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Abstract: The Lewis X (LeX) determinant, a trisaccharide with the carbohydrate sequence Galâ(1f4)-
[FucR(1f3)]GlcNAcâ, is believed to be responsible for Ca2+-mediated cell-cell interactions. In partly oriented
phases composed of mixtures of penta(ethyleneglycol)monododecyl ether HO(CH2CH2O)5C12H25 and
n-hexanol in the presence of Ca2+ ions, the variation of the residual dipolar couplings 1DCH of various CiHi

vectors in LeX as a function of the concentration of the trisaccharide demonstrates the existence of very
weak LeX-Ca2+-LeX complexes in solution. Synthetic 3-, 4-, and 6-deoxy-LeX variants were also shown
to form complexes in the presence of calcium ions, despite the replacement of one of their hydroxyl groups
by hydrogen atoms. This is the first direct observation in solution of a calcium-mediated interaction between
LeX molecules.

Introduction

Primary structures of proteins and nucleic acids may be
regarded as textual messages where individual building blocks,
i.e., the amino acids or nucleotides, may be compared to letters
of the alphabet. By comparison, the syntax of carbohydrates is
much more sophisticated, since multiple linkages can lead to
branched structures.1,2 An illustration of the resulting complexity
is provided by the glycoconjugate coating of the outer mem-
branes of most cells. This coating is involved in interactions
with the extracellular environment and is partly responsible for
cell-cell communications.3 In a seminal work,4 Hakomori
proposed that carbohydrate-carbohydrate interactions5-7 may
be responsible for the initial step of cell adhesion. One of the
structures involved in this mechanism is the Lewis X (LeX)
determinant, a trisaccharide unit with the carbohydrate sequence
Galâ(1f4)[FucR(1f3)]GlcNAcâ (Figure 1).

Two LeX determinant units can interact to form a LeX-Ca2+-
LeX complex in the presence of divalent Ca2+ cations,9,10 as

demonstrated by NMR,11-15 mass spectrometry,16 vesicle adhe-
sion,17,18 atomic force microscopy,19 surface plasmon reso-
nance,20 and functionalized gold nanoparticles.21 Rat basophilic
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Figure 1. Structure of the methyl glycoside LeX determinant Galâ(1f4)-
[FucR(1f3)]GlcNAcâOMe.8
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leukemia cells preincubated with purified LeX grafted on
glycosphingolipids have also been used to study LeX/LeX

interactions.22 Weak interactions with Ca2+ have been detected
by NMR for LeX oligosaccharides tethered to lipid bilayers,13

but Ca2+-induced complexation of LeX glycoconjugates has not
been observed so far in solution. An analysis of one-bond
residual dipolar couplings (RDCs),1D(13C1H) ) 1DCH, in
weakly aligned liquid crystalline solutions shows that the three
saccharide residues of LeX adopt fairly rigid relative orienta-
tions;23 this analysis has become a standard for carbohydrates
lately.24-26

In this article, we describe an experimental strategy to
characterize weak LeX/Ca2+/LeX interactions. Our approach
relies on the measurement of1DCH with carbon-13 in natural
abundance in LeX dissolved in a weakly aligned liquid crystalline
solution. We used modulation experiments27 rather than direct
measurements of doublet splittings. In the presence of Ca2+,
the variation of1DCH as a function of the LeX concentration
provides unequivocal evidence of the existence of LeX-Ca2+-
LeX complexes in solution. In an effort to better understand the
formation of such complexes, several synthetic variants of LeX

were investigated.

Experimental Methods

Sample Preparation.In a first set of experiments, we investigated
a solution of 10 mM LeX with 13C in natural abundance, synthetized
as described elsewhere,8 dissolved in a mixture of penta(ethyleneglycol)-
monododecyl ether (HO(CH2CH2O)5C12H25) andn-hexanol (henceforth
denoted as C12E5/h).28 The C12E5 concentration was about 50 g‚L-1 in
D2O, with a molar ratio [C12E5]/[hexanol] ≈ 0.96. Small amounts (2
µL) of a concentrated solution of 1.2 mol‚L-1 CaCl2 were added in
order to minimize dilution effects. During the addition of CaCl2 solution,
the sample was frozen by immersion of the NMR tube into a mixture
of acetone/dry ice at 195 K to avoid evaporation ofn-hexanol while
the tube cap was removed. No background salt other than CaCl2 was
added. The existence of a weakly oriented C12E5/h phase was indicated
by a residual quadrupolar coupling of the deuterium resonance of D2O,
ωQ/2π ) 36 Hz at 300.0 K in the absence of CaCl2. This splitting
remained unchanged in the presence of 23 mM CaCl2. Because of the
viscosity of C12E5, the exact ratio [C12E5]/[hexanol]≈ 0.96 was difficult
to reproduce, leading to variations ofωQ between the various samples.
One should therefore avoid comparing RDCs measured in different
samples. No variations of1H and13C chemical shifts or line widths of
the LeX resonances were observed upon addition of CaCl2. The LeX

concentration was increased stepwise from 10 to 14 to 20 mM by
dissolving the solid saccharide directly in the NMR tube.

The LeX-related trisaccharides 3-deoxygalactose-LeX, 4-deoxyga-
lactose-LeX, and 6-deoxygalactose-LeX were synthesized with13C in
natural abundance.29,30 The RDCs were measured as a function of the

concentration, i.e., at 15, 25, and 35 mM for 3-deoxygalactose-LeX, at
11, 18, and 28 mM for 4-deoxygalactose-LeX, and at 17, 29, and 35
mM for 6-deoxygalactose-LeX. For the sake of comparison, we also
measured the RDCs in 17 mM methylR-D-galactopyranoside and in
17 mM methyl R-D-glucopyranoside, both with 0, 21, and 43 mM
CaCl2. The latter reference compounds were obtained from Acros
Organic and Janssen Chimica.

NMR Spectroscopy.The sum of scalar (1JCH) and dipolar (1DCH)
one-bond1H-13C couplings,1KCH ) 1JCH + 1DCH, was measured using
a two-dimensional (2D)J-modulation experiment described by Pham
et al.,27 which suppresses the effects of long-range couplingsnKCH and
nJCH (n > 1) by a bilinear rotation decoupling (BIRD) sequence.31,32

The method was modified to include adiabatic13C refocusing RE-BURP
pulses.33 The 2D spectra were acquired with different values of the
delay 2∆ in the first INEPT step of the sequence (Figure S1, Supporting
Information). Intensities of the13C-1H correlation peaks were measured
on each spectrum in order to sample the sin(π1KCH2∆) modulation of
the peak intensities on the 2D map. Reference spectra were acquired
with 2∆ ) 3.24 ms. The delay 2∆ was incremented in non-equidistant
steps (2∆ ) 152, 163, 194, 177.8, 181.6, 185.4, 189.2, 199.2, and 209.2
ms). Sampling 2∆ over a few periods of the coupling modulation
allowed unambiguous determination of1KCH, even in situations of low
signal-to-noise. In order to gain resolution in the13C dimension while
keeping reasonable acquisition times, the spectral widths in the indirect
13C dimension were limited, so that the folded spectra appeared centered
at 71.5 ppm. Each matrix consisted of 40× 512 points in the13C and
1H dimensions, with spectral widths of 1811 and 6010 Hz. For a typical
sample, 98 transients were acquired for eacht1 increment with a recycle
delay of 1.5 s. The overall acquisition time with a Bruker DRX 600
MHz spectrometer was 45 h for each series of 10 experiments. The
data were processed with the NMRPipe software,34 and 2D peak
intensities were estimated from Gaussian best-fits. The couplings1KCH

were obtained by a three-parameter (I0, R2, 1KCH) least-squares fit, using
Scilab software,35 of the experimental data to the expressionI ) I0

exp(-2∆R2) sin(π1KCH2∆), whereR2 ) 1/T2(1H) is the transverse proton
relaxation rate. A representative modulation curve is shown in Figure
2.
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Dráber, P.Glycobiology1998, 8, 139-146.

(23) Azurmendi, H. F.; Martin-Pastor, M.; Bush, C. A.Biopolymers2002, 63,
89-98.

(24) Landersjo, C.; Stevensson, B.; Eklund, R.; Ostervall, J.; Soderman, P.;
Widmalm, G.; Maliniak, A.J. Biomol. NMR2006, 35, 89-101.

(25) Venable, R. M.; Delaglio, F.; Norris, S. E.; Freedberg, D. I.Carbohydr.
Res.2005, 340, 863-874.

(26) Tian, F.; Al_Hashimi, H. M.; Craighead, J. L.; Prestegard, J. H.J. Am.
Chem. Soc.2001, 123, 485-492.

(27) Pham, T. N.; Liptaj, T.; Bromek, K.; Uhrı´n, D. J. Magn. Reson.2002,
157, 200-209.

(28) Rückert, M.; Otting, G.J. Am. Chem. Soc.2000, 122, 7793-7797.
(29) Gourmala, C. Ph.D. thesis, Universite´ Denis Diderot (Paris 7), June 23,

2006.
(30) Dong, D. Ph.D. thesis, Universiste´ Pierre et Marie Curie (Paris 6), March
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Figure 2. Typical NMR modulation curve due to the coupling1K(C5H5)
in the N-acetylglucosamine (GlcNAc) residue of the LeX molecule. The
concentrations of LeX and calcium were 10 and 23 mM, dissolved in a
partly oriented solution of C12E5/h solution at 50 g‚L-1. The least-squares
fit compares the 10 non-equidistant data points with the function exp{-
2∆R2} sin(π1KCH2∆), where1KCH ) 1JCH + 1DCH is the sum of scalar and
dipolar couplings.
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Results and Discussion

Spectra obtained in isotropic and oriented conditions did not
differ in chemical shifts (see Figures S2-S5, Supporting
Information). In addition, there were no changes in proton line
widths, and the transverse relaxation ratesR2(13C) measured by
Carr-Purcell-Meiboom-Gill (CPMG) experiments were not
significantly altered in 6-deoxy-galactose-LeX (see Table S6,
Supporting Information).

The observed coupling1KCH ) 1DCH +1JCH, as measured by
the modulation experiments described above, is the sum of the
residual dipolar and scalar couplings. Therefore,1DCH ) 1KCH

- 1JCH can be obtained from the difference between the
couplings observed under oriented and isotropic conditions.

Strong Coupling Effects. Since the BIRD pulse sequence
is designed only for weakly coupled systems, strong coupling
effects may lead to systematic errors. This problem has been
investigated with numerical simulations by Pham et al.27

In a three-spin system (Ci,Hi,Hj), a measure of the coupling
strength, determined by the degree of mixing between the
unperturbed spin states, can be expressed by the parameter36

θij( ) (1/2)arctan{3KHiHj/[∆δij -/+ (1/2)(1KCiHi - 1KCjHj)]},
where∆δij ) δHi - δHj is the difference in proton chemical
shifts. In this expression,θij( relates to the Ci carbon spin in
statesR andâ, respectively. However, the analysis ofJ-coupled
three-spin systems in oligosaccharides shows that, depending
on the sign of∆δij, strong coupling may arise for one of the
carbon polarization states only, and a relevant measure of the
degree of mixing27 is therefore represented by the parameter
θij ) (1/2)arctan{3KHiHj/[|∆δij| - (1/2)1KCiHi]}.

The BIRD sequence functions properly when the weak
coupling approximation is applicable (θik e 3°). In this case,
the measured coupling is not significantly affected by systematic
errors. In a regime where 3° < θij e 10° (corresponding toR
> 3 in the work of Pham et al.),27 systematic errors in the
determination of1KCH cancel out when comparing differences
in the RDCs,1DCH ) 1KCH - 1JCH, observed in similar samples.
Most subsystems in our samples fall into this category. Changes
in 1KCH therefore indicate an actual change in the orientation
of the saccharide. In the present study, experimental data were
fitted using the weak coupling approximation. Data were fitted
to this model with good confidence (statisticalQ values larger
than 10-3).37 In situations where modulation experiments do
not provide reliable measurements of absolute couplings,
changesin apparent couplings can nevertheless be ascribed to
changes in the RDCs.

If the protons are strongly coupled in the presence of13C,
the BIRD sequence should not be used to extract1KCH couplings.
In our case, the only strongly coupled system was (C5,H5,H6)
in the galactose residue of LeX, which could therefore not be
determined, in accordance with a low statisticalQ value of the
fit.

Concentration Effects. At least two different complexes
involving LeX and Ca2+ should be considered. In addition to
the ternary LeX-Ca2+-LeX complex with an affinity constant
Ka

tern, which is believed to be of biological interest, one cannot

rule out the presence of binary LeX-Ca2+ complexes with an
affinity constantKa

bin:

Both of these complexes are expected to be very weak, so their
concentrations in solution are negligible compared to those of
the free species LeX and Ca2+. In particular, the concentration
[LeX-Ca2+-LeX] is expected to be very small, so the concen-
tration of free LeX remains close to the total [LeX]T concentra-
tion. Under these conditions (see Supporting Information), the
following equations apply:

where [Ca2+]T is the total concentration of Ca2+ in the solution.
Small deviations from linearity are expected for non-negligible
[LeX-Ca2+-LeX]/[LeX]T ratios. Since the NMR spectra of the
LeX show a single peak for each carbon-13, the exchange
between free and bound LeX can be assumed to be in the fast
exchange limit, and the experimental residual dipolar coupling
1DCH

exp therefore represents the weighted average between the
free and complexed oligosaccharides:

where1DCH
tern and1DCH

bin are the RDCs of the ternary and binary
complexes. Mass conservation leads to

Combining eqs 3-6 leads to

The experimental couplings1DCH
exp should therefore depend

on the concentrations [Ca2+]T and [LeX]T. However, the
second term on the right-hand side of eq 7 is related to the
formation of the ternary complex LeX-Ca2+-LeX and has a
linear dependence on [LeX]T, characterized by the slope 2
Ka

tern[Ca2+]T(1DCH
tern - 1DCH

free). Clearly, this slope depends on the
association constantKa

tern, on the structure of the complex, and
on its orientation tensor. The existence of higher-order com-
plexes of the type LeXn-Ca2+

k was also considered. Their
presence would lead to deviations from the linear dependence
behavior (see Supporting Information). Unfortunately, the
association constants remain too weak to be quantified by
solution-state NMR. It appears too bold to combine our
observations with estimates of association constants obtained
under dramatically different conditions.13,20Thus, the variations
of RDCs reported in this work are to be regarded merely as
qualitatiVe indicatorsof complex formation. These measure-
ments provide a unique way of detecting LeX/LeX interactions
and the presence of the LeX-Ca2+-LeX complexes in solution.

(36) Pople, J. A., Schneider, W. G., Bernstein, H. J.High Resolution Nuclear
Magnetic Resonance; McGraw-Hill: New York, 1959.

(37) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.Numerical
Recipes, The art of scientific computing(FORTRAN Version); Cambridge
University Press: Cambridge, UK, 1989; pp 499-503.

2LeX + Ca2+ ) LeX-Ca2+-LeX Ka
tern (1)

LeX + Ca2+ ) LeX-Ca2+ Ka
bin (2)

[LeX-Ca2+-LeX]/[LeX]T ≈ Ka
tern[LeX]T[Ca2+]T (3)

[LeX-Ca2+]/[LeX]T ≈ Ka
bin[Ca2+]T (4)

1DCH
exp ) [LeX]/[LeX]T

1DCH
free + [LeX-Ca2+-LeX]/

[LeX]T
1DCH

tern + [LeX-Ca2+]/[LeX]T
1DCH

bin (5)

[LeX]/[LeX]T ) 1 - [LeX-Ca2+-LeX]/[LeX]T -

[LeX-Ca2+]/[LeX]T (6)

1DCH
exp ) 1DCH

free + 2Ka
tern [Ca2+]T[LeX]T(1DCH

tern - 1DCH
free) +

Ka
bin[Ca2+]T(1DCH

bin - 1DCH
free) (7)
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Control Experiments. A series of experiments were per-
formed on methylR-D-galactopyranoside (Figure 3) in the same
medium as used for the LeX study, in order to assess whether
calcium chloride has any effects on the orienting properties of
the C12E5/h medium. Since methylR-D-galactopyranoside is
known from calorimetry not to interact with Ca2+ ions,38 it can
be used as a reference. The couplings1KCH were measured for
the C1H1, C2H2, C3H3, and C4H4 pairs of nuclei (Table 1). No
coupling could be obtained for the C5H5 pair because of strong
coupling effects. The comparison between the couplings ob-
tained in isotropic and weakly orienting conditions indicates
that methyl R-D-galactopyranoside in C12E5/h is partially
oriented: non-vanishing1DCH couplings were measured for each
of the four neighboring13C-1H pairs (see Table 1).

Addition of 21 or 43 mM CaCl2 had no effect on either
resonance frequencies or line widths in the1H-13C spectrum
of methyl R-D-galactopyranoside. No modification of the
residual deuterium quadrupolar splitting,ωQ, of D2O was
observed. However, the RDCs1DCH of the four neighboring
13C-1H pairs vary in proportion to the concentration of CaCl2

(Figure 4 and Table 1).
The dependence of1DCH in methyl R-D-galactopyranoside

on the concentration of CaCl2 (Figure 4) could be explained

either by direct interactions between calcium ions and the
saccharide or by interactions between calcium ions and the partly
oriented C12E5/h medium, which would then affect the orienta-
tion of the saccharide indirectly. Direct interactions appear
unlikely for this monosaccharide (in contrast to LeX), while
indirect interference appears plausible, since both C12E5 and
n-hexanol contain oxygen atoms that can weakly bind to cations.
A similar study of1DCH in another monosaccharide used as a
reference compound, methylR-D-glucopyranoside, showed
effects nearly identical to those shown in Figure 4 (see Table
S1, Supporting Information). We conclude that direct interac-
tions between calcium ions and the two monosaccharides can
be neglected, and that the calcium ions modify the orientation
indirectly by acting on the C12E5/h medium. Note that the mere
variations of RDCs upon addition of CaCl2 shoulddefinitely
not be used as criteria for direct interactions between ions and
LeX-related molecules.

In contrast, variation of methylR-D-glucopyranoside con-
centration has no effect on its RDCs, as there is no variation of
1KCH (see Table S1, Supporting Information). The C12E5/h
medium properties are not modified when the saccharide
concentration changes.

(38) Morel-Desrosiers, N.; Morel, J.-P.J. Chem. Soc., Faraday Trans. 11985,
10, 3461-3469.

Figure 3. Methyl R-D-galactopyranoside.

Table 1. Measurements of Residual Dipolar Couplings 1DCH for
the Vectors CiHi in Methyl R-D-Galactopyranoside in C12E5/h

C1H1 C2H2 C3H3 C4H4

1DCH
a +3.58( 0.04 +3.45( 0.05 +3.69( 0.06 +3.39( 0.04

slopeb -4.4( 0.7 -7.2( 0.8 -10 ( 1 -4.9( 0.7

a Couplings 1DCH in the absence of calcium chloride, in Hz.b The
derivative of the variations of1DCH as a function of CaCl2 concentration,
in Hz‚M-1.

Figure 4. Variations of the couplings∆1KCH of four CiHi pairs with i )
1, 2, 3, or 4 in methylR-D-galactopyranoside in C12E5/h as a function of
the CaCl2 concentration.

Figure 5. Variations of the couplings∆1KCH as a function of the
concentration [LeX]T for the equatorial C4H4 vectors of the galactose and
fucose residues of LeX.

Table 2. Derivative of the Change in RDCs, ∆1KCH, as a Function
of [Saccharide]T (in Hz‚mol-1‚L), Measured for Various Vectors
CiHi in the Three Saccharide Units of LeX in C12E5/h with 23 mM
CaCl2

vector CiHi LeX

3-deoxy-
Gal-LeX

4-deoxy-
Gal-LeX

6-deoxy-
Gal-LeX

ωQ(D2O)a 34 ( 2 35.1 47.4 42.8

GlcNAc 1 +4 ( 2 -38 ( 5 +4 ( 6
GlcNAc 2 -20 ( 8 +3 ( 2 +12 ( 6 +11 ( 6
GlcNAc 3 -7 ( 7 +14 ( 2 +22 ( 4 +7 ( 2
GlcNAc 4 +5 ( 10 +7 ( 2 +21 ( 3 +11 ( 3
GlcNAc 5 +30 ( 5 +1 ( 2 +20 ( 3 +12 ( 4
Gal 1 -4 ( 2 0 ( 3 +11 ( 4
Gal 2 -10 ( 5 0 ( 2 +4 ( 2 +15 ( 2
Gal 3 -4 ( 3 +15 ( 2 -12 ( 3
Gal 4 -24 ( 2 -6 ( 2 -14 ( 2
Fuc 1 +4 ( 13 -11 ( 1 -4 ( 2 0 ( 2
Fuc 2 +23 ( 5 +1 ( 1 +6 ( 2 -5 ( 2
Fuc 3 +8 ( 4 +6 ( 2 +3 ( 2 +13 ( 2
Fuc 4 -25 ( 3 +5 ( 2 -4 ( 2 -12 ( 2
Fuc 5 -11 ( 11 +7 ( 1 +9 ( 3 0 ( 5

a Residual quadrupolar splitting of deuterium in D2O, in Hz.
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Effect of LeX Concentration. The mere fact that the total
couplings1KCH observed in the LeX trisaccharide in the oriented
phase differ from the1JCH couplings measured in isotropic
solution is an indication that LeX is oriented by the C12E5/h
medium. Significant residual dipolar couplings1DCH were
obtained, with values between 7.09( 0.17 and-2.74( 0.07
Hz (see Table S2, Supporting Information). Interestingly, the
RDCs observed for C2H2, C3H3, and C4H4 in the glucosamine
residue have the same sign and are ca. 3 times larger than the
other RDCs in LeX. This suggests that these three nearly parallel
vectors may be aligned in a direction that is close to the largest
component of the alignment tensor. Upon addition of CaCl2,
we observed changes∆1KCH ranging from+0.89 ( 0.04 to
-0.47( 0.07 Hz (see Table S3, Supporting Information), but
there was no significant effect on either chemical shifts or line
widths in the1H-13C spectra. However, as discussed above,
Ca2+ clearly interacts with the orienting medium, thus entailing
changes in the observed couplings. Therefore,∆1KCH changes
upon Ca2+ titration shouldnot be interpreted as evidence of
direct LeX/Ca2+ interactions, since they can be, at least in part,
caused indirectly by the effect of calcium ions on the orienting
properties of the C12E5/h phase.

In contrast, the orientation of the LeX in the orienting C12E5/h
medium is not expected to be sensitive to its concentration.
Therefore, the observation of variations∆1KCH upon increasing
the LeX concentration can be readily ascribed to the formation
of a ternary complex LeX-Ca2+-LeX. The1KCH couplings were
measured at three different LeX concentrations, all in the
presence of 23 mM CaCl2. While peak widths and positions
remained constant, significant variations∆1KCH were observed
(Figure 5). Due to the presence of axial and equatorial CH bonds
with different relative orientations, the1KCH couplings exhibit
different variations upon LeX titration. The derivative of the
variations∆1KCH with respect to the concentration [LeX], i.e.,
2Ka

tern[Ca2+](1DCH
tern - 1DCH

free) (see eq 6), were determined for
several CiHi vectors in the three saccharide residues of LeX (see
Table 2). The variations∆1KCH must reflect changes in the
average orientation of the corresponding CiHi vectors and
therefore indicate the presence of LeX-Ca2+-LeX complexes
in solution.

Trisaccharides Chemically Derived from LeX. In order to
gain more insight into the interactions involved in the formation
of the ternary LeX-Ca2+-LeX complex, we investigated various
closely related molecules obtained by chemical modifications
of the galactose residue of LeX. To this aim, three molecules
derived from LeX, in which one of the hydroxyl group of
galactose residue is replaced by a hydrogen atom, were
synthesized,29,30 respectively leading to 3-deoxygalactose-LeX,
4-deoxygalactose-LeX, and 6-deoxygalactose-LeX (Figure 6). In
order to determine their ability to form complexes in the

presence of calcium ions, and thus better understand the possible
role played by the substituted hydroxyl groups in the complex
formation, the three saccharides were studied using the same
experimental protocol.

All deoxygalactose-LeX trisacharides were found to orient
in C12E5/h and give rise to non-vanishing residual dipolar
couplings1DCH (see Table S4, Supporting Information). As in
the case of LeX, no spectral modifications (chemical shifts or
peak widths) were observed upon addition of calcium chloride.
For each of the three cases, measurements were performed at
three deoxygalactose-LeX concentrations. As explained above,
the measured values of the couplings should not be compared
between the samples, owing to slight differences in the C12E5/h
mixtures, which are likely to result in different orienting
properties. The corresponding derivatives of∆1KCH are reported
in Table 2. The variations are significant compared to the
experimental errors (see also Figure 7). Therefore, these
experiments unambiguously demonstrate the ability of 3-deoxy-
galactose-LeX, 4-deoxygalactose-LeX, and 6-deoxygalactose-LeX

to form ternary complexes in the presence of calcium ions, just
like the native LeX. Interestingly, none of the three hydroxy
groups in positions 3, 4, and 6 on the galactose residue by itself
was shown to be essential for carbohydrate/calcium/carbohydrate
interactions. It is well known that interactions between calcium
and sugars are complicated processes in which many atoms are
involved, and the data presented in this study are consistent
with the fact that calcium ions may accept different geometries
of their coordination sphere.39,40

Conclusions

In this article, we have presented NMR methods that allow
one to detect the formation of weak complexes with affinities

(39) Bugg, C. E.J. Am. Chem. Soc.1973, 95, 908-913.
(40) Gyurcsik, B.; Nagy, L.Coord. Chem. ReV. 2000, 203, 81-149.

Figure 6. Synthetic deoxy forms of galactose residues in 3-deoxygalactose-LeX, 4-deoxygalactose-LeX, and 6-deoxygalactose-LeX.

Figure 7. Variation of coupling∆1KCH as a function of the concentration
[n-deoxygalactose-LeX]T for typical CiHi vectors in one of the sugar residues.
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that are too low to give rise to any variations of chemical shifts
or line widths. It is possible to demonstrate the existence of
such complexes by measuring the variation of residual dipolar
couplings as a function of the concentration of the monomer.
We applied this approach to the case of the trisaccharide LeX

in a partly oriented solution. Thus, the variation of the measured
residual dipolar couplings,1DCH, of various CiHi vectors in the
saccharide residues at increasing concentrations of LeX clearly
demonstrated the existence of ternary LeX-Ca2+-LeX com-
plexes in solution. In addition, synthetic 3-, 4-, and 6-deoxy-
LeX variants were also shown to form complexes in the presence
of calcium ions, despite the replacement of one of their hydroxy
groups by a hydrogen atom. Our results thereby complement
previous knowledge obtained in studies performed on LeX 11,12

or other related oligosaccharides41,42 under very different
experimental conditions. To the authors’ knowledge, this is the

first direct observation of the calcium-mediated interaction
between such low-molecular-weight compounds in solution.
Finally, our method offers an elegant and robust way to identify
very weak complexes. It can, in principle, be generalized to
any pair of weakly interacting molecules in solution.
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