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Abstract 

The conformational and dynamical features of an extracellular branched deacetylated 
polysaccharide isolated from Bradyrhizobium (Chamaecytisus proliferus) have been investi- 
gated by homo and heteronuclear NMR methods. ~H-NMR cross relaxation rates have been 
obtained for this polysaccharide through regular NOESY and ROESY spectra as well as by 
modern off resonance ROESY techniques. Local proton-proton correlation times as well as 
interproton distances have been obtained. ~3C-NMR relaxation parameters (T 1, T 2, NOE) have 
also been measured at two different magnetic fields and interpreted using different approxima- 
tions based on the Lipari and Szabo model free approach. The analysis of the data indicates 
the existence of important flexibility for the different linkages of the polysaccharide. Motions 
in the range of several ns contribute to the relaxation of the macromolecule, although faster 
internal motions in the 600-800 ps timescales are also present. These time scales indicate that 
segmental motions as well as internal motions around the glycosidic linkages are the major 
sources of relaxation for this molecule at 299 K. © 1997 Elsevier Science Ltd. All rights 
reserved 
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1. Introduction 

Knowledge of the three dimensional structure of 
oligosaccharide and polysaccharide molecules is of 
paramount importance to explain the recognition pro- 
cesses in which they are involved [1]. In addition, the 
existence of rigid or flexible structures is of prime 
importance in recognition phenomena, since any bi- 
molecular binding process is, in principle, entropi- 
cally unfavourable due to the formation of a single 
molecule of complex [2]. The acidic polysaccharide 
produced by Bradyrhizobium (Chamaecytisus pro- 
liferus) is probably involved in the symbiotic process, 
due to its specific binding with plant lectins [3]. The 
structure and overall conformational features of this 
polysaccharide has been deduced by us in the previ- 
ous paper [4]. The deacetylated polysaccharide has 
the following sequence ~ 3)-[ ce-D-Galp-(1 ~ 6)]-a-o- 
Glcp-(l ~ 3)-/3-D-Glcp-(1 ~ 3)-a-D-GalpA-(1 ~ 3)-a- 
D-Manp-(1 ~ .  

This primary structure is particularly interesting 
from the conformational point of view, since it con- 
sists of a variety of a and /3 linkages, which may 
give particular conformational and dynamical proper- 
ties to the polysaccharide [5]. 

The extent and nature of the motion around the 
glycosidic linkages of oligosaccharides remains an 
open question [6], and even detailed analysis of ex- 
perimental and theoretical results have concluded 
either constrained conformations [7] or conforma- 
tional averaging [8] for carbohydrate structures. In 
addition, recent investigations have established that 
the rates of overall and internal motions of small and 
medium-size oligosaccharides may occur on similar 
timescales [9,10]. Thus, indications of internal mo- 
tions around the glycosidic linkages of different 
disaccharides [11] and larger oligosaccharides have 
been obtained using both homo and heteronuclear 
NMR spectroscopy, as also employed for other 
biomolecules [12-14]. In this context, we decided to 
study the conformation and dynamic features of this 
polysaccharide [15], since, in principle, and due to its 
size, the time scales of the overall tumbling and of 
the internal motions around the glycosidic linkages 
should be fairly different and permit the analysis of 
the dynamical properties of the different glycosidic 
linkages. In addition, we have tried to characterise 
the extent of restriction to motion around the differ- 
ent a- and /3-(1 ~ 3) linkages of this molecule, with 
particular emphasis to the branching point [4]. Mea- 
surements of heteronuclear relaxation parameters for 
polysaccharides have allowed variations of the rela- 

tive motion of side chain versus backbone residues in 
branched polysaccharides to be probed [15,16]. Nev- 
ertheless, a detailed and quantitative solution to the 
problem of polysaccharide dynamics is far from triv- 
ial and different dynamic models have been devel- 
oped to describe the motion of these biomolecules. 
We now report on the application of NMR relaxation 
parameters [17] to characterise the motional proper- 
ties of the polysaccharide. It seems necessary to 
consider that, for flexible polysaccharides, above a 
given molecular weight, it has been reported that 
relaxation parameters are independent of chain length, 
because of the dominant contribution of segmental 
motion to the spectral density function [18]. Our 
relaxation data have been interpreted by using the 
model free approach proposed by Lipari and Szabo 
[19], since in principle, this model is useful to charac- 
terise the molecular dynamics of flexible macro- 
molecules, as the polysaccharide presented herein. In 
addition, different approximations of this model free 
approach have been employed [20,21] (see also Ex- 
perimental), in an attempt to obtain information on 
the reorientation correlation times as well as on the 
local dynamics at the glycosidic linkages [22,23]. 

2. Experimental 

Molecular mechanics and dynamics calculations. 
--Molecular  mechanics and dynamics calculations 
have been described in a separate paper [4]. 

NMR spectroscopy.--NMR experiments were 
recorded on JEOL 400 and Varian Unity 500 spec- 
trometers, using an approximately 15 m g / m L  solu- 
tion of the polysaccharide. No attempts were made to 
use other concentrations to evaluate the influence of 
this parameter in the resulting data. 

1H-NMR experiments.--Selective inversion of the 
anomeric protons was performed using the DANTE-Z 
module [22] during 60 ms. 1D-NOESY experiments 
were recorded using mixing times of 100, 200, 300, 
and 400 ms. ROESY experiments [23] used mixing 
times of 100, 200, 300, and 400 ms. The rf  carrier 
frequency was set at 6 6.0 ppm, and the spin locking 
field was 2.5 KHz. Good linearity of the build up 
curves was observed up to 250 ms (NOESY) and 300 
ms (ROESY). Estimated errors are smaller than 10%. 
Assuming that the motion of two interacting protons 
can be described by a monoexponential autocorrela- 
tion function, the corresponding cross relaxation rates 
are: 

CrNOES v = ( k 2 / 10r  6)[6 J(2 o9) - J (0) ]  (1) 
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¢rROESY=(k2/lOr6)[2J(O)+ 3J(w)]  (2) 

Off resonance ROESY experiments, using a trape- 
zoidal adiabatic pulse as described [24-26] were also 
performed using mixing times of 50, 100, 150, 200, 
250, and 300 ms. Cross relaxation rates were esti- 
mated from the build up courses by extrapolation at 
zero mixing time [27,28]. The spin locking carrier 
frequency was positioned at 22 different offsets in 
order to estimate the longitudinal and transversal 
cross relaxation rates, O'NOES Y and OrROES Y. The the- 
ory under off resonance ROESY has been detailed 
[24-26]. However, a brief introduction will be given 
here for sake of clarity. 

The off resonance adiabatic pulse locks the spins 
along the effective field, which makes a 4' angle with 
the z axis. Thus, tilting angles 4' between 0 and _+ 55 
degrees were employed. 

The tilting angle is defined as follows: 

4' = arctan(o.) l//60offset ) (3) 

The spin locking field was 8.8 KHz. The experi- 
ments were carried out at 298 K. Cross relaxation 
rates were obtained from off-resonance ROESY mea- 
surements as described from the dependence of the 
NOE cross peak intensities versus the tilted angle, 
according to the following expressions: 

O'ob s = O'NOES Y cos24' -~- O'ROES Y sin24' (4) 

Pobs = PNOESY COS24' + PROESY sin24' (5) 

Effective correlation times and thus, interproton 
distances, for selected proton pairs may be obtained 
from O'NOESy/O'RoES Y ratios, since they only depend 
on r e . Developing the spectral density functions, 
J (n  w), in function of the correlation time, r e, and of 
the spectrometer frequency, w o. 

O'ROEsy/O'NoES Y = (5 -']- 22 W2rc 2 + 8w4r 4) 

/ ( 5  + wzr2 - 4w2r 4)  (6) 

which is a quartic equation in %, which can be easily 
solved. It should be stressed that the assumption 
made here does not require equal mobility between 
different proton pairs, as in a rigid molecule. There- 
fore, it is possible to obtain internuclear distances r 
(geometrical parameter) and local correlation times 
(dynamic parameter) for any pair of protons. This 
approach reduces the intrinsic error resulting from the 
use of an internal reference (as in the isolated spin 
pair approximation). 

13C-NMR experiments.--T 1 relaxation times at 

100 and 125 MHz were obtained by using the regular 
1D-inversion recovery at 298 K. At least six different 
relaxation delays were used in every experiment. 
Heteronuclear NOEs were obtained by comparing the 
intensities of the signals of two spectra acquired by 
the standard ID-protocol [27]. T 2 transverse relax- 
ation times were obtained by the CPMG pulse se- 
quence [17]a. In all cases, the given values are aver- 
aged among the different measurements performed. 
Estimated errors are in all cases smaller than 10%. 

r? '  = ( a / 2 0 ) [ J ( w H - - W c ) +  3J(Wc) 

+ 6 J ( w  H + Wc) ] (7) 

T 2 ' = (g2/20)[4 J(0) + J( oJ n - Wc) + 3 J ( w c )  

+6J (WH)  + 6 J ( w  H + Wc) ] (8) 

( T c T H h )  2 
1 2 = N  2~_r~u (9) 

TH 
NOE = 1 + - -  

Yc 

6 J (  w c + OH) -- J( w c - OH) 
X 

J( o H - Wc) + 3J(oJc)  + 6J (  oJ c + WH) 

(10) 

Fitting of the heteronuclear relaxation data.--The 
following models were employed: 
Model I. The regular isotropic Lipari-Szabo model 
free approach [19], where r e represent a single effec- 
tive correlation time describing the internal motions. 

S2ro (1 - S 2 ) r  

J ( w ) =  (1+0j2%2) + ( 1 + w z r 2 )  

r = rore/(r  o + re) 

(11) 

(12) 

Model H. Extended isotropic Lipari-Szabo model 
free approach as described by Clore et al. [21]. Two 
different internal motions are considered, charac- 
terised by fast, r~, and slow, r ' ,  correlation times. 
Order parameters for the corresponding motions are 
also included in the analysis. 

S2T0 (1 -- S2)T[ - ( S  2 -  S2)Ts t 
g(oJ) = + + 

1 + 1 + 1 + 

(13) 

S 2 .2 2 (14) = Sf S~ 

r; = riro/(ro + ri), i =  f, s (15) 
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Model II1. If 7"f is much smaller than %, then the 
spectral density function simplifies to the following 

$27"o (SI 2 -  $2 )7"~ 
J ( o g )  = + 

1 + (0,)7"0) 2 1 q- ( O97"~)2 

s:= sg.s? 
+ 

(16) 

(17) 

( i s )  

Model IV. Symmetric top within the Lipari Szabo 
approach. In this case, for an anisotropically tumbling 
molecule, two correlation times are defined, r±  and 
7"11,  along the short and long axis of the proellipsoid 
[19,20]. In addition, 0 is the angle between the C - H  
relaxation vector and the symmetry axis. 

7" 
J(o9)=S2Jani~°t(og)+(l-S2) 1 +(o97") 2 (19) 

7"-1 = 7"o ~ + r71 

Janisot(O9) ----- 
0.25(3 cos20 - 1)2% 

1 + (O9Ta) 2 

0.75(sin40)% 
+ 

1 + (o9rc) 2 

Where: 

(20) 

3 sin20 COS20)Tb 
+ 

1 + (o9rb) 2 

(21) 

% = r I (22)  

( l / % )  = 5 / ( 6 r . )  + 1 / (6%)  (23) 

(1 /%)  = 1 / ( 3 r  ±) + 2/(3rll  ) (24) 

For the heteronuclear relaxation parameters, a sim- 
ilar target function, Rw, was also defined: 

Rw (TlC/~, c _ T~Xp)2 + I,'2i T;Xp)2 
i=1 

+ (NOE  - NOE: .) 

X [(T~Xp) 2+ \'(Texp'~2 + 2 i  ) (NOEeXp)2] - 1) 1/2 

(25) 

with Rw = 0, for an exact fit. The subscript i repre- 
sent data for a particular carbon atom, and n is the 
total number of carbons with available experimental 
data. 

As stated above, either all the relaxation parame- 
ters or combinations of two of them were used. The 
parameter which was not taken into account in the 
fitting procedure, was employed as test of the good- 
ness of the fitting approach. In all cases, for the 

different models, only the results of the best fitting 
(smallest Rw), that include all the experimental data 
are given in the text. 

An estimation of the errors in the motional param- 
eters obtained within each optimization was accom- 
plished by fixing the maximum precision of the Rw 
in 0.001 around the best fitting value, and then 
observing the range of variability of the motional 
parameters. The minimization of the target functions 
Rw (homonuclear and heteronuclear) in the different 
calculations was accomplished, in an iterative way, 
by using a simplex-based algorithm [29] t. Since 
different variables had to be optimised, a recursive 
method was adopted, starting from 1, 2, up to a 
maximum of 5 (models II and IV) variables evaluated 
simultaneously. Different intervals of values of the 
variables were screened in order to find the global 
minimum. 

3. Results  and  discuss ion 

Molecular dynamics.--The study of the accessible 
amount of conformational space for the glycosic link- 
ages of the polysaccharide was obtained through MD 
simulations, and has been described in detailed in the 
accompanying paper [4]. The obtained results indi- 
cated that, as least for this particular case, unre- 
strained MD simulations [4] provide a fair description 
of the motion around the different glycosidic linkages 
of this molecule. The polysaccharide may adopt a 
variety of three dimensional shapes. 

IH-NMR data.--The pyranoid rings (Fig. 1) can be 
described as essentially monoconformational: 4C l, as 
deduced from the vicinal proton-proton couplings 
(data not shown). J H-NMR cross relaxation rates [27] 
(O'RoES Y, and O'NOES Y) were obtained from 1D- 
NOESY, ID-ROESY, and 1D-off resonance ROESY 
(Fig. 2) measurements, after selective inversion of the 
anomeric protons. 2D-NOESY and 2D-ROESY ex- 
periments were also performed. At 298 K, NOESY 
peaks are negative at 500 MHz (Table 1). The pres- 
ence of distinct internal motion for the different 
glycosidic linkages which constitute the polysaccha- 
ride was performed by obtaining O'ROEsy/O'NoES Y 
ratios [24,26,30,31]. Provided that the motion is far 
from the extreme narrowing limit or the slow motion 

All programs in Pascal and source codes are available 
from the authors upon request. 
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Fig. 1. Schematic view of the polysaccharide chain, showing the different residues. 
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regimes, all these ratios are independent of interpro- 
ton distances and allow to estimate specific correla- 
tion times (see Experimental). The results are also 
given in Table 1. It can be observed that, within 
experimental error, there are relevant differences be- 
tween the correlation times [6,9,10] obtained for the 
proton pairs of the different pyranoid rings (Table 2). 
The higher values are observed for residue A (a-Glc) 
and the lowest for residue D (a-Gal). The ~c ob- 
tained for the other residues are in between. These 
are not unexpected results, since A is the only 
branched moiety, and residue D should experience 
both the motion around the main chain as well as 
additional fluctuations due to the motion of the (1 
6)-chain [15,16]. Therefore, according to our results 
and as also described by other authors, the use of 
different local correlation times for the different pro- 
ton pairs of oligosaccharide molecules is advisable. 

Average interproton distances were estimated from 
the obtained effective zc and the experimental cross 
relaxation rates. A check of the internal consistency 
of the results was performed by back calculating the 
intraresidue proton-proton distances (Table 1). It can 
be observed that there is a lair agreement between 
experimental and modeled distances. Experimental 
interresidue distances were also calculated and then 
compared to those derived from the MD simulations 
(Table 1, see also Ref. [4] indicating that a satisfac- 
tory agreement was found between both sets of val- 

ues. Overall correlation times around 2 -5  ns are 
obtained. The physical meaning of the obtained corre- 
lation times is not evident, since overall reorientation, 
segmental, internal motions of the pendant groups, 
and librations of the pyranoid rings are independent 
sources of modulation of dipole-dipole interactions 
[15,32]. Nevertheless, the relatively small size of the 
obtained effective or overall correlation times by 
using these isotropic models (z,. around 2-5  ns) 
indicates that local and segmental motions are the 
major sources of relaxation in this flexible poly- 
saccharide [15,18]. The obtained values of the relax- 
ation parameters could correspond to those of the 
segment similar in size to the critical molecular weight 
or degree of polymerisation for which relaxation 
parameters are independent of chain length [33]. In 
other flexible polysaccharides, the minimum oligomer 
size for which segmental motion dominates the spec- 
tral power density is between 10 and 15 monosaccha- 
ride units [15,18]. 

Two recent papers on the contbrmation and dy- 
namics of oligosaccharides have also addressed the 
use of local correlation times to derive interproton 
distances, by simultaneous determination of the dipo- 
lar longitudinal and transversal cross relaxation rates 
through off-resonance ROESY measurements [25,26]. 
These authors also concluded that, for each pair of 
protons, a different correlation time should be used 
[17]. 
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Table 1 
tTNO E and trRO E cross relaxation rates (s- 1 ) of the relevant intra and interresidue proton pairs of the polysaccharide isolated 
from Bradyrhizobium estimated from off resonance ROESY measurements 

Proton pair OrNO E O'RO E Ttoca I Distance (,~) 

H-I A /H-2  A - 1.18(0.02) 2.38(0.15) 5.5 2.54 
H-I A/H-3  F - 1.18(0.02) 2.38(0.15) 5.5 2.54 
H-1 B/H-2  B - 1.37(0.03) 2.78(0.17) 4.6 2.39 
H-1 B/H-3  C - 1.17(0.02) 2.20(0.13) 3.6 2.40 
H-I C /H-2  C - 1.30(0.03) 2.67(0.16) 3.8 2.33 
H- 1 C /H-3  A - 1.39(0.03) 2.84(0.17) 4.0 2.34 
H-1 D/H-2  D - 1.31(0.03) 2.70(0.19) 3.3 2.28 
H- 1 D/H-6a  A - 0.16(0.01) 0.37(0.03) 1.6 2.82 
H- 1 D/H-6b A - 0.21 (0.01) 0.46(0.03) 1.7 2.77 
H-1 F /H-3  B - 1.30(0.03) 2.65(0.19) 5.1 2.46 
H-1 F /H-3  F - 1.31(0.03) 2.64(0.19) 5.4 2.48 

Standard deviations are given between brackets. The corresponding local correlation times (ns) and interproton distances, 
using a ( r  -6)-1/6 average, are also given. H-2A and H-3F show overlap. 

Next, in order to try to characterise more pro- 
foundly the dynamic features of the polysaccharide, 
heteronuclear relaxation parameters were also mea- 
sured. 

13C-NMR data.--Heteronuclear relaxation data are 
of paramount importance to detect the presence of 
internal motion in biomolecules, in general, [34] and 
in carbohydrates, in particular [10,11,15,17,35]. Re- 
garding polysaccharides, relaxation parameters have 
been used either qualitative or quantitatively to de- 
duce their dynamical features [15-18]. Thus, in this 
case, T] and T 2 relaxation times and heteronuclear 
NOEs [17,34] of several ~3C sites were obtained at 
100 and 125 MHz. Inspection of the average values 
(Table 3) of T l for the different residues of the 
polysaccharide seems to indicate that the a-Galp-(1 
-~ 6)-linked ring (with larger T l and NOEs) is less 
constrained than the a-and r-linked (1 -~ 3)-residues 
(smaller T t and NOEs). A similar trend has been 
previously observed in branched dextrans and, in- 
deed, those values were used to assign the different 
anomeric carbon atoms of a series of polysaccharides 
in terms of branched, side chain, and non substituted 
residues [15-18]. The model free approach was em- 
ployed for the analysis of the relaxation data, since, 
in principle, it is adequate for flexible macro- 

molecules. First, an isotropic model was employed. 
The Lipari and Szabo analysis [10,17,19,20] of the 
heteronuclear data (Table 2) allowed to estimate an 
overall correlation time of ca. 5 ns, with short local 
correlation times, z e, smaller than 500 ps for all the 
glycosidic linkages. The values obtained are fairly 
similar to those obtained from the homonuclear data. 
S 2 values for the methine carbons are between 0.6 
and 0.8 units. The sizes of the overall correlation 
time (around 5 ns) indicate that local and segmental 
motions are the major sources of relaxation of this 
polysaccharide [15,33]. 

Nevertheless, this isotropic analysis did not match 
the T 2 values in a satisfactory way, since the ex- 
pected values were significantly higher than those 
experimentally measured [15,17]. Thus, in a second 
step, and considering that different motions con- 
tribute to the relaxation parameters, an extended Li- 
pari-Szabo model was applied, as proposed by Clore 
and coworkers [21] (see Experimental). In this model, 
two different internal motion correlation times and 
order parameters are considered, accounting for the 
existence of very fast (zf) and moderately fast (T~) 
internal motions. If zf is at least one order of magni- 
tude smaller than zs, a truncated form may be consid- 
ered (models II and III, respectively). Both models 

Fig. 2. (a) 1D-NOESY (bottom right), 1D-ROESY (top right) spectra obtained after inversion of the anomeric proton of 
residue A at 299 K. In all cases, mixing time is 100 ms. (b) 1D-NOESY (bottom left), 1D-ROESY (top left) spectra 
obtained after inversion of the anomeric proton of residue B at 299 K. (c) ID-NOESY (bottom left), 1D-ROESY (top left) 
spectra obtained after inversion of the anomeric proton of residue C at 299 K. (d) 1D-NOESY (bottom right), I D-ROESY 
(top right) spectra obtained after inversion of the anomeric proton of residue D at 299 K. 
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Table 2 
Average motional parameters of the methine carbon-pro- 
ton vectors of the different pyranoid rings from 13C-NMR 
relaxation data obtained for the polysacchatide isolated 
from Bradyrhizobium using Model I, r 0 = 5727_+90 ps, 
Rw = 0.033 

Residue ro (ps) S 2 Carbon atom ~ (ps) S 2 

a-Glcp 560 0.72 a-GalA p 510 0.67 
a-Manp 430 0.68 a-Galp 360 0.65 
/3-Glcp 550 0.66 

Table 5 
Average motional parameters of the methine carbon-pro- 
ton vectors of the different pyranoid tings from 13C-NMR 
relaxation data obtained for the polysaccharide isolated 
from Bradyrhizobium using Model III, % = 11984 + 400 
ps, Rw = 0.006 

Residue r,' (ps) S 2 S~ Residue r" (ps) S ) S~? 

a-Glcp 840 0.39 0.96 a-GalAp 695 0.83 0.76 
a-Manp 650 0.38 0.78 a-Galp 580 0.77 0.69 
/3-Glcp 735 0.38 0.89 

(Tables 4 and 5) provided a fairly satisfactory match- 
ing between expected and observed data. Overall 
correlation times are higher than I0 or 20 ns, depend- 
ing on the consideration of either the truncated or the 
extended model, respectively, while the slow internal 
motions are between 600 and 800 ps (extended 
model). Finally, the very fast internal motions (model 
IV) are smaller than 100 ps. Regarding order parame- 
ters, the branched A rings present the largest restric- 
tion to motion, while the Gal side chains show the 
smallest S 2. It seems that the obtained overall corre- 
lation times may correspond to the segmental and 
global motion timescale, while the fast correlation 
times probably include the motion around the to 
torsions, around the @/a/r  glycosidic linkages, and 
the librations of the pyranoid rings [32]. 

Finally, in order to explore the possibility of the 
existence of anisotropic motion, the polysaccharide 
was considered as a symmetric top molecule [20], 
characterised by two different overall correlation 

times, r~  and 7-tl, and a term that include local 
motion correlation time, r. Although the election of 
any model for a polysaccharide entity maybe a matter 
of discussion [15-18], the fitting of the data showed 
that the existence of a proellipsoid shape could be 
possible. In fact, there is again a satisfactory match- 
ing between all the experimental and expected relax- 
ation data (Table 6). The ratio between 7±/711 is 
about 50, 711 being around 0.5 ns. The internal mo- 
tion correlation times are again of a few tens of ps. 
This anisotropic analysis of the data also allowed to 
conclude that the outer ring displays rather significant 
local motion. Similar heteronuclear relaxation analy- 
sis have been recently performed for other poly- 
saccharides [10,20,36-38]. For heparin-related poly- 
saccharides [10,20,36], the experimental values have 
been explained assuming anisotropy of motion fol- 
lowing a symmetric top model. On the other hand, 
Brisson et al. have demonstrated [37] that the type III 
group B Streptococcus capsular polysaccharide un- 

Table 3 
Average longitudinal relaxation times (s), heteronuclear NOEs and transversal relaxation times (s) for the 
tings of the polysacchatide isolated from Bradyrhizobium at 100 and 125 MHz and 299 K 

different pyranoid 

Residue T I 100 MHz T I 125 MHz NOE 100 MHz NOE 125 MHz T 2 100 MHz T~ 125 MHz 

a-Glcp 0.28 0.32 1.49 1.40 0.046 0.050 
a-Manp 0.35 0.42 1.64 1.52 0.058 0.06 l 
/3-Glcp 0.31 0.36 1.56 1.45 0.050 0.053 
a-GalA p 0.33 0.40 1.61 1.49 0.054 0.057 
a-Galp 0.38 0.45 1.73 1.61 0.060 0.062 

Experimental errors are smaller than 10%. 

Table 4 
Average motional parameters of the methine carbon-proton vectors of the different pyranoid rings from ~3C-NMR 
relaxation data obtained for the polysaccharide isolated from Bradyrhizobium using model II, % = 24733 +_ 2830 ps, 
Rw = 0.004 

Residue "(" (ps) r'f (ps) S~ St 2 Residue r" (ps) r~ (ps) S~ S~ 

a-Glcp 970 20 0.21 0.80 a-GalA p 790 10 0.20 0.68 
a-Manp 755 13 0.21 0.64 a-Galp 704 18 0.22 0.61 
/3-Glcp 850 11 0.20 0.73 
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Table 6 
Motional parameters from 13C-NMR relaxation data of the 
methine carbon-proton vectors of the different pyranoid 
rings obtained for the polysaccharide isolated from 
Bradyrhizobium using model IV, r ± = 24,200_+ 2500 ps, 
rll = 523___ 25 ps, Rw = 0.008 

Residue 0 r (ps) S 2 Residue 0 T (ps) S 2 

ce-Glcp 73 10 0.84 ot-GalAp 86 16 0.71 
c~-Manp 85 16 0.64 o~-Galp 87 30 0.59 
/3-Glcp 82 15 0.77 

dergoes helical formation. Isotropic motion may be 
assumed, although different mobilities for the back- 
bone and the side chains are observed. Xu and Bush 
[38] have implicated the superimposition of substan- 
tially different internal motion timescales to explain 
the relaxation data of the cell wall polysaccharide of 
Streptococcus mitis J22. Given the flexibility of the 
polysaccharide described herein, the latter interpreta- 
tion seems to be more reasonable from the physical 
point of view. 

In any case, independently of the model, the re- 
sults indicate that the relaxation of the D / E  ring 
atoms is modulated by the motion of the linear chain 
as well as by that existing around its glycosidic 
linkage. For the main chain, the data again indicate 
the existence of a higher restriction to fast motions 
for the branched Glcp residue. 

In conclusion, the homonuclear relaxation data 
have provided evidence of the importance of internal 
and segmental motions in this polysaccharide. Het- 
eronuclear parameters have permitted to detect that 
motions in different timescales are able to produce 
dipole-dipole relaxation in this polysaccharide. The 
nature of these motions are probably related to seg- 
mental motion and to reorientation around the hy- 
droxymethyl and glycosidic torsion angles. Both the 
extended Lipari-Szabo approach [21] and an 
anisotropic symmetric top model provide a satisfac- 
tory agreement between expected and observed data. 
Giving the flexibility of the polysaccharide, the first 
model seems to be more realistic. 
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