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The conformational and dynamic behavior of the O-antigen
of the lipopolysaccharide of Sinorhizobium fredii SMH12, a
wide-range host bacterium isolated from nodulated soybean
plants growing in Vietnam, was studied. The O-antigen
has a repeating unit consisting of the trisaccharide �4)-α-
D-GalpA-(1�3)-2-O-Ac-α-L-Rhap-(1�3)-2-O-Ac-α-D-Manp-
(1�, where the O-6 position of the mannose residue in the
repeating unit is unsubstituted, acetylated, or methylated in

Introduction
Sinorhizobium fredii SMH12 is a fast-growing Gram-

negative soil bacterium that is able to enter into a nitrogen-
fixing symbiosis with plants of the legume family,[1] such as
Glycine max (soy bean). In addition to the Nod factors,[2]

several rhizobial surface polysaccharides are necessary for
successful nodulation, as they act as signal molecules and/
or they prevent plant defense response.[3–5] The outer mem-
brane of rhizobia is formed of proteins, lipopolysaccharides
(LPSs), and phospholipids. In the genus Sinorhizobium, the
outer membrane and the surrounding capsule are consti-
tuted in part by a complex array of lipopolysaccharides,
capsular polysaccharides, and exopolysaccharides.

Within LPSs, the O-chain polysaccharide is a polymer-
ized repeating oligosaccharide whose composition is highly
variable in different rhizobia. This O-chain is responsible
for the antigenic properties of the LPS (the so-called O-
antigen). We recently showed that the fast-growing Sinorhi-
zobium fredii SMH12, a wide-range host bacterium isolated
from nodulated soybean plants growing in Vietnam, pro-
duces an LPS whose O-antigen has a repeating unit[6] con-
sisting of the trisaccharide �4)-α--GalpA-(1�3)-2-O-Ac-
α--Rhap-(1�3)-2-O-Ac-α--Manp-(1�. Because the anti-
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an approximate ratio 1:1:2. For the analysis of the conforma-
tional and dynamic behavior, the deacetylated polysaccha-
ride was employed. A combination of NMR spectroscopic
methods assisted by molecular mechanics and dynamic sim-
ulations was employed to deduce its major conformational
and dynamic features.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

genic properties can be related to the spatial presentation of
the O-antigen and, thus, to its conformational and dynamic
properties, we have carried out a detailed study of these
features by using a combined NMR/molecular dynamics
(MD) protocol.[7] Although nowadays the existence of flexi-
bility and dynamic motion around the glycosidic linkages
of oligosaccharide molecules has been largely demon-
strated,[8] the observed data unequivocally indicate the pres-
ence of distinct flexibility for the different glycosidic link-
ages, depending on the nature and relative stereochemistries
of the attached sugars.[9]

Results and Discussion

Figure 1a shows the conformational Φ/Ψ maps generated
for the trisaccharide repeating unit of the deacetylated O-
antigen polysaccharide. It can be observed that there are
two well-defined conformational minima for the
Man1�4GalA glycosidic linkage with Φ/Ψ values of ca.
20/40° and –50/–30°, whereas there is a very major orienta-
tion for both the Rha1�3Man (60°/40°) and Gal-
A1�3Rha moieties (–50/–40°).

A representation of an octasaccharide structure taken
from the combination of the major minima for the three
glycosidic linkages is shown in Figure 2.

Then, a similar MD simulation was also performed for
the native acetylated polysaccharide (by using an octasac-
charide model) by using the global minimum of the deacet-
ylated molecule. The corresponding conformational maps
in terms of the Φ/Ψ angles for every glycosidic linkage are
given in Figure 1b. The maps for both acetylated and de-
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Figure 1. (a) Conformational maps Φ vs. Ψ for the Man1�4GalA
(MG), GalA1�3Rha (GR) and Rha1�3Man (RM) glycosidic
linkages of the deacetylated octasaccharide taken as a model for
the O-antigen, as deduced from the MD simulations; (b) conforma-
tional maps Φ vs. Ψ for the Man1�4GalA (MG), GalA1�3Rha
(GR) and Rha1�3Man (RM) glycosidic linkages of the native
acetylated octasaccharide taken as model for the O-antigen, as de-
duced from the MD simulations.

Figure 2. Superimposition of different conformers found during the
MD simulation of the octasaccharide. (a) The glycosidic torsions
for the Man1�4GalA linkage are ΨMG � 0; (b) the glycosidic
torsions for the Man1�4GalA linkage are ΨMG � 0. The trisac-
charide repeating unit is shown in light print.

acetylated molecules are indeed very similar in terms of the
relative orientation of the different moieties and the extent
of flexibility around the glycosidic linkages. Indeed, the ax-
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ial orientation of the acetyl moieties places them almost
perpendicular to the saccharide main chain, with no inter-
actions with the contiguous residues. Thus, the deacetytaled
molecule may be used as a model to study the conforma-
tional dynamics of the O-antigen (Figure 3).

Figure 3. 500 MHz 1H NMR of the deacetylated O-antigen after
purification by size-exclusion chromatography.

NMR Spectroscopic Analysis

The validity of the conclusions taken from the MD simu-
lations was assessed by using NMR spectroscopic data. In
a first step, the NMR spectrum of the deacetylated polysac-
charide was assigned by using a combination of standard
2D techniques. Assignments of 1H and 13C NMR spectra
were made on the basis of DQF-COSY, multiplicity-edited
HSQC (Figure S1, Supporting Information), coupled
HSQC, TOCSY (Figure S2, Supporting Information),
NOESY (Figure S2, Supporting Information), and HMBC
experiments. All chemical shifts are summarized in Table S1
(Supporting Information). As the following step, the NOE
cross peaks were integrated at the different mixing times,
and their values were compared to those computed by ap-
plication of a full-matrix relaxation approach[10] to the
structures saved during the MD simulation of the octasac-
charide model. The comparison of the data for the NOESY
acquired with a mixing time of 150 ms with a variety of
rotational correlation times is shown in Table 1.

The best fit values of the effective correlation times for
the Man1�4GalA, GalA1�3Rha, and Rha1�3Man link-
ages are τC = 5.5, 9, and 16 ns, respectively. These values
indicate that the different linkages show different degrees of
flexibility. In fact, the Man1�4GalA linkage is the most
flexible one, followed by the Gal1�3Rha analogue. Ac-
cording to the NOE data, the Rha1�3Man linkage is
rather rigid. The comparison between the experimental and
theoretical data was performed by using the geometries
from the MD run, as well as an octasaccharide built from
the averaged Φ/Ψ values, for the different glycosidic link-
ages. The fit was very similar independently of the em-
ployed model.

The different flexibility is also in agreement (at least
qualitative) with the shape of the potential-energy sur-
faces.[11] Two different minima are clearly observed for the
Man1�4GalA linkage, with sensibly distinct Φ/Ψ values
(6/40° and –49/–23°). The NOE data indicate that both con-
formers contribute to the polysaccharide shape and, thus,
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Table 1. Experimental and computed NOEs for a 2D-NOESY ex-
periment (150 ms) recorded for the deacetylated O-antigen. The
values between the anomeric 1-H proton of every residue and the
key intra- and interresidual protons are shown. The shadowed val-
ues correspond to overlapped signals in the NOESY spectrum. The
NOESY values from the MD simulation were calculated by using
the MD-computed structures and by employing different effective
correlation times for the 1-H–X-H proton pairs of the different
residues (see text).

[a] Only the most-effective τC values that properly fit the NOEs are
given in parentheses in the first column.

the degree of motion around the Man1�4GalA linkage is
rather high. In contrast, only one main minimum is found
for each of the other two Gal1�3Rha and Rha1�3Man
disaccharide fragments. From the inspection of the poten-
tial-energy surfaces of the two entities, no major differences
are foreseen, although the relative interresidual interactions
are different in the two fragments, because of the different
relative stereochemistries (-Man vs. -Rha).

In any case, as a result of its intrinsically large flexibility,
the polysaccharide antigen would present a high degree of
motion and, therefore, could modulate the presentation of
distinct polar and nonpolar patches for interacting with the
corresponding receptor molecule.

A view of an octasaccharide model of the polysaccharide
in its more-stable conformation (with a negative Φ value for
the Man1�4Gal linkage), as well as a view of its polar and
nonpolar surfaces, is shown in Figure 4. The same infor-
mation for the alternative Φ conformer is also given.

In conclusion, the analysis of the NMR spectroscopic
and molecular mechanics data allows assessing the presence
of different timescales for the motion of an antigenic poly-
saccharide. Although the presence of internal motion for
saccharide glycosidic linkages is beyond discussion, the data
gathered herein show, in a nonambiguous manner, this fact,
as well as the presence of different motional regimes for
the different glycosidic linkages of the molecules. Although
merely speculative, the presence of these distinct motional
timescales could be related to the biological response of this
antigenic molecule.
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Figure 4. Presentation of an octasaccharide of the deacetylated O-
antigen of the SMH12 polysaccharide O-antigen. (a–c) the major
conformation around the Man1�4Gal disaccharide moiety is
shown, with two perspectives of the solvent-exposed surface for the
saccharidic chain; (d–f) the same information, but by using the
minor conformer around the Man�Gal fragment.

Conclusions

The solution conformation and dynamic features of the
deacetylated O-antigen of S. fredii SMH12 was elucidated
by using a variety of NMR spectroscopic and molecular
mechanics calculations. It was shown that the polysaccha-
ride displays a variety of internal motions around the glyco-
sidic linkages, with distinct flexibility depending on the na-
ture of the glycosidic linkage. Indeed, the Manα1�4Gal is
strikingly much more flexible than the alternative
Gal1�3Rha and Rha1�3Man linkages, at least for this
polysaccharide.

Experimental Section and Computational Details
The O-antigen was isolated and its composition identified as de-
scribed previously.[6]



M. A. Rodríguez-Carvajal, A. M. Gil-Serrano, J. Jiménez-Barbero et al.FULL PAPER

Scheme 1. Definition of the key torsion angles of the trisaccharide repeating unit of the O-antigen.

NMR Spectroscopy:[12] Samples were deuterium exchanged several
times by freeze-drying from 2H2O, and then examined in solution
(5 mg/750 µL) in 99.98% 2H2O. Spectra were recorded at 303 K
with a Bruker AV500 spectrometer operating at 500.13 MHz (1H)
and 125.75 MHz (13C). Chemical shifts are given in ppm by using
the 2HHO signal (δ = 4.75 ppm) (1H) and external dimethyl sulfox-
ide (δ = 39.5 ppm) (13C) as references. The TOCSY was acquired
by using a data matrix of 256�2 K points to digitize a spectral
width of 4084 Hz; 16 scans per increment and an isotropic mixing
time of 90 ms were used. The 2D homonuclear DQF-COSY was
performed by using the Bruker standard pulse sequence. A data
matrix of 256�2 K points was used to digitize a spectral width of
3280 Hz; 16 scans were used per increment. The 2D heteronuclear
one-bond proton–carbon correlation experiment was registered in
the 1H-detection mode by single-quantum coherence (HSQC). A
data matrix of 256�1 K points was used to digitize a spectral
width of 3280 and 22522 Hz in F2 and F1; 64 scans were used per
increment. 13C decoupling was achieved by the GARP scheme.
Squared–cosine–bell functions were applied in both dimensions,
and zero filling was used to expand the data to 512�1 K. This
experiment was slightly modified by the implementation of an edit-
ing block in the sequence.[13] The HMBC experiment was per-
formed by using the Bruker standard sequence with 256 increments
of 1 K real points to digitize a spectral width of 4084�30030 Hz;
64 scans were acquired per increment with a delay of 70 ms for
evolution of long-range couplings. The coupled HSQC one-bond
proton–carbon correlation experiment was registered in the 1H-de-
tection mode by single-quantum coherence. A data matrix of
256�2 K points was used to digitize a spectral width of 2694 and
22522 Hz in F2 and F1; 48 scans were used per increment. Squared-
cosine-bell functions were applied in both dimensions, and zero
filling was used to expand the data to 1�2 K. Pure absorption
NOESY experiments was performed with mixing times of 100, 150,
200, and 250 ms. A data matrix of 256�2 K points was used to
digitize a spectral width of 4084 Hz; 32 scans were used per in-
crement.

Molecular Mechanics and Dynamics Simulations: The MD
study was performed with an octasaccharide molecule defined as:
α--Manp-(1�4)-α--GalpA-(1�3)-α--Rhap-(1�3)-α--Manp-
(1�4)-α--GalpA-(1�3)-α--Rhap-(1�3)-α--Manp-(1�4)-α--

GalpA to properly consider the environment of the trisaccharide
repeating unit.[14] The key torsional angles were defined as de-
scribed in Scheme 1.

ΦMG (ΦManp – GalpA): H-1(Man)-C-1(Man)-O-1–C-4(GalA)

ΨMG (ΨManp – GalpA): C-1(Man)-O-1–C-4(GalA)-H-4(GalA)

ΦGR (ΦGalpA – Rhap): H-1(GalA)-C-1(GalA)-O-1–C-3(Rha)

ΨGR (ΨGalpA – Rhap): C-1(GalA)-O-1–C-3(Rha)-H-3(Rha)

ΦRM (ΦRhap – Manp): H-1(Rha)-C-1(Rha)-O-1–C-3(Man)

ΨRM (ΨRhap – Manp): C-1(Rha)-O-1–C-3(Man)-H-3(Man)
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The calculations were performed by using the MM3* as integrated
in the Maestro package[15] by using the GB/SA (generalized born
solvent-accessible surface area) to simulate the water environ-
ment.[16]

The starting structure was built by defining every Φ angle to the
expected exo-anomeric[17] orientation (ΦMG = –60°, ΦGR = –60° y
ΦRM = 60°), whereas all Ψ values were initially set to 0°. This
structure was then minimized by using a conjugate gradient proto-
col until convergence was obtained (energy difference of
0.05 kJÅ–1 mol–1). Then, the minimized structure was employed as
starting structure for MD simulations at 300 K by using the same
force field, MM3*. The integration step was 1 fs. Snapshots were
saved every 8 ps, with a total simulation time of 3 ns. The structures
obtained through the MD simulations were then taken for simulat-
ing the theoretical NOESY spectra by using home-written software,
which is available from the authors upon request.[18] Basically, all
the positions of the protons of the MD-sampled octasaccharide
moieties were considered. Different correlation times were consid-
ered to get the best fit between the observed and expected NOEs.[19]

A final MD run was also performed for the native acetylated mole-
cule. The global minimum found for the deacetylated polysaccha-
ride was modified by setting the corresponding acetyl and methyl
groups at the proper positions and a new 3 ns MD simulation was
launched. Snapshots were saved every 3 ps, and the results were
compared to those acquired for the deacetylated derivative.

Supporting Information (see footnote on the first page of this arti-
cle): Chemical shifts of the O-antigen; HSQC, TOCSY, and
NOESY (150 ms) spectra of the deacetylated O-antigen of S. fredii
SMH12.
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