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Abstract—The conformational behaviour of the C-glycoside B-C-Gal-(1—3)-B-Glc-OMe (1) has been studied using a combination
of molecular mechanics and NMR spectroscopy (proton—proton coupling constants and nuclear Overhauser effects). It is shown
that the C-disaccharide populates two distinctive conformational families in solution, the normal syn-yy conformation, which is
the predominating conformation of parent O-glycoside 2, and the anti-y conformation, which has not been detected for the

O-disaccharide.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The search for new glycomimetics has led to a group of
compounds denoted C-glycosides, in which the ano-
meric oxygen atom has been replaced by a methylene
group.! The determination of the three-dimensional
structure of C-glycosides and its comparison with that
of O-glycosides is of primary importance to evaluate
the potential of the C-analogues as glycosidase inhibi-
tors. Kishi and co-workers, based mainly on the analysis
of proton—proton coupling constants, have concluded
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that both types of compounds exhibit similar conforma-
tional properties in solution.”? However, a detailed con-
formational analysis of a number of C-disaccharides
has revealed that the conformational similarity between
the O- and C-glycosides is not a general phenomenon.’
For instance, C-lactose and C-mannobiose present sig-
nificant differences relative to their parent O-glycosides.*
These findings have encouraged us to extend the com-
parison between C- and O-glycosides to other linkages.
Here, we now report the conformational analysis of
the C-disaccharide B-C-Gal-(1—3)-B-Gle-OMe® (1) in
water and methanol using NMR spectroscopy in tan-
dem with molecular mechanics calculations, and the
comparison with the parent O-disaccharide (2). The B-
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(1—3)-linkage is present in some of the histo-blood
group carbohydrate antigens,® specifically in H types
1,3 and 4, A type 1, Lewis A and B, and in the disaccha-
ride B-laminarabiose, which is the repeating unit of fun-
gal PB-(1—3)-glucans that have antitumoural and
immunomodulatory properties.’

2. Results and discussion

The protocol used to deduce the conformational behav-
jour of 1 and 2, which has been described,* involves the
calculation of the conformational energy maps by
molecular mechanics calculations, followed by the deter-
mination of the expected NMR parameters, vicinal pro-
ton—proton couplings (J) and nuclear Overhauser effects
(NOE) from the population distribution, and the com-
parison with the experimental data to validate the theo-
retical results. Three staggered conformations around
the glycosidic bond are possible, which have been
termed exo-syn (60°), exo-anti (180°) or non-exo
(—60°), by considering their accordance with the exo-
anomeric geometry and their disposition in a syn- or
anti-type arrangement. Regarding the aglyconic bond,
the three staggered conformations are denoted as syn-
(+), syn-(—) and anti, corresponding to dihedral angle
values of 60°, —60° and 180°, respectively, although an
eclipsed orientation syn-(eclipsed) may also occur.

2.1. Molecular mechanics calculations

The energy maps of 1 and 2 as a function of the glyco-
sidic (¢) and aglyconic (1) torsions were built using the
mM3* force field.® The dihedral angles were defined as
¢(H1'-C1'-X-C3) and y/(C1'-X-C3-H3). Four relaxed
energy maps were calculated to take into account differ-
ent orientations for the hydroxymethyl group. The adi-
abatic surfaces built from the relaxed maps along with
the probability distributions obtained according to
Boltzmann functions are shown in Figure 1. The relative
populations as a function of ¢ and  are shown in Fig-
ure 2.

For O-glycoside 2, about 98% of the population is
located in the central low-energy region represented by
global minimum A, which belongs to the syn-¢/syn-y
conformational family (Table 1). The anti-y minimum
B and the anti-¢ minimum C are barely predicted by
the calculations (about 1% of each conformer). These

results are consistent with previous computational studies
performed for p-(1—3) linkages. For instance, the Mmm3°
energy maps of PB-laminarabiose (B-Glc-(1—3)-B-Glc)
and B-Gal-(1—3)-B-GIlcNAc are very similar to that of
2.' More recently, the conformational behaviour
around the B-(1—3) linkage of P-laminarabiose was
investigated in detail through molecular dynamics
(MD) simulations in water.'' The dihedral angles exhib-
ited a rather low degree of flexibility and the trajectory
remained in the central lowest energy region. The anal-
ysis of a set of crystallographic structures of oligosac-
charides containing the B-(1—3) linkage revealed that
the molecules adopted syn-¢/syn-yy conformations in
the solid state, in agreement with the theoretical re-
sults.'? Also, the conformational preferences around this
linkage have been investigated in solution through
NMR spectroscopy. The application of quantitative
NOE measurements for Lewis a and Lewis b determi-
nants showed that only the syn-¢/syn-y orientations of
the B-Gal-(1—3)-B-GlcNAc linkage produced simulated
spectra agreeing to the NOESY spectra.'® Moreover, the
¢ and y dihedral angles derived from the 3JH1/,C3and
3JC1’,H3 coupling constants'* for B-laminarabiose are
consistent with the predominance of the syn-¢/syn-y
conformation.'®> Nevertheless, unambiguous experimen-
tal evidence for the existence of the anti-}y conformation
in DMSO solution was provided for the B-Gal-(1—3)-p-
Glc-OMe disaccharide through the detection of a diag-
nostic hydrogen bond in a partially deuterated sample.'®

The analysis of the distribution map of C-glycoside 1
reveals the presence of five low-energy conformations
(Fig. 3). Again, the syn-¢/syn-yy conformational family
is the most populated, accounting for 72% of the popu-
lation. This lowest energy region is centred around ¢ =
60° and defined by i values between 90° and —90°.
Two minima are located in this area, the global mini-
mum A and a local minimum D with a relative energy
of approximately 1 kcal/mol. These minima correspond
to the syn-y(+) and syn-(—) staggered conformations,
respectively. A small population (about 3%) of the non-
exo conformation not detected for the parent O-glyco-
side due to the occurrence of the exo-anomeric effect is
also predicted (minimum E). Remarkably, the calcula-
tions indicate that the syn-¢/anti-y conformational fam-
ily, in contrast to O-disaccharide 2, is populated
significantly in solution, with 24% of the population
concentrated around minimum B. The calculations sug-
gest that C-disaccharide 1 presents the same conforma-
tional preference around the glycosidic bond as its
parent O-disaccharide (exo-anomeric conformation),
but more conformational diversity around the aglyconic
bond. Similar conclusions were reported by Mikros
et al. on the basis of their Mm3 calculations (¢ =4) of
the C-analogue of p-laminarabiose.!” According to their
calculations, the relative energy of the anti-yy conformer
with respect to the most stable syn-yy conformer for the
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Figure 1. Adiabatic (a, c) and population distribution (b, d) maps for 1 (a, b) and 2 (c, d). Energy contours are given every 0.5 kcal/mol. Distribution

contours are given at 10%, 1% and 0.1% of the population.
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Figure 2. Relative populations of 1 (a, b) and 2 (c, d) as a function of the dihedral angles ¢ (a, c) and ¥ (b, d).
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Table 1. Torsion angle values and relative Mm3" energies of the
predicted minima and populations (%) of the low-energy regions

Minima  Torsions (¢/yy)  Pop. (%)  Type (¢)  Type (¥)
Compound 1

A 57/25 98 exo-syn syn

B 41/168 1 exo-syn anti

C 165/16 1 exo-anti syn
Compound 2

A 65/56 60 exo-syn syn-(+)
B 45/176 24 exo-syn anti

C —171/53 1 exo-anti syn-(+)
D 38/-59 12 exo-syn syn-(—)
E —57/-54 3 non-exo syn-(—)

The conformational families of the minima are indicated.

O-disaccharide is 3.6 kcal/mol and, therefore, only the
latter conformational family would exist in solution.
In contrast, the relative energy between both conformers
for the C-analogue is 1.1 kcal/mol, implying that the
anti-yy conformational family should also be populated
in solution.

2.2. NMR spectroscopy

The validity of the theoretical results was verified for 1
through NMR  spectroscopy. The '"H NMR spectrum

in D,O was assigned using a combination of COSY
and HSQC experiments (Table 2). The diastereotopic
assignment of the prochiral HpR and HpS protons of
the methylene bridge was performed using a protocol
similar to that described previously, based exclusively
on a combination of J and NOEs values.** The intra-
ring vicinal proton—proton coupling constants proved
that the six-membered rings adopt the *C; chair confor-
mation. The major advantage of the conformational
studies of C-glycosides with respect to O-glycosides is
that four proton—proton coupling constants across the
pseudo-glycosidic linkage can be measured and con-
verted into dihedral angles through the well-established
Karplus—Altona equation.'® Second-order analysis of
the spectrum was performed to obtain refined values
for these couplings (Fig. 4).

The experimental couplings can be compared with the
calculated values for minima A—E and for the ensemble
average (Table 3). The small 3JH1r,HpS value reveals that
the non-exo conformer is barely populated in solution
because this geometry places H1’ and HpS in an anti
disposition and a higher coupling constant would be
expected if this conformer was populated appreciably
in solution. Analogously, the large 3JH1/,HPR value dis-
cards the presence of a significant population of the
anti-¢ conformer that arranges H1’ and HpR in a
gauche relationship. Both conclusions are consistent

e Y

Min. A, syn-y(+)

Min. B, anti-y

Hhe ok,

Min. C, anti-¢

Min. D, syn-y(-)

Min. E, non-exo

Figure 3. Views of the major low-energy conformations obtained by MM3™ calculations for C-disaccharide 1.
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Table 2. 'H and '*C NMR chemical shifts (8, ppm) of 1 in D,O and CD;0D at 298 K

D,O CD;0D
lH 13C IH 13C

D,O CD;0D
IH 13C lH 13C

I’ 3.45 81.5 3.40 80.4
2 3.42 74.1 342 72.8
3 3.60 76.7 3.44 75.9
4 3.94 72.0 3.84 70.7
5! 3.62 81.3 3.48 80.1
6'a 372 64.0 3.73 62.9
6'b 3.69 3.67

pS 2.23 334 2.34 33.1
PR 1.79 1.76

1 4.33 107.6 4.15 106.6
2 3.31 75.2 3.15 73.9
3 1.80 47.17 1.69 46.9
4 3.31 70.7 3.21 70.1
5 3.47 81.5 3.31 80.5
6a 3.91 64.2 3.87 62.7
6b 3.69 3.64

Me 3.55 59.8 3.53 56.9
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Figure 4. Expansions of the low-frequency region of the experimental
'H spectra (top traces) of 1 in D,O (a) and CD;0D (b) together with
the simulated spectra (bottom traces). The singlet peak arises from
residual acetone.

with MM3™ calculations that predict very low popula-
tions for both regions of the conformational map. Basi-
cally, the extreme values for the two coupling constants
across ¢ bond confirm that 1 adopts predominantly the
exo-syn conformation around the glycosidic bond, as do

regular O-glycosides. In contrast, the intermediate val-
ues for the two couplings across the y bond (3JH3—HpS
and 3Jm,HpR) reflect the existence of significant confor-
mational averaging around the C-aglyconic torsion,
which is consistent with the coexistence of the syn-y
and anti-y conformational families predicted by the cal-
culations. Satisfactory agreement between the experi-
mental and the theoretical couplings for the
distribution is obtained (Table 3). A clear difference be-
tween the calculated and the measured values is ob-
served, however, for the Jy3 pps coupling constant.
The ensemble average value is higher than the experi-
mental value, suggesting that the population of the
syn-y(+) conformation, which arranges both protons
in an anti disposition, is overestimated by the
calculations.

Further structural information can be extracted from
NOESY and ROESY experiments to complement the
coupling constants data. Unfortunately, the measure-
ment of NOE intensities in D,O was hampered by the
existing signal overlapping. This issue is usually less
severe in C-glycosides relative to O-glycosides as a con-
sequence of the shielding effect of the methylene group
bridging the rings. However, considerable overlapping
of signals is still observed in 1: two key resonances,
H2 and H4, appear at the same chemical shifts, and
H3 and HpR signals are partially overlapped. A variety
of temperatures were explored in an attempt to over-
come this situation, but with no success. Finally, the
NMR studies were undertaken in a second solvent,
CD;OD, in which a better signal dispersion was ob-
served. Although some changes in the relative popula-
tion of the conformers might be expected between the
two solvents, the fact that the coupling constants across

Table 3. Experimental vicinal coupling constants (*Jyy) across the C1'~CH,~C3 bridge of 1 in D,O and CD;OD along with the calculated values for

the minima and for the ensemble average

A syn-¢-(+) B anti-y C anti-¢ D syn-¢-(—) E non-exo Ensemble average Exp. D,O Exp. MeOD
H1’-HpS 23 1.0 3.3 1.0 11.5 23 1.3 1.6
H1'-HpR 11.7 10.7 34 9.9 33 10.6 9.8 8.9
H3-HpS 12.4 2.8 12.3 2.9 2.1 8.3 5.5 5.4
H3-HpR 2.5 42 2.1 12.3 12.3 3.9 4.1 4.8
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Table 4. Relevant proton—proton distances (A) for the population
distribution ((r’G)’l/ %) and for major minima A, B and D of 1 along
with the experimental values derived from NOE intensities

Proton pair Predicted distances Experimental

A B D Distribution
H4-HI’ 45 22 38 28 3.0
H2-H1’ 3.0 28 47 3.1 3.5
H3-HIl' 33 38 26 3.0 2.7
H2-HpR 38 33 24 31 3.0
H2-HpS 25 39 29 26 2.7
H3-HpR 25 24 31 26 Overlapping
H3-HpS 3.1 25 25 27 2.5
H4-HpR 29 38 26 29 2.7
H4-HpS 25 32 38 27 3.1

The first proton of the pair is the signal inverted in the 1D-NOESY
experiment.

the pseudo-glycosidic are quite similar in both solvents
(Table 3) suggests that only minor changes take place
and that the conformational behaviour of 1 in MeOD
is comparable to that in D,O. In this regard, the
NMR analysis of C-lactose revealed that the conforma-
tional behaviour of this C-analogue in DMSO-ds was
similar to that in water, whereas some differences were
detected in pyridine-ds.*® The relevant inter-residue pro-
ton—proton distances in terms of the glycosidic and agly-
conic angles are gathered in Table 4 for the populated
conformers A, B and D, and for the distribution. It
can be observed that H1’ is at a short distance from
H3 in the syn- conformers and from H4 in the anti-y
conformer. Therefore, the H3/H1’ and H4/H1' NOEs
are diagnostic of the syn-yy and anti-y orientations

H2

around the aglyconic bond, respectively. Both exclusive
NOEs were detected in the spectra (Fig. 5), demonstrat-
ing the co-existence of both conformers in solution.
Since the intensity of each NOE is sensitive to the pop-
ulation of the corresponding conformational family, the
fact that the H3/H1’ NOE is stronger than the H4/H1’
NOE indicates, at least qualitatively, the predominance
of the syn-y orientation. A more quantitative treatment
was performed by comparing the distances obtained
from molecular mechanics calculations with those de-
rived from the NOE intensities using a full relaxation
matrix approach.'” It can be observed that the agree-
ment between experimental and theoretical values is sat-
isfactory. The major disagreements occur for H4-HpS
and H2-H1’ NOEs, which are characteristic of the
syn-(+) orientation, and whose intensities are weaker
than those expected for the theoretical distribution.
Qualitatively, this finding indicates that the population
of the syn-y(+) conformational family is overestimated
by the calculations, as deduced also from coupling con-
stants data. It can be estimated that a conformer distri-
bution of ca. 40:30:30 among minima A:B:D provides
the best fit to both proton—proton couplings and NOE
data.

3. Conclusions

The combination of molecular mechanics and NMR
studies has shown that the conformational properties
of O-disaccharide 2 and its C-analogue 1 are similar

Hpr H3
HpS

- . INA

4.2 4.0 3.8 3.6 34 3.2 3.0

Hl

, H5
H1 H4 H2

28 26 24 22 20 1.8

1.6 ppm

T T T T T T T T

4.2 4.0 3.8 3.6 34 3.2 3.0
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SHTLUY

4.2 4.0 3.8 3.6 34 3.2 3.0
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S

1.6 ppm

Figure 5. 1D-DPFGSE NOESY spectra of 1 (500 MHz, 298 K, CD;0D, mixing time 500 ms) along with the 'H spectrum. H4 and H3 resonances

were inverted by using Gaussian-shaped pulses.
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around the glycosidic bond, but some differences around
the aglyconic bond have been found. Despite the ab-
sence of any stereo-electronic stabilization, C-disaccha-
ride 1 adopts the exo-syn conformation of its parent
O-glycoside. This is the same conformational preference
displayed by other C-glycosides.>**® Regarding the
aglyconic bond, the syn-y conformational family is the
most populated in solution. Nevertheless, the presence
of the anti-y conformational family needs to be invoked
to justify all the observed NOEs. The co-existence of
both orientations is well predicted by the MM3™ calcula-
tions. This conformational mobility around the agly-
conic bond differs from that reported for the
corresponding O-glycoside, in which only the syn-jy con-
formational family was detected. The conformational
differences between C- and O-glycosides described here
for the B-(1—3) linkage, together with those reported
for other C-/O-pairs, stress that care should be taken
when using the synthetic analogues as carbohydrate
models. The greater flexibility of the C-glycosides rela-
tive to O-glycosides implies a loss of entropy upon bind-
ing to a given receptor, which may be a limitation for the
use of these analogues as glycosidase inhibitors. Never-
theless, these compounds are excellent probes for study-
ing the active site of proteins.*®

4. Experimental
4.1. Materials

The peracetylated derivative of 1 was prepared as
described.” This compound was treated with an excess
of sodium methoxide in methanol at 25°C for 1h.
The solution was stirred with Amberlyst, filtered and
the solvent removed to afford 1.

4.2. Molecular mechanics calculations

The relaxed (¢, ) energy maps for compounds 1 and 2
were generated by systematic rotations around the gly-
coside and aglyconic bond using a grid step of 18°, opti-
mization of the geometry at every ¢, y point using
conjugate gradients iterations until the rms derivative
was smaller than 0.05 kJ mol~' A~!, and energy calcula-
tion using the Mm3” force field (¢ = 80) as integrated in
MacroModel v.8.1 (Schrodinger, LLC, 2004). The ¢g
and gt orientations of the lateral chain of the galactose
moiety®® and the gg and gr orientations of the galactose
unit®' were taken into account, because they have been
shown to be much more stable than the alternative gg
and g conformers, respectively. Thus, four starting
structures were considered and, in total, 1600 conform-
ers were calculated. From these relaxed energy maps,
adiabatic surfaces were built by choosing the lowest
energy structure for a given ¢,  point. The probability

distribution was calculated for each point according to a
Boltzmann function at 298 K.

4.3. J and NOE calculations

The vicinal coupling constants were calculated for each
conformation using the Karplus—Altona equation.
Ensemble average values were calculated from the distri-
bution according to J =3 PyyJisy. The interproton
average distances were calculated using the following
expression: (r~°),, =3~ Pyyr0yy)- The NOE intensities
were determined according to the complete relaxation
matrix as described using the NOEPROM program.>* Iso-
tropic motion and external relaxation of 0.1 s~' were
assumed. A correlation time of 70 ps was used to obtain
the best match between experimental and calculated
NOEs for the intraresidue proton pairs H1/H3 and
H1/HS5.

4.4. NMR spectroscopy

NMR experiments were recorded on a Bruker Avance
DRX instrument at 25 °C. A concentration of ~1 mM
was used for 1. Chemical shifts were referenced to exter-
nal DSS in D>O or to the residual signal of CD;OD at
3.31 ppm. 1D spectra were acquired using 32 K data
points, which were zero-filled to 64 K data points prior
to Fourier transformation. Absolute value COSY, and
phase-sensitive HSQC spectra and ROESY (mixing
times of 300 and 500 ms) were acquired using standard
techniques. Acquisition data matrices were defined by
2K x 256 points, multiplied by appropriate window
functions and zero-filled to 2K x 512 matrices before
Fourier transformation. Baseline correction was applied
in both dimensions. 1D-selective NOE spectra were ac-
quired at two different mixing times (300 and 500 ms)
using the double echo sequence proposed by Shaka
et al.>® Spectra were processed using the Bruker XwiN-
NMR program on a Silicon Graphics computer.
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