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Abstract 

The conformation of aqueous sodium pectate has been probed by fitting multi-field 
experimental 13C NMR relaxation data with various expressions for the spectral densities. The 
model-free, DLM, and diffusion-in-a-cone spectral densities all reproduced the experimental 
data in a reasonable manner. The validity of the resulting motional models was evaluated by 
comparison to data obtained from hydrodynamic theory and molecular modeling. The 
diffusion-in-a-cone spectral densities afforded both the best fit to experimental data and the 
most precise description of secondary structure. The optimum motional model could be 
described as anisotropic reorientation of two-fold helical segments containing 29 residues. 
The corresponding average axial length of the helical segments of 13 nm is in excellent 
agreement with the persistence length from small-angle neutron scattering and molecular 
mechanics. The transverse or hydrodynamic radius of the helical segments was 0.8 nm as 
compared to a covalent radius of 0.4-0.45 nm. The increase in hydrodynamic radius with 
respect to the covalent radius indicated significant counterion condensation in keeping with 
polyelectrolyte theory. 0 1997 Elsevier Science Ltd. 
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1. Introduction 

Pectins are a family of complex anionic poly- 
saccharides that constitute as much as a third of the 
dry weight of plant primary cell walls. These 
biopolymers consist primarily of a-( 1 --) 4)-linked 

* Corresponding author. Fax: + 33-0144322402. 

D-galacturonyl sugars interrupted by (1 + 2)-linked 
cu+rhamnopyranosyl residues. The homogalacturo- 
nan parts of the polymer are referred to as ‘smooth’ 
regions while the rhamnose-rich zones are called 
‘hairy’ regions as the latter sugars carry neutral 
oligosaccharide side-chains frequently composed of 
D-Galp and L-Araf sugars (Fig. 11. In native pectins 
about 70% of the galacturonan carboxyl groups are 
methylated. Besides their structural and functional 
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Fig. 1. Schematic drawing of pectin (rhamnogalacturonan 
I) showing the smooth and hairy regions. The formula for 
sodium pectate, a model for the homogalacturonan region, 
is given above. 

roles in higher plants [I], these macromolecules are 
extensively used as gel formers and thickening agents 
in the food industry [2]. Although the primary struc- 
ture of pectins has been widely studied, an overall 
picture of the secondary, tertiary, and quaternary 
structures in gels or in solution has not yet emerged 
[3,41. 

Experimental probes of pectin structure have been 
obtained both for the solid- (transmission electron 
microscopy or TEM [4], fiber-diffraction [5], and 
atomic force microscopy or AFM [6]) and liquid-state 
(light-scattering [7], viscosimetry [8], 23Na NMR [9], 
potentiometry and circular dichroism [8, lo], small- 
angle neutron scattering or SANS [3]). A consider- 
able range of persistence lengths, L,, has been de- 
scribed on the basis of solution-state experimental 
data (4.5-40 nm). However, direct comparison of 
results obtained for samples of different origin is 
hazardous, as many factors such as concentration, 
ionic strength, degree of methylation, and percentage 
of rhamnose residues (i.e. side-chain oligosaccha- 
rides) have been shown to influence the conforma- 
tional behaviour and/or hydrodynamic properties of 
pectin [3,7]. 

Molecular mechanics (MM) studies of homogalac- 
turonans [3] and fiber-diffraction analyses [5], have 
indicated that conformations corresponding to both 
two- and three-fold (right- and left-handed) helices 

represent favourable modes of chain propagation. 
This theoretical approach, which suggested that four- 
fold helical structures would also be energetically 
viable, showed that the pitch (rise per residue) for all 
these helices was close to 0.443 nm. The persistence 
lengths obtained in these simulations were much 
shorter (13.5 nm> than those (40 nm> described in the 
pioneering work of Burton and Brant [ 1 I]. No signifi- 
cant influence of either the methoxy groups or the 
rhamnose residues upon chain dimension was ob- 
served with the MM3 approach. As experimental data 
point to a marked effect of these structural features 
upon macroscopic properties, it could be surmised 
that some factors had not been accounted for in the 
theoretical studies. Indeed, the glycosidic orientations 
of the galacturonosyl sugars in the theoretical poly- 
mers, which determine secondary structure, were 
based on results from MM studies of model disaccha- 
rides [ 121 for which only next-neighbour interactions 
can occur. However, the variations in the macro- 
scopic properties with structural modifications could 
also be the result of changes in tertiary or quaternary 
structure (often referred to as junction zones [13] or 
entanglement networks [14]). Finally, in another theo- 
retical study of a galacturonan fragment (12 residues) 
based on condensed-phase molecular dynamics simu- 
lations (MD) in the presence of counterions, stable 
conformers with a more loosely coiled helical sec- 
ondary structure were reported [15]. 

13C NMR relaxation data allow the characteriza- 
tion of motion at the molecular level and provide the 
basic connectivity between primary structure and hy- 
drodynamic properties of macromolecules [ 161. Al- 
though the dynamic properties of the gel-state are of 
greater practical importance, relaxation studies on 
dilute solution provide valuable information on the 
intramolecular motional processes. The helical con- 
formation of pectic fragments is of interest in its own 
right, as related oligosaccharides have been shown to 
be signaling molecules [ 171. Liquid-state relaxation 
data not only characterize the nature, amplitude, and 
timescales of local, segmental, and eventually overall 
motion but, as they probe the hydrodynamic radius of 
the macromolecule, they might lead also to a descrip- 
tion of solvation. 

The study of carbohydrate dynamics with 13C re- 
laxation data has been reviewed recently [ 181. In the 
case of polysaccharides, relaxation data have occa- 
sionally been simulated with the model-free approach 
associated with isotropic molecular reorientation 
[19,20]. However, generally speaking, fitting of the 
carbon relaxation data of carbohydrate polymers 
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3. Results and discussion 

The general approach adopted in the present study 
consisted in first establishing the correlation times (7, 
and 7X = TV) for segments of sodium pectate of vari- 
ous lengths and helical radii from hydrodynamic 
theory. Geometric parameters (angles between C-H 
vectors and molecular axes) for helical segments of 
varying symmetry (two-, three-, and four-fold axes) 
were assessed from the optimized structures [3] gen- 
erated with the polysaccharide generator algorithm 
POLYS [36]. In a second step, the experimental 
carbon relaxation parameters (T; ‘, T; ’ , and het- 
eronuclear NOES) were least-squares fitted to theoret- 
ical data established for physical models of increas- 
ing complexity. The various dynamic (correlation 
times and order parameters) and geometric (angles 
between C-H vectors and molecular axes) parame- 
ters of the theoretical motional models were treated 
as adjustable parameters in this protocol. These simu- 
lations resulted in an experimental NMR motional 
model. In a third step, the data obtained from hydro- 
dynamic theory or molecular mechanics and NMR 
were compared to discriminate between physically 
realistic and unrealistic experimental NMR motional 
models. Finally, the information content and the 
uniqueness of the NMR-derived dynamic models was 
discussed. 

Motional and geometric parameters of sodium pec- 
tate from hydrodynamic theory and molecular model- 
ing.-The overall tumbling time of the sodium pec- 
tate sample was evaluated independently from hydro- 
dynamic theory for both the isotropic and anisotropic 
cases. Accordingly, the intrinsic viscosity was mea- 
sured in 2.5 mM NaCl at 298 K and found to be 0.62 
dL/g. The weight-average molecular weight (M,) 
was then determined to be 16,000 Da from the fol- 
lowing Mark-Houwink relation [37], 

[n] = 1.4 X lo+ X M;34 (1) 

These data are analogous to those ([n] = 0.728 dL/g 
and 18,400 < M, < 21,000 Da) determined by Ce- 
saro et al. [8] for sodium pectate prepared from pectic 
acid of similar origin (Sigma). 

In the case of isotropic molecular reorientation 
which can be described by a single correlation time, 
pi, at infinite dilution, the time constant can be 
expressed as a function of intrinsic viscosity, [q], 
according to the following [38], 

7: = 2&1177177,/3RT (2) 

where rl, is the solvent viscosity. In a solution of a 
neutral polysaccharide at finite concentration, C, the 
correlation time, To, is given by the following equa- 
tion [39] 
hl(TR/T;) = k’[+ (3) 
However, the viscosity of dilute solutions of poly- 
electrolytes displays unique dependence on concen- 
tration [ 141 in the limit of zero ionic strenght preclud- 
ing straightforward measurement of the Huggins con- 
stant k’. Nonetheless, a value of 0.4 /_LS was estab- 
lished for T: at infinite dilution from Eq. (2). 

In the event of anisotropic motion of helical-chain 
segments, a cylindrical model with two rotational 
correlation times, one for diffusion about the major 
axis (z-axis) [40] and one for diffusion about the 
minor axis (x-axis) [41], can be used to describe the 
hydrodynamic behaviour as follows, 

Tz = 8rrq0b2L/6kT (4) 

T~ = q. L3 ln( L/b) - 1.57 ( 
+7[ l/ln( L/b) - 0.28]2)/18kT (5) 

where L = 0.443n (nm) is the axial length of the 
cylinder which depends on the number of residues, n, 
and the pitch per residue (0.443 nm) of the pectate 
helix. Finally, b is the transverse or hydrodynamic 
radius of the cylinder. 

This latter parameter was estimated to be about 0.5 
nm for sodium pectate in both a 23Na NMR study [9] 
and in work based on potentiometric methods 181, but 
a larger value would be expected from polyelec- 
trolyte theory [42], particularly at very low salt con- 
centration. The covalent radius of partially meth- 
ylated pectins has been estimated to be between 
0.3-0.4 nm by small-angle neutron scattering [3]. 
The ionic radius of sodium in aqueous solutions has 
been determined to be 0.235 nm [43], and radial pair 
distribution functions from condensed-phase MD 
simulations indicate that the -COO- ligand is located 
at about 0.25 nm from sodium cations [15]. There- 
fore, the radius for fully solvated sodium pectate 
should be between 0.5-0.9 nm, taking into account 
counterion binding (O-100%). In the case of a 0.4 
w/v solution of pectic acid, a rapid increase in the 
23Na NMR linewidths indicated appreciable counte- 
rion binding at neutralization degrees greater than 
0.72. 

From counterion condensation theory [44] the lin- 
ear polyion charge density, 5, and charge fraction, f, 
are defined as, 

5 = q=/++kTp (6) 
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and 

where q is the protonic charge, go is the permittivity 
in a vacuum, Ed is the permittivity of the solution, p 
is the linear charge spacing of the polyion, and N is 
the total charge of the counterion. f Is defined as the 
ratio of that part of its structural charge which is 
uncompensated by bound counterions to its total 
structural charge. The above theory predicts that more 
than a third (0.38) of the sodium ions are bound to 
the pectic helix. A value of 0.29 has been reported 
recently in a study of dilute solutions of sodium 
pectate under low salt conditions by viscosimetry 
[45]. Rotational correlation times have been calcu- 
lated for sodium pectate as a function of the number 
of residues per helical segment using both 0.5nm 
(values in italics) and 0.8-nm values for b, and these 
data are collected in Table 1. 

The appropriate values of the p angle ( p is the 
angle between the C-H vectors and the z-axis) for all 

Table 1 
Rotational correlation times calculated from hydrodynamic 
theory [40,41] for helical segments of varying lengths, L, 
with a transverse radius, b, of either 0.8 nm (above) or 0.5 
Bm (below in italics) 

Number of L (nm) 7Z W rX (ns) 
residues 

10 4.4 2.8 5 
1.1 5 

15 6.6 4.3 16 
1.7 II 

20 8.9 5.7 30 
2.2 22 

25 11.1 7.1 52 
2.8 38 

30 13.3 8.5 77 
3.4 58 

35 15.5 10 110 
3.9 84 

40 17.7 11 153 
4.5 118 

45 19.9 13 202 
5.1 157 

50 22.1 14 258 
5.6 204 

100.m 
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Fig. 3. Plots of the angle between the helix axis and the 
C-H vectors ( /3> for methine carbons, C-l to C-5, as a 
function of the number of residues per helical turn. 

the stable pectin helices (right- or left-handed with a 
two-, three-, or four-fold axis of symmetry) described 
with molecular mechanics [3,36] were evaluated di- 
rectly from the Cartesian coordinates of the corre- 
sponding models. These p values have been plotted 
as a function of the number of residues per helical 
turn in Fig. 3. It is noteworthy that the p values of 
the various C-H vectors are all very different (e.g. 
84, 145, 38, 98, 32” for C-l to C-5, respectively, in a 
two-fold helix) whereas for a given C-H vector the 
variation in p in going from a two- to a four-fold 
helix is not very large ( < 20”). 

The spatial restriction of internal motion is either 
expressed as an order parameter (model-free model) 
or as the half-angle of the cone in which diffusive 
motion occurs (DLM and diffusion-in-a-cone models). 
The half-angle representation for the amplitude of 
internal motion can be compared to S* through the 
corresponding squared cosine (S* - 0.25 cos*8”(1 + 
cos e”)* [46]). S* Values of 0.69-0.73 have been 
calculated for the methine carbons of the a-gluco- 
pyranosyl residue of sucrose from a I-ns condensed- 
phase MD simulation [47]. Analogous values have 
been estimated from i3C NMR relaxation data for the 
C-H vectors of heparin oxide (S* - 0.65M, - 
12,000 [21]) which also contains an cr-( 1 + 4) link- 
age or for those of a larger a-glycopolymer (S* - 
0.63 M, - 66,400 [22]). 

Experimental NMR data.-The experimental car- 
bon T1, T2, and heteronuclear NOE values measured 
at three magnetic field strengths (200, 250, and 400 
MHz) are collected in Table 2 along with the average 
deviations. The T, values were reproducible ( + 5- 
lo%>, whereas the precision for the NOES should in 
principle be less. In the case of sodium pectate, very 
homogeneous values for the heteronuclear NOES were 
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Table 2 
Multi-field 13C relaxation parameters (TI and T2 in ms) and average deviations of a 2.5% w/v of sodium pectate in D,O at 
294 K 

Carbon 100.6 MHz 62.9 MHz 50.3 MHz 
atom T, (ms) T2 (ms) NOE T, hs) T2 (ms> NOE T, (ms) T2 (ms> NOE 

C-l 295+ 12 34*2 1.59 + 0.06 179 f 9 32 + 4 1.73f0.08 156k 15 31 +4 1.79 + 0.11 
c-2 284+ 17 28f3 1.43kO.06 168f 11 27 f 4 1.60 f 0.06 143 f 12 26 4 f 1.72 I11 0.09 
c-3 296+ 11 34+2 1.44+0.07 169+ 15 32+3 1.62 f 0.09 122 8 f 31+4 1.75 L- 0.08 
c-4 277 & 14 29 + 3 1.45kO.06 174+8 27 + 4 1.63 IL- 0.07 150 f 17 26 5 f 1.75 * 0.11 
c-5 286+ 11 33Ifr2 1.47kO.04 169f 1 32 + 3 1.62kO.08 134& 14 31 +5 1.70 * 0.12 

found ( + 3-8%), but it must be remembered that the 
carbon spectrum contained only six well-resolved 
signals. In contrast, the T, values were very short 
( N 30 ms) and difficult to measure accurately with 
the CPMG technique. Consequently, the spin-spin 
relaxation times were obtained from the measurement 
of the half-height linewidth (typically 14 Hz at 100.6 
MHz) as outlined in the Experimental section. It 
would have been desirable to conduct the relaxation 
measurement with the pulse sequences recommended 
[48,49] for the suppression of the effects of cross-cor- 
relation between dipolar and chemical-shift anisotro- 
py relaxation mechanisms. Hricovini and Toni [50] 
have shown that for a pentasaccharide at 500 MHz, 
TI CT,) values measured in this way are lo-15% 
(lo-20%) larger than those evaluated with the stan- 
dard inversion-recovery technique (CPMG). Spec- 
trometer limitations did not allow these determina- 
tions, but as the CSA contribution only becomes 
important at high magnetic field strength, the influ- 
ence of cross-correlation effects on the relaxation 
parameters must be small in the present case. 

Fitting of 13C NMR data to physical motional 
models.-Motional models requiring one, three, four, 
and five adjustable parameters, respectively, were 
evaluated with respect to their capacity to reproduce 
the carbon relaxation data of sodium pectate. The 
rigid rotor, which was the simplest motional model 
considered, is characterized by a unique correlation 
time for molecular reorientation, rR. The second 
model, the so-called ‘model-free model’ [51], in- 
cludes two correlation times, one for overall tum- 
bling, T,, and one for internal motion, T,, as well as 
an order parameter, S&, which describes the spatial 
restriction of internal motion. In the DLM model 
[25], the timescale of chain segmental motion is set 
by two parameters, pi and r2, which characterize 
single and cooperative transitions, respectively. The 
additional librational motion of the C-H vectors is 

described in terms of fast anisotropic motion occur- 
ring with the correlation time, r,, inside a cone of 
half-angle, 8 O, the axis of which coincides with the 
rest position of the C-H vector. For simplicity, the 
axis of the librational motion is taken to be the same 
as that of the segmental motion, but the two types of 
motion are otherwise independent. Finally, in the 
diffusion-in-a-cone model [26], internal motion is 
described as wobbling in a cone, so that the C-H 
vector moves freely with a correlation time, T,, 
inside the conical boundary defined by an angle 8”. 
This motion is superposed on the overall motion of a 
cylindrical segment that is axially symmetrical and 
characterized by correlation times TV (about the major 
axis) and T~ = 7Y (about the minor axis). /? Is the 
angle that the director of the cone makes with the 
z-axis (Fig. 4). 

The theoretical carbon TI, T2, and heteronuclear 
NOES (Pplc) established for C-5 with the preceding 
models have been collected in Table 3 along with the 
corresponding experimental data (PFb”>. The tit be- 
tween the experimental and theoretical data sets (C-l 
to C-5) has been quantitatively evaluated through the 
x2 values according to the following expression, 

i= 1 

Comparison of these values to the summed squares of 
the experimental average deviations (0.08) allows a 
quantitative evaluation of the various models. Intu- 
itively, as the number of fitting parameters increases 
one would expect the quality of the fit to improve 
unless the dynamic behaviour of sodium pectate could 
indeed be assimilated to isotropic overall tumbling of 
a rigid sphere. 

The T2 data are identical for all three models, but 
it should be remembered that the fit for this relax- 
ation parameter dominates the x2 values in our 
fitting routine. In the case of sodium pectate, the T2 
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Fig. 4. Diffusion in a cone model. 

values do not vary significantly with the magnetic 
field strength at room temperature, which is charac- 
teristic of macromolecules with correlation times 2 5 
ns (i.e. T2 I 50 ms). The rigid rotor model is thus 
characterized by a correlation time of 7 f 1 ns, which 
is necessary to reproduce the T2 data (Table 4). 

However, this time constant is almost two orders of 
magnitude shorter than the correlation time, ~;1, cal- 
culated for isotropic overall tumbling from hydrody- 
namic theory. A very poor fit ( X2 = 0.7) is obtained 
for this motional model as would be expected in the 
presence of internal motions and/or anisotropic re- 
orientation. In contrast, the X2 values for the other 
three models indicate that they reproduce the experi- 
mental data in a reasonable manner ( X2 I 
experimental precision). The T, and NOE data are 
well simulated with the diffusion-in-a-cone ( X2 = 
0.005) model whereas in the case of the model-free 
model ( X2 = 0.01) the NOES at 62.9 and 100.6 MHz 
are systematically too high. On the whole, the NOE 
data are too weak with the DLM model ( X2 = 0.04; 
C-5 is the carbon with the best fit for this model) 
which also regularly predicts T, values at the highest 
magnetic field strength that are too low ( -0.03 s). 

The values of two time constants associated with 
the model-free simulation are 11 + 1 and 0.8 f 0.2 
ns, respectively. The second correlation time is re- 
quired to reproduce the T, and NOE data and a 
unique solution is obtained for all five methine car- 
bons. However, this model is not physically realistic 
as the order parameters are slightly too low (an 
average value of 0.57 instead of 0.63-0.73), and the 
T~ value (12 + 2 ns) obviously does not correlate 
with overall tumbling (roughly 0.4 ps) but must 
correspond to a more local type of motion or an 

Table 3 
Comparison of theoretical NMR relaxation parameters for C-5 of sodium pectate for models of increasing complexity (one, 
three, four, and five adjustable parameters) with the corresponding experimental data (in bold) 

Model Parameters X2 Ref. Carbon T, (ms> T2 (ms) NOE 
frequency 

Experimental data 8.2E - 2 

Rigid rotor, overall 
isotropic motion 

‘Model-free’ isotropic motion, 
internal motion of amplitude S2 

DLM 8, To. 71, 72 4.1E - 2 

Diffusion in a cone p, 8, T,, T,, G-~ 4.6E - 3 

7R 6.6E - 1 

s2, rc, 7, l.lE - 2 

50.3 134 31 1.70 
62.9 162 32 1.62 

100.6 286 33 1.47 

50.3 109 30 1.19 
62.9 160 32 1.17 

100.6 381 34 1.16 

50.3 131 31 1.75 
1511 62.9 171 32 1.70 

100.6 290 34 1.53 

50.3 157 31 1.675 
[281 62.9 178 32 1.62 

100.6 245 33 1.48 

50.3 131 31 1.70 
[261 62.9 169 32 1.64 

100.6 286 34 1.465 
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Table 4 
Dynamic and geometric parameters for various spectral density functions obtained by least-squares fitting of the multi-field 
13C relaxation data of a 2.5% w/v solution of sodium pectate 

Model Parameter C-l c-2 c-3 c-4 c-5 x 

s* 0.56 0.59 0.58 0.57 0.58 
‘Model-free’ rc (ns> 10.9 12.7 10.2 12.8 10.6 12* 1 

7, b-d 0.6 0.9 0.8 0.9 0.9 

e (9 43.3 43.4 39.9 43.6 44.7 
DLM r. (ns) 0.5 0.6 0.7 0.6 0.6 

7, (ns) 13.5 12.1 7.1 14.4 14.5 11+4 
r2 (ns> 73.4 110.3 94.5 102.0 81.0 93f 17 

Diffusion in a cone 

e C> 35.6 35.4 35.2 
p (“) 91.9 141.5 33.5 
c, 2 2 2 
rw (ns> 1.0 1.6 1.6 
rz (ns) 5.2 11.0 8.8 
rx (ns> 67.9 72.5 56.5 
b (nm) 0.60 0.95 0.9 
n 32 27 26 

35.4 35.6 
90.1 29.8 

2 2 
1.6 1.4 
6.3 9.7 8+3 

64.6 66.4 62 f 6 
0.7 0.9 0.8 + 0.2 

29 27 29 * 3 

apparent TV. In the case of the DLM model, conver- 
gence requires motion on three well-separated 
timescales. The values of the or, TV, and TV correla- 
tion times are 90 f 20, 11 + 4, and 0.6 + 0.1 ns, 
respectively. In the DLM model, the T, value corre- 
sponds to single (or uncompensated) transitions, and 
from the data in Table 1 it would appear that such 
motion can be assimilated to rotation about the minor 
axis of helical segments. However, here the diffusive 
type of motion is even less restricted as the corre- 
sponding average order parameter would be 0.40, and 
therefore this motional model must be rejected. 

Finally, the diffusion-in-a-cone model also leads to 
three time constants that are very different (62 f 6, 
8 f 3, and 1.4 + 0.2 ns for T,, TV, and TV, respec- 
tively; Table 4). The first two motional parameters 
are compatible with the correlation times established 
from hydrodynamic theory (Table 1) for a helical 
segment of about 29 residues and a hydrodynamic 
radius of 0.8 f 0.2 nm. In this case, the amplitude of 
the diffusive motion of the C-H vectors (an average 
order parameter of 0.56) is also slightly too low. The 
p values simulated with this model were all within 
f 14” of those established for the theoretical two-fold 
helix [3]. Although motional models which corre- 
sponded to helical segments with a four-fold symme- 
try axis also reproduced the relaxation data in the 
case of certain carbons such as C-5, only the model 
in Table 4 was satisfactory for the anomeric carbon. 
The corresponding average axial length of the helical 
segments was 13 nm, in excellent agreement with the 

persistence length from small-angle neutron scatter- 
ing and molecular mechanics [3]. It is interesting to 
note that although sodium ions bound to pectate have 
been detected by 23Na NMR, a corresponding in- 
crease in the hydrodynamic radius of sodium pectate 
has not been clearly demonstrated in prior work. 
Indeed, the hydrodynamic radius established from the 
13C relaxation data suggest that a major fraction of 
the sodium ions are bound to the polymer, in agree- 
ment with Manning’s counterion condensation theory 
(38%). 

The spectral densities are maximum for motion 
occurring on a timescale close to the reciprocal of the 
corresponding transition frequencies. As a result, cor- 
relation times in the 0.3-3 ns range are expected to 
be fairly well defined in the present study whereas 
those of slower motion [which is only probed by the 
J(O) term in the T2 expression] or faster motion 
should be much less accurate. Four fairly distinct 
timescales for molecular fluctuations have been de- 
scribed in simulations of the 13C relaxation data of 
polysaccharides: 20-90 [21,22,25], 3-15 [23,25], 
0.6-2.0 [l&21-23,25], and 0.05-0.15 ns [18,21- 
23,251. The two longest correlation times are found 
with models based on anisotropic reorientation and 
characterize the end-over-end motion of either helical 
segments or the entire molecule and rotation about 
the helical axis, respectively. The third or nanosecond 
timescale has been imputed to overall motion (iso- 
tropic tumbling), rotation about the helical axis (an- 
isotropic tumbling), diffusive internal motion, and 
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cooperative jump-type fluctuations. The most rapid 
motion is attributed to small-amplitude uncorrelated 
dihedral fluctuations (model-free formalism [5 11). It 
seems reasonable to postulate that all these timescales 
are necessary to reconstitute the time correlation 
functions (TCF) of polysaccharides. 

The greater efficiency of motion in the 0.3-3 ns 
range in modulating relaxation suggests that coopera- 
tive or correlated motion on the nanosecond timescale 
must be represented to obtain physically realistic 
motional models. Monitoring the correlation function 
during MD simulations shows that ring breathing 
(6-7” rms fluctuation; 20” maximum fluctuation [52]) 
associated with small-amplitude glycosidic transitions 
(20” rms fluctuation [47]) may represent an alterna- 
tive mode of cooperative motion to large-amplitude 
glycosidic transitions (interwell). In the future, an 
explicit TCF for carbohydrate chains [25] or the 
orientational TCF for local dynamics developed by 
Perico [53] may reveal the precise nature of this 
cooperative motion that modulates nuclear spin relax- 
ation in carbohydrates. 

Interpretation of the NMR-derived motional model. 
-Polysaccharides are known [54] to present hetero- 
geneous macroscopic conformation, including 
single-stranded regions and junction zones [13] or 
entanglement networks [14]. As the preceding relax- 
ation study would only characterize the former form, 
it was necessary to determine to what extent multi- 
stranded and aggregated species (helix-helix associa- 
tions) coexisted with the single-stranded helical seg- 
ments. Variable-temperature 13C NMR studies of 
sodium pectate have shown [ 101 that aggregated or 
multi-stranded species are not detected at room tem- 
perature. The 2.5% (w/v) sample used for relaxation 
measurements was not turbid, but the presence of 
aggregated species could not be ruled out. Accord- 
ingly, an inverse-gated spectrum of a sample contain- 
ing an internal standard (sucrose) was recorded, and 
the extent of aggregation was estimated to be I 10%. 
A rapid calculation showed that the total volume 
occupied by the macromolecule was - lo%, and 
hence entanglement networks would not be expected 
under these conditions [14]. 

Rees and co-workers [55,56] have shown that a 
minimum of 14 residues are required for cooperative 
formation of junction zones in the presence of cal- 
cium ions. As binding to sodium counterions is 
weaker, it is reasonable to assume that cooperative 
effects involving many more residues would be nec- 
essary in the case of sodium pectate to lead to either 
multi-stranded or helix-helix interactions. Extended 
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Fig. 5. Schematic representation of the secondary structure 
of a solution of sodium pectate at very low salt concentra- 
tion. An expansion of the helical segment has been given 
on the right. 

domains of junction zones are not compatible with 
the detection of more than 80% of the macromolecule 
by liquid-state NMR spectroscopy. Although it is not 
possible to deny the existence of some domains 
containing aggregated species, the vast majority of 
the macromolecule is constituted by the helical seg- 
ments whose geometry and motional properties were 
determined from 13C relaxation data. Therefore, the 
average axial length of the helical segments of 13 
nm, which corresponds to about 29 out of the 100 
residues per molecule, must be related to the natural 
curvature of the polysaccharide helix. A schematic 
representation of sodium pectate which illustrates the 
structural features established by fitting the relaxation 
data has been given in Fig. 5. 

In summary, it has been possible to characterize 
the secondary structure of aqueous sodium pectate 
based on multi-field 13C relaxation data. The opti- 
mum motional model corresponded to anisotropic 
reorientation of two-fold helical segments containing 
29 residues with a transverse radius of 0.8 nm and an 
average axial length of 13 nm. The diffusion-in-a-cone 
spectral densities afforded both the best fit to experi- 
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mental data and the most precise motional model. 
Once detailed models for a broad range of pectins 
(i.e. with varying degrees of methylation and substi- 
tution) in the isolated state have been established, it 
should be much easier to discern the interactions 
responsible for the junction zones or entanglement 
networks that constitute the gel-state. 
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