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The structure and internal dynamics of methylâ-C-lactoside in aqueous solution has been derived by1H
NMR and molecular modeling. A simulated annealing procedure under nuclear Overhauser effect (nOe)
restraints produced a family of 50 structures. However, no single one of them was satisfactory; for each a
rather important deviation between experimental and simulated data was found. Examination of the H-H
correlation times given by off-resonance ROESY and comparison of the experimental and simulated coupling
constants related to the interglycosidic dihedral angles indicated that the problem arose from internal mobility
around theψ angle. Using the result of aφ/ψ map, we have tried to find the best agreement between
experimental and back-calculated nOe distances with two families having the same angleφ but differentψ
values. The best fit is obtained for 40% of (φA ) 295°; ψA ) 300°) and 60% of (φB ) 295°; ψB ) 130°).
This result represents the first step toward comparison of the structure and dynamics ofC- andO-glycosides
in aqueous solution.

Introduction

Recently, the advent of a new class of carbohydrate mimetics,
theC-saccharides,1 has opened a wide research area for the study
of the relationships between their structural and dynamic
properties and their biological activity. Compared to their
O-glycosidic natural counterparts, theC-disaccharides, for which
the interglycosidic bond has been replaced by a methylene
bridge (Figure 1), exhibit a higher chemical and biochemical
stability. However, up to now it is not clear whether or not
such a modification leads to important repercussions of the
properties of these synthetic derivatives. First, the electroac-
ceptor oxygen atom is substituted by a noncharged carbon atom
(the anomeric center is subjected to a formal reduction). Second,
the steric hindering of the interglycosidic bond is modified, as
well as the involved bond lengths and bond angles.
In the hypothesis that theC-disaccharides are structural

mimetics of their natural analogues, it would become possible
to derive the biological properties of the latter compounds from
a study of the former ones. Y. Kishi et al. have shown in many
examples this similitude for what concerns the anomeric effect2

and the exoanomeric effect3. Hartree-Fock calculations were
also in agreement with this.4 Moreover, all these results have
been confirmed by molecular recognition assays in the case of
analogues of blood group determinants.5

For such a study, it is necessary not only to have access to
efficient techniques for the synthesis of these compounds but
also to find adequate biological tests, as well as dedicated
methods for determination of their structure and their internal
dynamics. Owing to its ability to give detailed information
about the structural and dynamic properties of molecules in
solution, liquid-state high-resolution NMR is a powerful tool
for understanding the major biological role of carbohydrates.6

For theO-glycosidic series, the presence of the interglycosidic

bond, however, hampers the1H NMR study. First, it renders
impossible the scalarthrough-bondmagnetization transfer from
one unit to the other. Second, it considerably reduces the
number of dipolarthrough-spacedata between the two units.
The two techniques that give information on the geometry and
the dynamics around the interglycosidic bond, namely, measure-
ment of the long-range13C-H couplings7 and of the 13C
longitudinal relaxation times,8 are rather insensitive and known
to give inaccurate results. From this point of view, the
C-disaccharides present an important advantage over theO-
disaccharides, since they have two hydrogen atoms in a very
strategic position. This enables the recording of data about the
φ,ψ interglycosidic dihedral angles9 (H-H scalar coupling
constants related to them through Karplus-type relationships),
as well as additional interproton distance constraints.
It is known that for medium-sized molecules in aqueous

solution at ambient temperature, the1H longitudinal cross-
relaxation rate is small, whatever the interproton distance, which
does not allow an easy determination of geometric constraints
through this method. Furthermore, the classical ROESY
experiment10sinitially designed to overcome this problemssuffers
from superposition of dipolarthrough-spaceeffects and un-
wanted Hartmann-Hahn through-bondcoherence transfers.11

This phenomenon is frequent for sugars, where strong coupling
conditions can be encountered, since the resonances are in a
rather narrow spectral range.
We have recently suggested a new approach using strong off-

resonance rf irradiation as a spin-lock in the mixing time of a
ROESY pulse scheme12 and have shown that the usual
drawbacks rendering the experiment not easily quantitative
(offset dependence and Hartmann-Hahn transfers) were sup-
pressed. Moreover, playing with the rf offset and/or the rf field
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Figure 1. Molecular drawings of methylâ-lactoside 1 and its
C-analogue methylâ-C-lactoside2.
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strength, we have developed a method for obtaining simulta-
neously structural and motional data per pair of protons without
the usual approximate assumptions.13 This has been applied to
the study of a mixedC/O-trisaccharide analogue of LewisX in
aqueous solution.14 However, although very promising results
have been found for the capability of the method to accurately
determine its 3D solution structure, one of the conclusions was
that it existed in solution in the form of a unique family, with
substantial conformational rigidity. It seemed, therefore, in-
teresting to apply our method to the study of a more flexible
molecule. We have developed a new synthetic pathway, using
radical cyclization, for a more efficient production of methyl-
â-C-lactoside15 (compound2 in Figure 1), and this compound
is ideal for the assessment of the quality of the approach.

Material and Methods

NMR. Acquisition. Compound2 was dissolved in D2O,
freeze-dried, and redissolved in this solvent. The final con-
centration was 15 mM. The NMR study was performed at 22
°C on two spectrometers: a Bruker DRX500 delivering a field
of 11.7 T and a Bruker DRX600 (field of 14 T). The1H spectral
assignment was confirmed by double quantum-filtered COSY16

and multistep relayed COSY17 experiments.
Two-dimensional off-resonance ROESY experiments with a

trapezoidal shape for the spin-lock pulse18 and reduction of the
angular dispersion through irradiation at opposite offsets19

allowed the recording of quantitative cross-relaxation peaks. The
rf field strength was ca. 10 kHz. A quantity of 192 free
induction decays (FIDs) of 2048 points constituted the acquisi-
tion matrix. Eacht1 increment consisted of 32 scans with 3.2
s for the recovery delay between them. The total time of each
experiment was ca. 2 h 30min. A total of 36 experiments were
performed, corresponding to 9 angles between the static field
and the effective field axes (θ ) 10°, 20°, 25°, 30°, 35°, 40°,
45°, 47°, and 54.7°) and 4 mixing times (30, 50, 75, and 100
ms). For a further gain in precision, some 1D off-resonance
ROESY data were also recorded with selective excitation of a
single signal by a shaped 270° Gaussian pulse.20 Three protons
were thereby irradiated: Hlink, H′link, (the two protons of the
methylene linker), and H1′. A quantity of 11 anglesθ (5°, 10°,
15°, 20°, 25°, 30°, 35°, 40, 45°, 50°, and 54.7°) and 5 mixing
times (30, 50, 75, 100, and 150 ms) were retained for each of
them.
Processing. After apodization of the FIDs with a cosine

function in both dimensions, double Fourier transformation, and
zero-filling to 512 points in the indirect dimension, the phase
of the resulting maps was manually corrected and then an
automatic base line correction applied. Details of the procedure
transforming the cross-peak volumes into distance constraints
have already been described in refs 12-14 and are only
summarized in the Appendix. The normalized peak volumes
have been measured and plotted as a function of the mixing
time. The effective cross-relaxation rates have been extracted
for each angleθ by the initial slope approximation. They have
then been plotted as a function ofθ and fitted with the
theoretically expected curve to get the accurate values of the
pure longitudinal and transverse relaxation rates through the
Marquard algorithm.21 For each proton pair, these two values
have been transformed into a geometrical parameter (the
interproton distancerij) and a dynamic parameter (the correlation
time of the H-H vectorτcij).13
Molecular Modeling. The experimental interproton dis-

tances have been introduced in a simulated annealing procedure
in XPLOR 3.1.22 To take into account the experimental error,
the lower and upper bounds have been set to(0.2 Å. Starting
from a template structure exhibiting nonaberrant covalent terms,

a high-temperature dynamics of 1000 K during 10 ps is
simulated with progressive introduction of the nOe restraints
and decrease of the weight of the van der Waals term. An 8 ps
slow cooling step follows during which all energetic terms are
set to their usual values. This procedure is repeated 50 times
with random initial atomic velocities at the beginning of the
high-temperature dynamics. The nOe distances have been back-
calculated after averaging inr-6 over all 50 resulting structures.
The experimental values of the H1′-Hlink and H1′-H′link

coupling constants and the respective chemical shifts of the
interglycosidic protons enable the identification of Hlink as pro-
S. The results of the simulated annealing procedure, which has
been performed without any stereospecific assignment, confirm
this prochiral configuration.
An energy mapφ/ψ has been calculated with the DISCOVER

program23 using the CFF91 force field24 with preliminary
automatic assignment of the atom types and charges. For the
map, each of these dihedral angles has been varied by steps of
3° and kept fixed each time by introduction of fictive forces. A
1000-steps truncated Newton-Raphson minimization has been
applied for each point of the map. The coupling constants
involving the interglycosidic link have then been back-calculated
according to the Karplus relationship parametrized by Haasnoot
et al.25

Results and Discussion

For each proton pair, the measurement of the effective cross-
relaxation rate as a function of the angleθ between the axis of
the field effectively experienced by the nuclei and the static
field axis enables the recording of a structural parameter (the
interproton distancerij) and a dynamic parameter (τcij, “cor-
relation time of the pair” indicative of the reorientational motion
of the proton pair). The important points are (1) that no internal
distance reference is needed, in contrast to the classical method,
(2) the model that we use is that the motion of each proton pair
can be adequately described by an independent Lorentzian
autocorrelation function (no hypothesis is made on the global
motion of the molecule), (3) distances and correlation times are
obtained in the same experiment, and therefore, less bias due
to the dependence of one on the other is introduced. The
complementary use of 2D and 1D off-resonance ROESY has
thereby enabled the accurate determination of 19 local correla-
tion times and 19 H-H distances used as constraints in
molecular modeling. Of them, two are purely interglycosidic
and nine involve a proton of the methylene bridge and a proton
of a pyranosidic ring. Owing to spectral overlap of the H5 and
H6 signals, some of these distances are only average distances
between groups of atoms.
The introduction of these distance constraints in the simulated

annealing procedure leads to 50 structures showing a relatively
high degree of similarity among them: the rmsd of their atomic
coordinates is 0.3 Å when the carbon and intraring oxygen atoms
are considered. When the interproton distances are back-
calculated andr-6 averaged over all 50 structures, the rmsd
between the experimental and simulated data is 0.18 Å. Figure
2A represents the correspondence between the experimental data
and the simulated ones. This rmsd is higher than the corre-
sponding value found for the study of a trisaccharide analogue
of LewisX (0.15 Å, Figure 2C and ref 14), although the average
number of constraints per proton is lower. Moreover, all
structures exhibit at least one nOe violation greater than 0.2 Å.
Also, a comparison of the theoretical vicinal coupling constants
around the interglycosidic link estimated from theφ and ψ
dihedral angles through a simple Karplus-type relationship with
the experimental data is informative (Table 1, columns 1 and
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2). Whereas the experimental and calculated coupling constants
characterizing the dihedral angleφ are in accord (rows 1 and
2), the situation is different forψ (rows 3 and 4). In the case
of φ, the coupling constants represent extrema of the semiem-
pirical law, which should imply a relative rigidity around this
dihedral angle. Conversely, the values observed in the spectrum
for the coupling constants corresponding toψ could reveal the
presence of several conformations in solution. We have also
observed that the six H-H distances that strongly depend on
ψ, i.e., Hlink-H4, H′link-H4, Hlink-H3, H′link-H3, H1′-H4,
and H1′-H3, show the biggest discrepancies between experi-
mental and simulated data (rmsd) 0.23 Å).26 This is compared
with a recent report on a mixture of freeR/â-C-lactose published
by J. Jime´nez-Barbero and co-workers27 that seemed to indicate
that several conformational families were involved in the
apparent dynamics of the compounds. For these authors, the
φ,ψ parameters were found to be identical with those of the
natural lactose, but the ratio of these families was significantly
different.28 However, their results obtained by molecular model-
ing (MM329) showed poor compatibility with the experimental
data determined by steady-state nOe experiments.30

To confirm or disprove the hypothesis of an internal motion
aroundψ, we have examined the dynamic parameter obtained
by the NMR protocol used, i.e., the local correlation time per
proton pair. We have separated them in two classes: the data
corresponding to the mobility aroundψ (class I) and the others
(class II). The histogram in Figure 3 clearly shows that the
correlation times in class I are inferior to those of class II, which
may indicate the presence of internal dynamics involving
rotation aroundψ. The mean value for the correlation times
of class I is 0.15 ns, that of class II is 0.18 ns. The difference

between these values is greater than the rmsd of the total set
(0.02 ns). Applying the student’st-test, which measures the
probability that two small discrete ensembles come from two
subjacent populations having the same average,21 gives a result
of 0.15%. This illustrates the significantly distinct character
of the classes and therefore shows that they are related to
motions on a different time scale. Note that the severe spectral
overcrowding does not allow us to ensure for all protons that
the ratio σ/F (sum of the cross-relaxation rates over direct
relaxation rate) equals 0.5 forθ ) 54.7°, which would indicate
that no mechanism other than the dipolar one influences
relaxation. The second important remark is that for these
correlation time values at 11.7 Tωτc is around 0.5. It falls in
a region where the rationσ/µ is subjected to important variations
as a function ofτc. So we can expect that our sensor for internal
motion is sensitive and precise in this case.

Theφ/ψ map built with the CFF91 force field24 is displayed
in Figure 4. It confirms the presence of several energy minima.
Their positions are in accord with the results found by Jime´nez-
Barbero et al.,27 but their depths are very different, which
illustrates the difficulty of accurately evaluating the energy of
a small molecule. It is also noteworthy that the most important
minima appear in a region compatible with the value ofφ found
by simulated annealing. Given the shape of the energy
landscape, we have tried to determine whether the use of two
populations having differentψ values could improve the fit with

Figure 2. Maps representing the agreement between simulated distances and experimental distances: (A) results for the simulated annealing
procedure (after averagingr-6 over the 50 obtained structures) in the case of theC-lactoside; (B) results for two structural families in the case of
theC-lactoside; (C) results for the simulated annealing procedure in the case of theC-fucosyllactoside (according to ref 14, after averagingr-6 over
the 50 obtained structures).

TABLE 1: Experimental and Simulated Interglycosidic
Coupling Constants

coupling
constants exptl data

one-population
modela

best two-population
modelb

JH1′/Hlink 2.2 1.0 2.0
JH1′/H′link 9.7 10.5 10.8
JH4/Hlink 4.9 9.6 4.8
JH4/H′link 3.5 6.6 3.2

a Φ ) 287°, Ψ ) 24°. b 40% (ΦΑ ) 295°, ΨΑ ) 300°) + 60%
(ΦΒ ) 295°, ΨΒ ) 130°).

Figure 3. Histogram of the correlation times of proton pairs separated
in two groups: those related to the mobility aroundψ (set I) and the
others (set II).
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the experimental data. In particular, we have done the following
calculation. By keeping the more localized minimum (φ )
295°; ψ ) 300°: population A), we have calculated the rmsd
of the “apparent” H-H distances (eqs 1 and 2) with the
experimental data as a function of the proportionpB of a second
population B (φ ) 295°; ψ ) ψB):

To obtain more clear results, only the six H-H distances
depending on the angleψ are taken into account in this
calculation.26 The contour plot representing this rmsd as a
function of ψB and pB is displayed in Figure 5. A unique
minimum is observed, corresponding to a second population
pB of 60% having an angleψB of 130°. The value of the
minimal rmsd is 0.1 Å, which is a good result compared to the
precedent value of 0.23 Å obtained after the simulated annealing
procedure (corresponding to a meanΨ angle of 24°). More
interestingly, the total rmsd between experimental and simulated
data for all distances that were used as constraints becomes now
0.09 Å instead of 0.18 Å (Figure 2B). This rmsd is almost
equal to the partial rmsd for the “optimized” distances.
Furthermore, the coupling constants back-calculated with the
two-population hypothesis are now in good agreement with the
experimental ones, as is attested by comparison of the first and
last columns in Table 1. The two conformational families A
and B are displayed in Figure 6. Concerning theφ andψ angles,
they are close to what was found for natural lactose,31 but their

relative proportion is different. However, contrary to previously
published results,27 the major conformation (population B) is
the same for the natural andC-disaccharidic series. It is noticed
that the nOe distances including the protons H6 of glucose have
been back-calculated by variation of the dihedral angleø and
by averaging inr-6 of the resulting distances. A 80° value for
ø under these conditions leads to the best agreement between
experimental data and simulated ones. This result is coherent
with the low value ofJ56 observed in the1H spectrum (1.7 Hz).

Conclusions

Although the experimental method used here is expected to
give results more accurate than results from the classic approach,
the general problem encountered during the study of solution
structures of molecules by NMR is that the experimental data
represent average values. As outlined by Ernst and co-
workers,32 even if after molecular modeling the resulting
structures fulfill all the experimental constraints, it does not
prove that all conformational families are represented. To
sample them more correctly, it is possible to use simulation
procedures such as those employing time-33 or ensemble-
averaged34 distance constraints or to work on distance subsets
with cross-validation35 or search algorithms.32 It can also be
helpful to perform specific NMR experiments designed to detect
particular internal motions. Off-resonance ROESY at various
anglesθ belongs in this category, since it provides information
on the local dynamics of proton pairs.
Applied to the study of methylâ-C-lactoside in aqueous

solution, this method has pointed out the presence of different
internal motions. We have shown that this could be due to the

Figure 4. Isoenthalpic map for methylâ-C-lactoside obtained by
variation of theΦ andΨ angle values (3° steps) and minimization at
each point with 1000 steps of truncated Newton-Raphson. Contours
are given for every 1 kcal mol-1 .

Figure 6. Stereowiew of the two structural families A and B. In solid gray is structure A, and in black is structure B. The left is the galactose unit.

ri
app) ((1- pB)rA i

-6 + pBrBi
-6)-1/6 (1)

rmsd)x∑
i

[(r i
app- r i

exp)2]/n (2)

Figure 5. A 2D map of the rmsd (in angstroms) between the
experimental H-H distances and the back-calculated ones with the two-
population model as a function ofpB andψB. pB andψB have been
varied by steps of 10% and 5°, respectively.
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presence of two conformational families in fast exchange
(nanosecond time scale). It appears that natural lactose and its
synthetic analogue show common features not only for what
concerns the anomeric and exoanomeric effects but also for the
rather reduced mobility aroundφ. This can explain that the
affinity for a lectine such as mucine36 is identical forC-lactose
and O-lactose. However, the proportion of conformational
families having differentΨ is not identical between C and O
series. Experiments are actually in progress in the laboratory
to quantify these results via a comparative study.
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HervéDesvaux.

Appendix

Obtaining Interproton Distances and Correlation Times
from Off-Resonance ROESY Experiments. Details of the
method transforming the measured cross-relaxation rates in
interproton distances and correlation times have been described
in refs 12-14. Let us summarize its principles. In our pulse
scheme of off-resonance ROESY, dipolar relaxation along the
effective field experienced by the protons is studied. The
effective relaxation rates are thus weighted averages of the pure
longitudinal and transverse relaxation rates as a function of the
angleθ between this effective field and the static field axes.
This angle is directly related to the rf offset∆ and rf field
strengthω1 by the relation tanθ ) ω1/∆. Playing with one of
these two parameters (or both) allows the accurate determination
for each proton pair of bothσij andµijsthe pure longitudinal
and transverse cross-relaxation rates, respectively. Without any
assumption about the motion, they can be expressed as linear
combinations of the spectral densities at particular frequencies:

Assuming now that the motion of each proton pair can be
adequately described by a monoexponential autocorrelation
function, it is possible to write

From eqs 3-5, the interproton distancerij and the correlation
time τcij can be extracted with high accuracy without the need
of an internal reference.

Abbreviations and Acronyms

nOe nuclear Overhauser effect

rmsd root-mean-square deviation

COSY correlation spectroscopy

ROESY rotating-frame Overhauser effect spectroscopy
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