROESY, and 1D TROESY obtained after selective excitation of the
anomeric proton (Al) of the 3,6 anhydro-p-galactose residue. For all
the experiments the mixing time was 60 ms.

recalled that interproton distances larger than 5 A can
also be observed in NOESY experiments in the presence
of spin diffusion.>® It is also known that the spin-diffu-
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sion phenomenon is not present in small molecules with
high values of reorientational correlation time, while it
is very intense with high molecular weight, compara-
tively rigid polymers. Although all 2D NOESY spectra
were obtained with a very short mixing time (30 ms),
strong three-spin effects are still expected to be present
in rigid molecules. Several polysaccharides are rather
stiff molecules, with very limited segmental motion
and quite long correlation time, depending on the glyco-
sidic linkage.”® In smaller molecules, three-spin effects
produce positive cross-peaks in NOESY experiments,
whereas the real direct contacts are negative with re-
spect to the diagonal. Unfortunately, in the case of mac-
romolecules, both true and three-spin contacts produce
positive cross-peaks.

The foregoing considerations prompted us to under-
take a more rigorous analysis of the NOE experiments
to discriminate whether the cross-peaks originate from
chain—chain interaction or from spin diffusion. In order
to demonstrate both types of contacts, ROESY experi-
ments may be used.>* In fact, ROESY cross-peaks are
negative for all 7, values. In Figure 3 a selective 1D
ROESY experiment is shown and is compared with
the corresponding 1D NOESY spectrum, both per-
formed with selective excitation on proton Al. In the
ROESY experiment the strong cross-peaks with S5
and S1 are positive, thus clearly confirming their real
nature of indirect contacts. Therefore, the magnetization
of Al is transferred to S5 through two intermediate nu-
clei (S3 and S4), which are close in space to both Al and
S5. On the other side, S1 can receive magnetization from
A1l only through S3; since only one pathway of cross
relaxation is allowed, its cross-peak is weaker than that
of S5. It must also be noted that, in the *C; pyranose
chair conformation, S5 and S1 are 1,3 diaxial protons,
as well as diaxial with respect to S3, and thus their dis-
tances are very short (about 2.5-2.6 A).

To demonstrate the absence of artifacts and to in-
crease, if necessary, the soundness of the conclusions
on Iinternuclear distances, a version of the ROESY
pulse-sequence, called TROESY, was also used.*® In
TROESY, to avoid the evolution of undesired TOCSY
components, the spin lock is obtained by a repetition
of 180° pulses, spaced by a short delay. Figure 4 shows
the 2D TROESY spectrum in which only direct contacts
are present. No other contacts are present, either in D,O
or in Me,SO solutions. From this experiment we can
safely conclude that all observed cross-peaks can be ex-
plained in terms of a single chain, and that no evidence
exists for the presence of a double-chain. Moreover,
since the relative integrals of the cross-peaks are not
much affected by temperature and by the nature of the
solvent under the range of conditions investigated, it
seems reasonable to conclude that the overall local con-
formation is not appreciably different under these
circumstances.
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Figure 4. 2D TROESY spectrum of a 0.5% (w/v) solution of «-
carrageenan, Me,N™ salt form, in D,O at 333 K. The mixing time was
30 ms.

From cross-peak intensities (/), the apparent internu-
clear distances r; can be determined by using the ‘iso-

lated spin pair approximation’:>?

rA = (IB/]A)I/ﬁrB (5)

where Iy and rg are the peak intensity and the distance
of a reference pair of nuclei. In Table 2 the values of
the internuclear distances are reported as obtained from
the integrals of the cross-peaks. Since these data are ob-
tained from two-dimensional spectra with limited digital
resolution (5 Hz/pt), the estimated experimental error is
about 10%.> In these calculations, the cross-peak S1-S3
was used as an internal reference (suffix B in Eq. 5); in
fact this signal is well resolved in all experiments, and
it is not affected by any scalar coupling. The value of
ri for S1-S3 was set constant and equal to 2.65 A, as
an average between the value derived from the X-ray
crystal structure (2.59 A)SG and the value (2.71 A) cur-
rently obtained by molecular mechanics calculations.
In any case the range of variation of the reference value
of r; for S1-S3 is less than the estimated experimental
error (10%).

The last column entry of Table 2 is the overall average
value (£SD) for all available data for each pair of pro-
tons obtained under different conditions. The standard
deviations of the average r;; values reported in Table 2
are almost always smaller than the estimated error on
the accuracy of the measurement: the average SD is
8.1%. It is noteworthy that the percent SD of the in-
ter-residue interproton distances, which are very impor-
tant as conformational constraints, are as low as 3.8%,
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Table 2. Internuclear distances. r;; (A) from NOE data for x-carrageenan

Me,SO  Me,SO  D,O D,O D,0O D,0O D,O[I'] D,O[Rb*] D,O [Rb*]

salt-free  salt-free salt-free salt-free salt-free ROE salt-free 020 M 0.05M 0.05M
T (K) 363 310 343 303 333 333 328 363 343
PROTONS rif A (ri)IA
Al-A2 3.30% 3.22° 3.94 3.68% 3.36* ! * a g 3.50 + 0.30
Al-A3 3.65 3.66 3.64 3.47 3.37 4.20 3.86 3.80 3.95 3.71£0.25
Al-A6' 3.41 3.97 b b 3.51 3.94 4.00 4.03 4.26 3.87 +0.30
S1-S5 2.62 2.77 2.52 2.28 2.53 2.89 2.78 2.77 2.71 2.65+0.19
S3-S5 2.64 2.73 2.53 2.22 2.70 2.57 2.84 2.73 2.65 2.62+0.18
A2-A3 2.49 2.42 227 2.01 2.10 2.61 2.64 2.47 2.38+0.23
A3-A4 3.03 3.06 b b b b b 2.92 b 3.00 + 0.06
S4-S5 2722 2.40% 2.34% 2.10% 2.14% 2.62% 2.61% 2.59* 2.52% 2.43+0.23
S2-S4 4.11 4.38 3.92 3.52 4.5 b b 4.88 4.61 4.27 £ 0.46
S3-A1 2.51 2.74 2.58 2.74 2.48 2.70 2.75 2.65 2.66 2.65%0.10
S4-Al 2.83 2.70 2.61 2.63 2.43 2.76 2.75 2.75 2.69 2.68+0.12
S2-S3 3.68 3.54 4.16 3.18 3.06 4.03* 3.81 b 4.50 3.75 +0.49
S4-A2 3.33 3.37 3.73 3.64 3.29 3.94 b b 3.82 3.59 +0.26
S2-S1 3.91 3.95 b b 2.69 a 3.54 b b 3.52+0.58

2 Data affected by error due to scalar coupling (Jy).**
® Cross-peak not found or overlapped with other resonance.

4.5%, and 5.6% for the proton couples S3-A1, S4-Al,
and S4-A2, respectively.

Within the afore-mentioned limitations, the results
show a similarity of the chain conformation under the
different experimental conditions for which the optical
data indicate the presence of a disordered conformation.
This is true also for the salt-free aqueous solution over a
temperature interval of 40 K, indicating that the modest
linear increase of optical rotation on decreasing temper-
ature corresponds to a progressive loss of disorder,
albeit far from reaching complete helical stiffening.
The data shown for the polymer in the presence of
iodide ([7 ] = 0.20 M at 328 K) are of particular interest.
These conditions are in the range of the order—disorder
conformational transition,” with about 27% loss of sig-
nal due to the conformational ordering. Under these cir-
cumstances, the residual, NMR detectable, disordered
segments appear to show internuclear distances in very
close agreement with those found for the other disor-
dered conditions.

3.4. Local conformation accessibility

In order to capitalize the few but relevant geometrical
constraints deduced from the NOE experiments, resort
was made to Ramachandran maps of the carrageenan
dimers, calculated according to the procedure described
in the Materials and methods section.

Figure 5a shows the conformational energy map of
the central o-(1—3) A-S linkage in the S—A-S-A tetra-
mer, with an absolute minimum (AS-a) in the region
around @pg=~ —50° and ¥Yag =~ —10°. Two local min-
ima are also apparent: one (AS-b) is 1 kcal mol~' above
the absolute one and the other (AS-c) is at about
2.5 kcal mol ™! above AS-a, in agreement with our previ-

ous finding.>! The relative difference of the energy of the
minima and that of the separating barriers indicate the
absolute minimum AS-a as the only relevant one in
determining the conformational behavior of the A-S
linkage.

The situation of the central B-(1—4) S-A linkage in the
A-S—A-S tetramer is somewhat different. As is clear from
Figure 5b, the B-(1—4) linkage is characterized by two
large shallow minima, in the same range of ®ga ~ 40°,
one SA-a is in the broad region of ¥ss from 0° to
—60°, while the other relative minimum SA-b lies in the
region of Psa between 0° and +60°. A low-energy barrier
separates these two minima (less than 1kcal mol™').
Moreover, the energy difference between the minima is
only 0.41 kcal mol™' in favor of SA-a. A third minimum
SA-c with higher energy (2.5 kcal mol ') was also found
in the range &gp ~ +160° and Pgp =~ +40°. Clearly, in
this case the contribution from experiment is even more
crucial than in the case of AS to resolve any possible
ambiguity as to the preferred minimum.

However, it should be kept in mind that this work is
mainly focused onto the NMR results and is principally
aimed at shedding more light onto the whole-chain
behavior of the k-carrageenan polymer rather than on
its constituent oligo- (or even di-)saccharides. We are
well aware that, as of now, molecular modeling of the
constituents may be an useful guide, but not the final an-
swer for predicting such whole-chain behavior, unable as
it is to tackle long-range effects and interactions, among
which polyelectrolytic ones may be one of the most
important. We are aware also of a severe limitation from
the neglect of explicit consideration of the solvent in our
calculations, and that some other force fields performed
somewhat better with different low MW carbohy-
drates.’” Still, the ultimate validity of any molecular
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Figure 5. Conformational maps for the a-(1—3) (i.e., @as, Pas) (Fig.
Sa) and B-(1—4) (ie., Psa, Psa) (Fig. 5b) glycosidic linkages,
respectively. The maps were calculated for a tetrasaccharide using
the CVFF force field with a dielectric constant ¢ = 4; contour lines were
with an energy matrix of 19 x 19 minimized structures. The interval of
energy contours was 1 kcal mol.

modeling tool resides in its ability to predict static and/or
dynamic properties that agree with the experiment. This
is the guideline for interpreting the following results.

3.5. Comparison of molecular modeling with NOE and
with previous modeling results

The specific scope of this section is to use the NMR
(NOE) constraint information described in the previous

sections to delimitate as much as possible the range of
accessible conformations found in molecular mechanics
calculations of the dimeric units. A comparison between
the present modeling results with other previous
calculations from this laboratory®’ or from the litera-
ture®® #5865 is made only with this spirit and not to
rank the performance of the various modeling ap-
proaches. In passing, one may note that, although all
the quoted papers deal with the conformational energy
surfaces of algal galactan residues, it is necessary to keep
in mind whether the results have been obtained on the
sulfated dimeric units of carrageenan (A-S and S-A,
respectively) and oligomers**-#1-51:98:63°65 1 if they refer
to the unsubstituted residues (neocarrabiose, A-G and
carrabiose, G—A, respectively) and oligomers:*>°~6>
the two sets are likely to differ in some details. A thor-
ough discussion of these results is outside the scope of
this paper, and only the most relevant points are ad-
dressed. The reader is also alerted on the fact that the
afore-mentioned papers used different definition of the
glycosidic dihedral angles (see Fig. 1), as specifically
illustrated in the Materials and methods section.

The presence of the two strong interglycosidic cross-
peaks in the NOE spectra between A1-S3 and A1-S4,
and a third weak contact between A2-S4 represents a
powerful constraint for the theoretical description of
the average conformation of the a-(1—3) glycosidic
bond (‘neocarrabiose 4'-sulfate’). In fact, at the center
of the conformational map in the AS-a region, such a
condition is fully met. Three different interproton dis-
tances can be used as NMR-derived constraints, namely,
A1-S3=2.64 A, A1-S4=2.68 A and A2-S4=3.59 A
(see Table 2). Using consistent geometrical consider-
ations, three curved stripes have been calculated and
plotted in the conformational space in Figure 5a, corre-
sponding to the distances r; given in Table 2 for atom
pairs A-1-S-3, A-1-S-4 and A-2-S-4. The amplitude of
the stripes encompasses a range of r; values to +0.3 A,
corresponding to the estimated accuracy of the NOE de-
rived distances. It may be seen that the overlapping part
of the two stripes for S3—Al and S4-Al hits the region
of the absolute minimum AS-a in its lower part, namely,
at g~ —40° and Wag~ —20°. Note that the A1-S4
distance is very sensitive to rotations related to the
¥ as dihedral angle, that would result into an increase
of its average value up to a fading of the observed
NOE. The internal consistency of the overlap region is
also confirmed by the large value obtained for the A2-
S4 distance (r; = 3.59 A). Although the NMR distances
are in principle averaged over all accessible conforma-
tions (and therefore may explore a range of torsional an-
gles), this result is a clear indication of the very strong
preference of the residue A-S to be essentially confined
in the conformational basin identified as AS-a, which
was indicated as the absolute minimum in the present
calculations. The most recent work pertaining to this
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linkage is that of Ueda et al.,*! who reported the Rama-
chandran map of the conformational potential of mean
force for neocarrabiose (unsulfated A-G) in water, ob-
tained using molecular dynamics (MD) simulations with
umbrella sampling to avoid inadequate statistics for the
presence of multiple minima. The most significant result
of that work is the identification of the global minimum
in a region (called ‘w’) practically coinciding with our
minimum AS-a, but different from the lowest minimum
found using molecular dynamics in vacuo in a previous
work of the same authors on the same system.”®> From
molecular dynamics simulations (in water) the same
authors reported*' that the hydration water favored
their well called ‘a’ (which is called ‘w’ in Ref. 61) and
that their NOE-NMR data strongly indicated that the
conformation in their ‘a’ well is the only stable one in
water. The NOE results of Ref. 41 are in excellent agree-
ment with ours, in this case pointing to a substantial
similarity of the conformational behavior of the low-
MW disaccharide and of the polymer in solution. This
should not always be taken for granted. This global min-
imum largely corresponds to the minimum previously
found by Urbani et al. (there called ‘a;’, see Fig. 2a of
Ref. 51) for both A-G and A-S by using molecular
mechanics with refined structural and atomic parame-
ters. A similar minimum (‘C2’) was identified by Lamba
et al. (Fig. 4 of Ref. 39) by using MM2CARB in a study
aimed at solving the molecular structure of neocarrabi-
ose in the solid state and in solution. Molecular mechan-
ics and molecular dynamics calculations—the latter with
the presence of explicit water molecules and counter-
ions—performed on neocarrabiose 2,4’-bis sulfate (the
model disaccharide of i-carrageenan) found that the
most stable conformation corresponds almost exactly
to our AS-a minimum.®® Very similar results were ob-
tained by Le Questel et al.,>® who, however, used no
electrostatic contribution. Finally, the position on the
map of the minimum proposed on the basis of the
fiber-diffraction data is marked by a cross (see Fig. 5a).
It may be seen that the difference with the present
NOE/modeling results is of about —10° only, both for
@ and for ¥. Only the results by Stortz and Cerezo®
markedly differ from the present ones, from all other re-
ported calculations and from those of fiber diffraction.
They ascribed their calculated excess energy (about
2.5 kcal mol™') for the conformation corresponding to
the coordinates of the fiber diffraction analysis with re-
spect to their minimum A to ‘the presence of a tertiary
structure, and [to] the fiber packing forces’.%’

From the same type of experiments it is not possible
to obtain equally detailed information as to the confor-
mational preferences of the residue S—A (carrabiose 4'-
sulfate). In fact, the contribution of the NOE constraints
to a quantitative description of the S—-A glycosidic bond
is quite inaccurate, because in D,O the signals A4 and
S1 of the polymer are badly overlapped in the whole

temperature range. However, in Me,SO they are suffi-
ciently resolved to allow detection of a strong cross-
peak. Even if the integral of this cross-peak is affected
by the proximity with the diagonal, this semi-quantita-
tive information is still sufficient to predict a cis-like con-
formation (i.e., identifying an area between +60° both
for &g5 and ¥Pga, around the central position ®Pgp =
Ysa = 0°). This boundary condition clearly excludes
conformations (such as SA-c) outside the central region;
it corresponds roughly to the large shallow region
including minima SA-a and SA-b (see Fig. 5b). How-
ever, the absence of other specific constraints does not
permit straightforward identification of a well-defined
sub-area within the large shallow minimum of regions
SA-a and SA-b: all Y values from roughly +60° to
—60° bring proton A3 quite remote from S1.

To get more clear-cut information about the range of
the preferred @g5 values, a HSQC-NOESY experiment
was performed. The two most relevant results (not
shown), albeit qualitative, strongly confirm the forego-
ing conclusions from data obtained in Me,SO. The
S1-A4 cross-peak in D,O is clearly detected, whereas
the S2-A4 cross-peak is absent; these two conditions
rule out, once more, the possibility that basin SA-c is
populated. Moreover, both the 2D NOESY and the
HSQC-NOESY experiments clearly show no evidence
for cross-peaks attributable to a short internuclear dis-
tance between protons S1 and A3, although their signals
are well resolved in D,O. The converging results indicate
that the average distance, r;;, must be larger than ~4.5 A
(which would give an integral less than 5% of the refer-
ence integral).

At variance with these findings for the A-S dimer, sig-
nificant difference is noteworthy between the present
NOE results obtained on the polymer and those pub-
lished by Parra et al.** In the case of carrabiose 4'-sul-
fate (x-carrabiose) they observed both S1-A4 and S1-
A3 interglycosidic cross-peaks, whereas in the polymer
case, the SI-A3 one is definitely absent. (Note that the
NOESY spectra for (nonsulfated) carrabiose and for
carrabiose 4’,2-bis(sulfate) (i-carrabiose) were not con-
clusive,*® because of the overlapping of S1 and A4 reso-
nances.) This corresponds to a non-negligible difference
in the average conformation in solution, which in turn
should reflect an energy preference for different confor-
mational minima on the (&,¥) space. According to cal-
culations reported by the authors*® on the (desulfated)
carrabiose analog, only the two minima called ‘C2’
and ‘C3’ produce distance values compatible with the
NOE results: they are similar to both angular values
(¢C2 = —930, (pcg = —1050, lpcz = 1730, lpc3 = 1790)
and energy (Ec, = 0.00, Ec; = 0.13 kcal mol ") so as to
allow consideration of them as belonging to a single,
wider energy well. The same seems to hold for the corre-
sponding minima called ‘KAT’&KA?2’ in the work of Le
Questel et al.>® They correspond roughly to the large
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minimum denoted as SA-b on our SA energy map. In
accordance with the results of Parra et al., Stortz and
Cerezo® stated that the NMR-determined conforma-
tion of k-carrabiose in solution ‘is closer to region A,
predicted in the work [by Stortz and Cerezo], and not
to region B, present in the fiber’, in agreement also with
previous results.** The recent work of Ueda et al.®®
investigated also the companion disaccharide carrabiose
4’ 2-bis(sulfate). Although the global minimum confor-
mation (‘A1) corresponded to our minimum SA-a, the
molecular-dynamics simulation in water suggested that
the structure ‘B1’ (very close to C-2-C-3 of Parra
et al.** and to A of Stortz,*** corresponding to our SA-
b) is more stable, by analyzing the trajectory and the
hydrogen bonds with water molecules. The result was
correctly interpreted as being corroborated by the
NOE experiment of Parra et al.** However, it should
not be overlooked that the modeling of Ueda et al. per-
tains to the repeating unit(s) of i-carrageenan, in which
the additional sulfate group is clearly shown to contrib-
ute to an increase of solvation with respect to k-carrabi-
o0se.%® Therefore, also on the basis of the calculations
reported by Ueda et al.% (for minimum ‘Al S1-A4 dis-
tance = 2.38 A and S1-A3 =4.08 A, ‘a little too far to
produce a NOE cross-peak’®’) and the NOE results here
presented for k-carrageenan (which differ from those re-
ported for k-carrabiose*’) it may be concluded that the
polymer enchainment produces a conformational selec-
tion favoring the conformation corresponding to mini-
mum SA-a, with respect to the disaccharide case where
SA-b is likely to prevail. Interestingly, also the confor-
mation of the SA linkage proposed on the basis of
fiber-diffraction studies of i-carrageenan polymer’-'7%>
falls within our SA-a region.

At this point, however, a word of caution is in order.
The energy difference between our present minima SA-a
and SA-b is very small (about 0.4 kcal mol™!). A small
energy difference also holds for the quoted calculations
(Parra et al.* (0.892 kcal mol '—with an evident
misprint from to 8.92 in their Table II—for ‘C4’ vs
‘C2&C3"), Ueda et al.®* (0.9 kcal mol™! for ‘A1’ vs
‘B1’, with dielectric constant ¢ = 80 set to model water),
Stortz®*%3 (0.9 kcal mol~! for ‘B’ vs ‘A’)) as well as for
the previous ones of Ueda et al.®® (0.5-0.9 kcal mol ™
for b vs ‘¢&d) and Le Questel et al’®
(0.27 kcal mol ™! for ‘KA3’ vs ‘KAI'&KA?2). Moreover,
the energy barrier between the two minima is not
high.®® Urbani et al.’! even do not identify them as sep-
arate minima. Therefore, one should rather speak of ‘a
slight preference’ for SA-a with respect to SA-b. Possi-
ble incursions from the former region into the latter one
(or at least into part of it) are certainly possible, or even
not probable. At the end of this part, the enlightening
sentence by Stortz is appropriate:** .. .the P linkage
of carrageenans is more difficult to model than the o
linkage, due to the larger number of low-lying confor-

mations potentially accessible. The proximity in energy
between the A and B regions in both cases makes it
impossible to ascertain that either is predominant by
just computer modeling. Subtle factors in the force-field
parameterization may lead to wrong conclusions if
these small energy differences are intended to make
conclusive’.

3.6. Direct NMR study of hydroxyl protons in Me,SO

Since the NOE pattern suggests that there is no signifi-
cant difference between the average conformation in
D50 and that in Me,SO, we tried to obtain the full body
of information available from the NMR spectra in latter
solvent. This is mostly useful in relation to the identifica-
tion and localization of H-bonds. For k-carrageenan,
the temperature dependence of the chemical shift of
skeletal protons is very modest both in D,O and in
Me,SO. However, in Me,SO between 303 and 358 K,
hydroxyl protons give distinct resonances from which
valuable information can be extracted. Because of pro-
ton exchange with residual water, their chemical shifts
are very sensitive to temperature effect, and it normally
follows the marked upfield drift of the water signal.
Since the rate of the exchange between these protons
and residual water increases with increasing tempera-
ture, at high temperature all hydroxyl group resonances
should collapse within the water signal. Thus, in the ab-
sence of strong hydrogen bonds, an increase of temper-
ature should be accompanied by a decrease of the
chemical-shift difference between hydroxyl resonances
and the water signal.®®

In order to facilitate easier comparison among the hy-
droxyl signals, the chemical-shift difference from the
water signal at temperature 7, 47 = (0rou — 9n,0)7> 18
corrected for the corresponding value of A4 at 303 K,
A303 k. The values of (47 — 4393 ) as a function of T
are reported in Figure 6 for hydroxyl protons OS2,
OA2, and OS6. From this plot it may be seen that only
OS2 follows the expected behavior. In contrast OA2 and
OS6 show an opposite, albeit still linear, temperature
dependence, that is, their frequency distance from the
water resonance progressively increases. It must be
emphasized that the linearity of the water shift (data
not shown) ensures that no spurious effect is present.
Hence these two OH groups must be involved in well-de-
fined hydrogen bonds, in which both OA2 and OS6 are
proton donors, the former one giving the strongest
effect.

The hypothesis of hydrogen bonds involving these
two hydroxyls was proposed on the basis of molecu-
lar-mechanics calculations and X-ray fiber diffraction
data on the K* form of k-carrageenan.’ According to
this model, the postulated hydrogen bond should be
intermolecular, involving OA2 and OS6, and contribute
to the stabilization of an intertwined double-helix.
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Figure 6. The difference of chemical shifts between each hydroxyl
proton (O: OA2; V: OS6; @: 0OS2) and the water signal in -
carrageenan NMR spectra as a function of temperature. The compar-
ison is relative to the resonance frequencies at 303 K.

However, it has already been shown that in 2D NOESY
spectra at 300 K it is not possible to detect any contact
arising from either dipolar interaction or chemical ex-
change between the corresponding hydroxyl signals.
Only cross-peaks between each OH signal and the signal
of water are present, clearly due to the chemical ex-
change process. The hydrogen bonds involving OA2
and OS6 must then be intramolecular; the intermolecu-
lar H-bond, postulated for the double-helical conforma-
tion, does not exist in solution under a wide range of
conditions.

Simple modelization (a snapshot is reported in Fig. 7)
suggests that the corresponding hydroxyl groups (as do-
nors) might well involve the S4 sulfate group as the
common acceptor. The H bond lengths (2.3-2.7 A) fall
very nicely within the well-established range of bifur-
cated H-bonds, very common in carbohydrate struc-
tures.’” This would imply the presence of one water
molecule for each of the intramolecular H-bonds. The
H-bond predictions of the convergent MD calculations
of Ueda and Brady et al.,*'*'¥ are in excellent agree-
ment with the NMR evidence obtained in Me,SO,
which points to the existence of two intramolecular H-
bonds, involving OA2 and OS6 as hydrogen donors

SIncidentally, the results of the present work were quoted as
‘Submitted for publication’ under reference numbers 32 and 55 in
Ueda et al.*' as ‘Personal communication, 2001’ under reference
numbel:r 29 in Ueda et al.®" and as reference number 35 in Bongaerts
et al.?

Figure 7. A representative structure (‘snapshot’) of the disaccharidic
unit showing the relevant constraints revealed by COSY and the H-
bond network suggested by hydroxyl resonances in Me,SO. The
dashed lines represent a ‘bifurcated” hydrogen bond through a water-
molecule bridging.

and sulfate (oxygens) as acceptor(s), through two bridg-
ing water molecules. A hydrogen bond between OA2
and one sulfate oxygen was clearly indicated also by
the calculations of Stortz and Cerezo.®®> The situation
in water lacks the direct support of NMR evidence as
to the relative role of the hydroxyl groups. A similar de-
tailed H-bond arrangement in water would still preserve
essentially the same conformational and energetic pat-
tern. For instance, inspection of the minimum confor-
mation resulting from modeling reveals that OS6
could easily rotate to become exposed to a better inter-
action with the aqueous solvent, giving rise to an (at
least partial) acceptor-like arrangement of OS6 with re-
spect to H-atoms from solvent molecules. At the same
time OS2 could fall at a reasonable distance (namely,
between 3 and 4A) from OA2, thus allowing for the
formation of another bifurcated intramolecular H-
bond, still across the a-(1—3) glycosidic linkage. This
possibility was clearly indicated by both the works of
Ueda and of Brady et al.: the percentage of OA2-0S2
inter-residue water bridge ranged from 65%* to
83%.°! It should anyway be added that a non-negligible
fraction of trajectory time (ranging from about 20% to
about 30%) was in both cases indicated for another in-
ter-residue water bridge still involving H-atom of OS2,
namely with the pyranosidic oxygen atom of the A ring
(O-5 or O-5', depending on the atom designation*!®").
Also in this case, the OH group of the S residue would
act as a proton donor, much like in the OS2-OA2 bridg-
ing. It should be emphasized that all of that would in-
volve just a very small rotation of the set of
(®as,Pas) values. This is in agreement with the obser-
vation that NOE results point to practically the same
accessible range of angles for the conformationally dis-
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ordered form of k-carrageenan both in water and in
Me,SO.

The detailed molecular structure across the o-(1—3)
linkage may be tentatively summarized as follows:

(1) two water-bridge-mediated H-bond arrangements
run parallel to the glycosidic linkage, the for-
mer— major'—connecting OA2 with OS6 through
two strong bonds (see Fig. 7) at the central (highly
electronegative) sulfate group, the latter weak bond
arrangement—'minor'—connecting OS2 either to
OA2 or to OA5 (ring oxygen). Both inter-residue
enchainments would then significantly contribute
to the polymer rigidity;

(i1) the OH residue OA2 involved in the ‘major’ H-bond
sequence is always an H-donor under all circum-
stances, due to the ‘only-acceptor’ nature of the sul-
fate oxygens;

(itii) the OH residue OS6 involved in the ‘major’ H-bond
sequence is clearly an H-donor in aprotic media
(like Me,SO: see Fig. 7) for the same reason as in
(ii), but it can exert a more acceptor-like character
when exposed to the aqueous solvent;

(iv) the OH residue OS2 involved in the ‘minor’ H-
bonds is always an H-donor: when to OA2, because
of the ‘always-donor’ nature of OA2 to sulfate (see
foregoing in (ii)), when to OAS because of the tri-
vial ‘only-acceptor’ nature of the ring oxygen.

Far from being a pedantic speculative exercise, the
attribution of the donor/acceptor nature to the H-bonds
must be looked upon as a stringent consequence of the
H-bonding pattern at the o-(1—3) linkage, which can
be subjected to experimental testing. In fact, one of us
has recently proposed a new approach to assess the hy-
droxyl-group interactions in polysaccharides.® Tt is
based on the deuterium-induced differential isotope shift
(DIS) determined from '*C NMR spectrum in aqueous
solution. Deuterium substitution on positions B or vy
with respect to a given carbon atom will cause an upfield
(P effect) or downfield (y effect) deuterium isotope-shift.
DIS can be correlated with the involvement of a given C
atom in H-bonding: low B-effect values are typically ob-
tained when OH groups act as proton-donor entities in
H-bonds; high B-effect values, such as those obtained
in water hint at the presence of hydrogen bonds where
solute OH groups are proton-acceptor systems. The
meaning of low and high is relative to the set of values
reported for a given C atom and linkage. Two cases
can be identified in relation to the linkage type: the 1-
4 and the 1-3 ones (numbering here refers to the posi-
tions involved in the two chain-linkages for a given su-
gar and NOT to sequence through the glycosidic
linkage: to avoid confusion here we preferred to use
the symbol -’ rather than ‘—’). Experiments were per-
formed on coaxial setups, the polymer being dissolved

both in H,O and D,O, at 333 K. The DIS value
(ppb) for C-2 of a-(1—4) linked residue A of k-carra-
geenan is 104. The DIS values (12 data values) for C-2
reported in Tables III and IV of Ref. 69 range from
104 (A in k-carrageenan) to 122 (Rha in gellan), with
two extreme cases at 141 (Glc) and 94 (GlcA), both in
gellan. Except for Glc in pullulan (DIS = 100), the value
of k-carrageenan is lower than all other values. This
unambiguously points to a donor nature of the OH
group in OA2, as already predicted in point (ii). Coming
to the B-(1—3)-linked residue S, the available data are
for C-2 (0S2) and for C-6 (OS6). In a list of eight values,
the DIS value of OS2 is 103, second lowest only to C2 of
chondroitin 4-sulfate (102), all other values ranging
from 105 to 119. Also, in this case, the identification
of OS2 as a proton donor is straightforward, once more
confirming the hypothesis above set out under (iv). In
this respect, it should be clearly underlined that the do-
nor/acceptor nature is not at all univocally correlated
with the strength of a given H-bond, as demonstrated
by the two preceding cases. Finally, the DIS value of
C-6 (OS6) is 149: exactly in between the lowest reported
value (142, for Glc in gellan, and for chondroitin 4-sul-
fate) and the highest one (154, for laminaran). It points
to a bivalent role of OS6: partly as proton donor (to-
ward the sulfate group, as in Me,SO), partly as proton
acceptor, from the wealth of water molecules that sur-
round the highly electronegative region extending from
C-4 to C-6 of galactose 4'-sulfate, again in accordance
with what was written under point (iii). The agreement
between the predictions for the a-(1—3) linkage based
on the present NMR data (both NOE and temperature
dependence of chemical shift in Me,SO) and modeling,
coupled with the extensive modeling work of Ueda
and Brady, on one side, and the DIS 13C NMR experi-
mental results, on the other, are then very encouraging.
It gives a rather solid base to start highlighting the
molecular arrangement for this part of the carrageenan
molecule.

Unfortunately, for the B-(1—4) linkage no such
wealth of information is currently available. There is a
clear need for more accurate modeling description and,
hopefully, new advanced tools of investigation. Still,
from the foregoing results one may tentatively derive a
sound hypothesis to explain at the molecular level the
temperature-induced conformational change of k-carra-
geenan. The high-temperature conformation is already
comparatively inflexible, with a rather loose network

" Table VI of Ref. 68 also gives the DIS values for the k-carrabiose
disaccharide. This molecule is not considered further because it
cannot help assessing the effect of the H-bond arrangement across the
critical a-(1—3) linkage. Moreover, the 3,6-anhydrogalactose at the
reducing end is predominantly in the open form, induced by ring
conformational constraints. The proper model compound would be,
for example, the methyl B-glycoside of neocarrabiose 4'-sulfate.
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of H-bonds allowing for somewhat limited oscillations
around the average position. On cooling, a cooperative
‘freeze-out’ of the o-(1—3) linkage conformation® will
be accompanied by a tightening ‘in register’ of the intra-
molecular H-bond network. A similar cooperative
‘freeze-out’ of the B-(1—4) linkage conformation,® possi-
bly involving the two conformational energy minima
SA-a and SA-b, seems equally possible, although in this
case no significant consequence on the H-bonding pat-
tern is apparent from NMR data, nor from modeling.
Both effects will contribute producing an even stiffer
polymer, giving rise to long, ordered helical segments.

3.7. Statistical chain conformation

The combination of NMR constraints and molecular-
mechanics calculations readily permits the modeling of
the most stable helical structure. However, clearly stated
in the Introduction, detailed analysis of the structure
(including the topology) of the ordered conformation
of k-carrageenan is not within the scope of this work,
and it will be reported in a forthcoming paper. Nonethe-
less, preliminary calculations point to a rather extended
structure, with helical parameters close to those given in
the literature for the single strand of the double-helix
proposed for the solid state (right-handed 3; helix, with
helix pitch = 24.6 A).”

It is also apparent that, upon relaxing the minimum
energy condition, the range of accessible conformations
is still rather limited, under the constraints given by the
NOE experiments. With respect to this point, the de-
tailed study of the configurational statistics of the (disor-
dered) k-carrageenan chain of Urbani et al.>! is relevant.
For the S-A, residue their calculations produced two
main distinct minima with very similar energy values.
The one called b; (our present SA-c) corresponded to
an angular range of &g, generating a folded structure,
while the other conformation (b,) (our present SA-a and
SA-b) produced a rather extended structure. Such a re-
sult led the authors to consider all possible statistical fre-
quency of the two conformers (namely, those
corresponding to b; and b,, respectively) in a Monte-
Carlo calculation of the configurational statistics of
the chain. They considered a model statistical chain
made by n =100 disaccharidic repeating units. The
resulting characteristic ratio, C,, showed, as a function
of composition, the peculiar behavior of copolymeric
structures. The chain dimension results were very low
(C, about 6, and persistence length, Ly, 1.8 nm) for a
polymer with mixed conformational states in a wide
compositional range around the ratio 50:50 of the two
basins b; and b,. The configurational statistics calcula-
tions of Le Questel et al. were based on the assumption
of the ‘existence of several low-energy conformers of
which some (particularly GA [i.e., SA in our present
notation] repeat) have comparable energies, and therefore

comparable probabilities of occurrence’.>® The result pre-
dicts a *high chain flexibility’>® with values of C, and L,
as low as 3.0 and 1.9 nm, respectively. However, in the
work of Urbani et al.’! C, and L, increased to about
85 and 7 nm, respectively, for the polymer populating
all the states in basin b, only. The latter result agrees
very well with the value of the (intrinsic) persistence
length (namely 6.8 nm) of the ordered conformation of
K-carrageenan at infinite ionic strength, extrapolated
from experimental light-scattering data obtained as a
function of the concentration of the supporting electro-
lyte.'"® This value has been recently confirmed by a
SAXS study of k-carrageenan solutions.® Recent
light-scattering experiments at intermediate ionic
strength (0.1 M, therefore producing only a moderate
electrostatic screening) provide values of L, of 35.6
(£3.6) nm for the ordered conformation (in aqueous
Nal) and still as high as 15.7 (£1.3) nm for the disor-
dered form (in aqueous NaCl),® underlining the high
stiffness of the chain backbone under all circumstances.
It may not be co-incidental that the observed optical
activity of the disordered conformation of «-carra-
geenan is as high as about two thirds of that of the or-
dered conformation. This could mean a very high
degree of ‘residual’ order in the former case, to which
the definition of ‘loose helix*’ would more appropri-
ately apply, as suggested by Guenet for agarose,”® the
red algal galactan related to carrageenans.

4. Conclusions

Once interference from chain aggregation is eliminated,
accurate NMR data can be obtained, and conclusive
evidence can be derived therefrom on the so-called ‘dis-
ordered’ conformation of k-carrageenan. The main con-
clusion of this analysis is that a combination of NMR
experiments carefully carried out under controlled con-
ditions, together with energy landscape analysis of the
conformational accessibility to saccharidic residues is
extremely useful for depicting the local conformation
of the polymer chain. The conformational range as-
signed to the two sets of glycosidic bonds is limited by
the constraints corresponding to the interproton dis-
tances from the NOE experiments and by the energy
barriers in the conformational maps. The statistically
disordered chains seem to explore a rather restricted
range of conformational angles, possibly close to the
minima, corresponding to ‘ordered’ helix. In conditions
of conformational disorder in dilute solution, no evi-
dence could be raised in favor of interchain interactions
that would justify a ‘loose’ double-helix related to the
one allegedly present in solid-state fibers.

A substantial amount of residual order is detected by
optical rotation experiments in the so-called ‘disordered’
form and a comparatively small increase of conforma-
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tional ordering upon decrease of temperature. They
both find a remarkably simple explanation by the
NMR and molecular-mechanics results. In particular,
evidence has been produced from NOE data and of
"H chemical shifts in Me,SO that the disordered k-car-
rageenan possesses a rather rigid chain, which can be
best identified with a ‘loose helix”.®?” A realistic picture
of the overall chain can be thereafter provided by using
suitable statistical weights for the accessible
conformations.
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