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Abstract

The conformational behavior of the trisaccharide fragments of the Ogawa and Inaba Vibrio cholera serotypes has
been studied using NMR and molecular dynamics (MD). The obtained results indicate that there are no significant
differences in the major conformation and in the extent of motion of the glycosidic torsions of these molecules. The
differences in biological activity are probably not due to conformational effects but to van der Waals and/or
hydrogen bonding interactions between the antigens and the biological receptor. © 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

The most common pathogen causing epi-
demic cholera is Vibrio cholera of serogroup
O1 [1–4]. Ogawa and Inaba are the serotypes
that constitute specific antigens [1–4]. Both
structures are immunologically recognized
with a high degree of crossreactivity, but also
in a serotype-specific fashion. The specific
recognition was expected to be associated with
a short fragment at the ‘nonreducing’ end of
the polysaccharides because the only differ-
ence between the serotypes is the presence in
the Ogawa O-polysaccharide portion (O-PS)

of an O-2 methylation in the terminal ‘nonre-
ducing’ sugar. Moreover, it was demonstrated
with polyclonal [5] and monoclonal [6] anti-
bodies that the terminal mono- and disaccha-
rides are responsible for the Ogawa specific
recognition.

An understanding of the O-PS mode of
binding by IgG antibodies and the three-di-
mensional structures of the bound antigen
would be of major importance in the design of
an efficient vaccine against cholera. The
serotype-specificity of the V. cholerae resides
in the O-PS of the lipopolysaccharides, which
is located in the outer membrane of such
pathogens. The O-PSs of Ogawa and Inaba
are composed of a chain of 15 a-(1�2)-linked
D-perosamines with their amino groups acy-
lated with 3-deoxy-L-glycero-tetronic acid [1–
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4]. The only difference between both serotypes
is the presence of O-2 methylation in the
terminal nonreducing sugar of the Ogawa
serotype [1–4]. In addition, different results
have demonstrated that the absolute configu-
ration of the perosamine residue plays a key
role in the expression of the serological specifi-
city of the Inaba antigen factor C of V.
cholerae O1 [7].

From an immunological point of view, the
understanding of the mode of binding of the
O-PS to IgG antibodies is of major impor-
tance. In this process, knowledge of the 3D
structure of the bound antigen would be vital
[8,9]. The first step of this study requires
knowledge of the spatial structure and dynam-
ics of the antigen in the free state. Since
Ogawa and Inaba serotypes are linear homo-
polysaccharides, which only differ in the O-2
methylated terminal nonreducing sugar,
knowledge of the conformational behavior
and of the extent of motion of the glycosidic
angle torsions in the minimum biologically
active trisaccharide fragments of the antigens
[10] may be used as a model to understand the
behavior of the O-PS in the free state.

2. Materials and methods

Molecular mechanics and dynamics calcula-
tions.—The torsional angles f and c are
defined as H-1 C-C-1 C-O-1 C-C-2 B and C-1
C-O-1 C-C-2 B-H-2 B, for the linkage between
the nonreducing end and the second residue
and H-1 B-C-1 B-O-1 B-C-2 A and C-1 B-O-1
B-C-2 A-H-2 A, for the linkage between the
second residue and the reducing end. The
3-deoxy-L-glycero-tetronic acid chain is indi-
cated by Greek letters.

Molecular mechanics (MM) and molecular
dynamics (MD) calculations and simulations
were performed using the MM3* force field
[11], as integrated in MACROMODEL [12].
First, potential-energy maps were calculated
for the constituent disaccharide fragments: re-
laxed (F, C) potential-energy maps were cal-
culated as described [13]. One initial geometry
of the secondary hydroxyl groups of the pyra-
noid moieties was considered, r (reverse clock-
wise). The previous step involved the

generation of the corresponding rigid residue
maps by using a grid step of 18°. Then, every
F, C point of this map was optimized using
200 steepest descent steps, followed by 1000
conjugate gradient iterations. From these re-
laxed maps, the probability distributions were
calculated for each f, c according to a Boltz-
mann function at 303 K.

The starting structures of both trisaccha-
rides 1 and 2 of the polysaccharide were built
by combining the more stable conformers (A
and B) of the two glycosidic linkages and
subjecting them to extensive energy minimiza-
tion with conjugate gradients (maximum
derivative B0.001 kcal/A, ). An extended
structure of the acyl chain was considered.
These were then used as the starting ge-
ometries for MD simulations [14] at 300 K.
The average temperature in the simulations
was 300 K with S.D.95 K. The GB/SA
(generalized Born solvent-accessible surface
area) solvent model for water [15] was used
for the MM3* simulations with a time step of
1 fs. The equilibration period was 100 ps.
After this period, structures were saved every
0.5 ps. The total simulation time was 5 ns for
every run. Four runs (with two initial con-
formers for each glycosidic linkage: AA, AB,
BA, and BB) were performed. Similar results
were obtained in all cases and then average
distances between intra- and inter-residue pro-
ton pairs were calculated from the dynamic
simulations.

The calculations were performed in a Sili-
con Graphics O2 workstation.

NMR spectroscopy.—NMR experiments
were recorded on a Varian Unity 500 spec-
trometer, using approximately 3 mg/mL solu-
tion of the trisaccharides at different
temperatures. Chemical shifts are reported in
ppm using acetone as the internal reference (d
2.225 ppm for 1H and 30.5 ppm for 13C). The
double quantum filtered COSY spectrum was
performed with a data matrix of 256×1K to
digitize a spectral width of 2000 Hz; 16 scans
were used with a relaxation delay of 1 s. The
2D TOCSY experiment was performed using
a data matrix of 256×2K to digitize a spec-
tral width of 2000 Hz; four scans were used
per increment with a relaxation delay of 2 s.
MLEV 17 was used for the 100 ms isotropic
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mixing time. The one-bond proton–carbon
correlation experiment was collected using the
gradient-enhanced HMQC sequence. A data
matrix of 128×1K was used to digitize a
spectral width of 2000 Hz in F2 and 10,000 Hz
in F1. Four scans were used per increment
with a relaxation delay of 1 s and a delay
corresponding to a J value of 145 Hz. 13C
decoupling was achieved by the WALTZ
scheme. The 2D-HMQC-TOCSY experiment
was conducted with 80 ms of mixing time
(MLEV 17). The same conditions as for the
HMQC were employed. HMBC experiments
were performed using the gradient-enhanced
sequence with a data matrix of 256×2K to
digitize a spectral width of 2000×15,000 Hz;
eight scans were acquired per increment with a
delay of 65 ms for evolution of long-range
couplings.

2D NOESY, 2D-ROESY, and 2D-T-
ROESY experiments were performed using
four different mixing times, namely 150, 300,
450, and 600 ms, with 256×2K matrixes.
Good linearity was observed up to 200 ms
(NOESY) and 300 ms (ROESY). Estimated
errors in the NOE intensities are B20%.

NOE calculations.—NOESY spectra were
simulated according to a complete relaxation
matrix approach following the protocol de-
scribed previously [16], using four different
mixing times (between 150 and 600 ms). The
spectra were simulated from the average dis-
tances �r−6�kl calculated from the MD simu-
lations. An isotropic motion and an external
relaxation of 0.1/s were assumed. A tc of 175
ps was used to obtained the best match be-
tween experimental and calculated NOEs for
the intra-residue proton pairs (H-1/H-2 for all
residues). All the NOE calculations were per-
formed automatically by a homemade pro-
gram, available from the authors upon request
[16].

3. Results and discussion

Conformational analysis: molecular dynamics
studies.—In order to determine the overall 3D
structure of the trisaccharides, molecular me-
chanics and dynamics calculations were per-
formed. Information on the amount of

Fig. 1. Schematic view of compounds 1 and 2 showing the
atomic numbering.

conformational space accessible was obtained
through MD simulations of 1 and 2 (Fig. 1).
Simulations with the MM3* program and the
GB/SA solvent model were performed as they
have provided satisfactory results in the study
of the conformation of a variety of oligosac-
charide molecules [17]. First, relaxed poten-
tial-energy maps (F/C) were calculated for
the disaccharide fragment. The glycosidic link-
age presents well-defined low-energy regions,
with two major conformers, A and B, and a
minor one, C, which covers B20% of the
complete potential-energy surface. The low-
energy region (A and B conformers) show F
values (Table 1) which are centered around
those expected for the exo-anomeric effect
[18], although the expected probability distri-
butions occupy a wide surface. The associated
relevant proton–proton inter-residue distances
of the different maps that may be correlated

Table 1
Glycosidic torsion angle values (F, C) of the predicted min-
ima and MM3* populations (GB/SA solvent model) of the
low-energy regions of trisaccharides 1 and 2 a

Conformer

CA B

−52/−25 −44/31 49/47Torsion angle (F/C)
0.119.080.9Population (%)

a The regions around F extend ca. 25 and 35° around C.
The results are basically identical for both compounds and
both glycosidic linkages.
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Fig. 2. Trajectory plots of the MD simulation (5 ns) of 1 by using MM3*. The trajectories of the simulation in F/C space for
every glycosidic linkage are shown.

with experimental NOE information [19] are
similar to both glycosidic linkages, and there-
fore only one of them is given: short H-1
A�H-1 B and H-2 A�H-2 B distances are
exclusive for conformer C. Short H-1 A�H-5
B and H-1 B�H-2 A distances are expected for
both conformers A (2.3 and 2.6 A, , respec-
tively) and B (3.1 and 2.3 A, , respectively),
while a relatively short H-5 B�H-2 A distance
(3.0 A, ) corresponds with conformer A. Two
models of trisaccharides 1 and 2 were then
built, composed of the two glycosidic linkages
of the molecule and the glycerotetronic acid
chain, and submitted to different 5 ns simula-
tions. For all linkages, the glycosidic torsion
angles cover a well-defined part of the com-
plete F/C map (Fig. 2). The glycosidic torsion
angles F and C show oscillations centered at
the regions of conformers A and B, although
minor excursions to the region of conformer C
are also observed. In all cases, these torsional
oscillations are more pronounced around C,
as expected by the operativity of the exo-
anomeric effect around F. No excursions to
the anti F or C regions were evident. In terms
of the available space for the interglycosidic
torsion angles, the calculated results are fairly
similar for the a-(1�2) linkages, independent
of the O-methyl substitution at the nonreduc-
ing end of the Ogawa serotype 2. With respect
to the accessible conformational space for the
tetronic acid linkage, the results indicate a
large accessible area of conformational space.
In most cases, several transitions between the
rotamers of the acid chain were observed.
Nevertheless, it displayed either the gg or the

gt conformations for most of the simulation
time (\90%, [20]) Finally, the average ex-
pected interproton distances from the different
MD simulations (Table 2) were estimated and
compared to those observed experimentally.
No close proton–proton distances were de-
duced from the MD models (Fig. 3), which
were not apparent in the experimental NOE
data.

A superimposition of different conformers
found in the MD simulation is shown in Fig.
4. Despite the relatively narrow variation of
the glycosidic torsion angles, the conforma-
tional space accessible to the tetronic acid
chain may be large. Regarding the orientation
of this chain, it may display a variety of
orientations with respect to the sugar residues.

Table 2
Average relevant proton–proton inter-residue distances (A, )
from the MD simulations for 1 and 2 and experimentally
deduced NOE distances a

MD NMR

B H-1/A H-2 2.4 2.4–2.6
2.4 2.4–2.6C H-1/B H-2
2.8A H-1/B H-5 2.6–2.8
2.8B H-1/C H-5 2.6–2.8
3.6A H-2/B H-5 \3.5
3.6B H-2/C H-5 \3.5
3.8A H-1/B H-1 \3.5
3.8 \3.5B H-1/C H-1

\3.54.4A H-2/B H-2
\3.54.4B H-2/C H-2

2.52.5A H-1/A H-2
2.52.5B H-1/B H-2
2.5C H-1/C H-2 2.5

a The average simulation results for both compounds are
basically identical. The values are rounded. Values \3.5 A,
correspond to NOEs that were not observed.
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Fig. 3. History plots of the relevant proton–proton inter-residue distances across the different glycosidic linkages as calculated by
one MD simulation (5 ns) of 1 using MM3*.

Nevertheless, a systematic calculation of the
variation of the corresponding torsion angle
indicates a preferred conformation around the
C b–C g linkages, with values of ca. 180° for
(C a–C b–C g–C d), in agreement with the
published X-ray structures [21,22] of the
corresponding 2-OH and 2-OMe
monosaccharides.

Similar results are observed for both trisac-
charides 1 and 2, regarding the oligosaccha-
ride backbone and the lateral chain. Thus, the
results do not depend on the nature of the
O-methyl substitution acyl chain. Only a large
variation on the orientation of the O-methyl
chain was observed. A superimposition of dif-
ferent conformers found in the MD simula-
tion is shown in Fig. 4.

1H NMR.—Since NMR parameters are es-
sentially time-averaged, it is possible to de-
duce the information from these experiments
that corresponds to the time-averaged confor-
mation in solution. The validity of the theoret-
ical results has been tested using NMR
measurements of vicinal coupling constants
and NOEs. 1H and 13C NMR spectra were

assigned completely by a combination of
homonuclear COSY, TOCSY, and heteronu-
clear HMQC (Fig. 5), HMBC, and HMQC-
TOCSY techniques. These latter two
techniques were crucial for resolving the final
ambiguities. The corresponding 1H and 13C
NMR chemical shifts are listed in Table 3. No
severe overlapping was observed and unam-
biguous conclusions could be obtained. For
both oligosaccharides, the pyranoid rings can
be described as essentially monoconforma-
tional 4C1, as deduced from the vicinal pro-

Fig. 4. Superimposition of different snapshots of the Ogawa
trisaccharide taken from MD simulations. The existence of an
important amount of flexibility around the glycosidic linkages
is evident.
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Fig. 5. Key regions of the HMQC 500 MHz spectra (mixing time 500 ms) at 299 K in D2O.

ton–proton couplings (data not shown).
NOESY and ROESY experiments were then
used to qualitatively estimate proton–proton
inter-residue distances [23]. For 1, all NOESY
cross peaks were positive (Fig. 6) at 500 MHz
and 299 K. The distances were estimated using
the isolated spin pair approximation and are
given in Table 2. The H-1/H-2 intra-residue
signals were used as a reference. The MD-cal-
culated distances are also shown in Table 2. A
satisfactory matching is observed between the
distances found experimentally and those esti-
mated through MD simulations, indicating a
conformational equilibrium between A and B
conformers. It is evident that conformer C is
basically absent from the equilibrium, since no
inter-residue H-1 C�H-1 B or H-2 C�H-2
B cross peaks could be detected. The inter-
residue H-1 C–H-2 B (2.5 A, ) and H-1 B–H-5
C (2.7 A, ) distances are basically identical for
both linkages and are in good agreement with
the MD simulations. These experimental dis-
tances are in between those expected for con-
formers A and B (see above). On the other
hand, no NOEs were observed for the H-2
C–H-5 B distance (exclusive for conformer A)
as also deduced from MD simulations (aver-
age 3.5 A, ).

The conformation of acetamido, formamido
and amino derivatives of a-(1�2)-linked di-

saccharides has been studied previously [24].
These sugars appear in the structure of
Yersinia O:9 and Brucella abortus polysaccha-
rides and only differ in the carboxylic acid
that acylates the amino group of the sugar.
Indeed, some serological testing was per-
formed to compare the B. abortus and V.
cholerae cross-reactivity [25]. The only slight
difference in conformational terms between
those studies and these presented herein refer

Table 3
1H and 13C NMR chemicals (d, ppm) shifts of methyl
4,6-dideoxy-4-(3-deoxy-L-glycero-tetronamido)-a-D-manno-
pyranosyl - (1�2) -4,6 -dideoxy-4 - (3 -deoxy- L -glycero - tetro-
namido) - a - D - mannopyranosyl - (1�2) - 4,6 - dideoxy - 4 - (3-
deoxy-L-glycero-tetronamido)-a-D-mannopyranoside (Inaba,
1) in D2O at 37 °C a

B CB C 13C1H AA

5.134.88H(C-1) 102.4101.299.2C-15.00
3.96 77.7 69.24.11 4.07 C-2H(C-2) 77.7
4.00 68.5 68.23.91 3.87 C-3H(C-3) 68.2

52.752.752.7C-4H(C-4) 3.863.883.92
3.84 67.2 66.73.91 3.87 C-5H(C-5) 66.7
1.12 1.15 1.15H(C-6) C-6 19.119.1 19.1
3.64OMe 60.2

a L-glycero-Tetronic acid: (1H/13C), a (C�O) 176.7 ppm, b
4.25/69.2 ppm, g 1.81, 1.98/36.7 ppm, d 3.73/58.2 ppm. The
only differences for (2, Ogawa) are at position 2 of residue C
(3.74/82.9 ppm) and OMe 3.46/62.7 ppm.
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Fig. 6. Key regions of the NOESY 500 MHz spectra (mixing time 450 ms) at 299 K in D2O.

to a slight change in the conformational distri-
bution between conformers A and B. The lack
of A H-2/B H-5 and B H-2/C H-5 NOEs and
the presence of A H-1/B H-5 and B H-2/C
H-5 NOEs with medium-size intensities indi-
cates that, for the V. cholerae oligosaccha-
rides, conformer B is indeed present in the
conformational equilibrium with an important
participation, in contrast with the reports for
the Brucella O-polysaccharides, for which con-
former A was deduced to be predominant [24].
Nevertheless, the steric energy difference be-
tween A and B is indeed small, according to
the MM3* calculations, and both conformers
are predicted to exist.

The results obtained indicate that these un-
restrained MD simulations [26] provide a fair
description of the motion around the different
glycosidic linkages of this molecule, at least in
this particular case. Regarding the acyl chain,
there are no NOE contacts between its pro-
tons and those of the oligosaccharide, apart
from the trivial ones with the corresponding
H-4, indicating that this chain may adopt a
variety of conformations. Nevertheless, the

coupling constants for the b protons are ca.
3.9 and 8.5 Hz, similar to those reported for
the monosaccharide entities, indicating a fa-
vored orientation around the b–g linkage.
These values are in good agreement with those
expected for the calculations described above
and with the X-ray data [21,22].

Summarizing the theoretical results, the ter-
minal methyl group has, therefore, no effect
on the conformation of the Ogawa O-PS. It
seems that there is a reasonable amount of
conformation freedom for the glycosidic and
exocyclic torsion angles of both trisaccharides,
although a representative major conformer
may be deduced from Fig. 4. It seems reason-
able to think from the data obtained herein
that the nature of the receptor binding sites
may modulate the biological response of both
antigens, through different van der Waals
and/or hydrogen bond interactions with the
two antigens. In fact, recent binding studies [6]
of derivatives of the Ogawa monosaccharide
and two antibodies have shown that the C-2
O-methyl group fits into a cavity of the anti-
body and that hydrogen bonds involving the 2
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and 3 positions of the sugar moiety as well as
the b position in the amide side chain are
required.
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