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Selective Recognition of f-Mannosides by Synthetic Tripodal Receptors:
A 3D View of the Recognition Mode by NMR
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Unravelling the structural features of carbohydrate recogni-
tion by receptors is a topic of major interest. In recent years,
several synthetic receptors capable of binding different
sugars with moderate to good affinities and selectivities have
been developed. Here we report on the analysis of the three-
dimensional structures of the complexes of two recently de-
rived synthetic tripodal receptors with octyl B-D-mannopyr-
anoside, a monosaccharidic glycoside selectively recognized
in a polar solvent, by a combination of NMR methods and

assisting molecular mechanics calculations. The variations in
the chemical shifts upon complexation and the observed
intermolecular NOEs were employed to validate the molecu-
lar-mechanics-derived structures. The structures of the ob-
tained complexes explain the observed mannose selectivity
in chemical terms, suggesting that a combination of van der
Waals, CH-n and hydrogen-bonding forces are involved in
the formation of the complexes, together with stabilizing con-
formational effects of the substituents.

Introduction

Molecular recognition processes are at the heart of a
variety of key living events. Recognition processes involving
carbohydrate moieties in cellular glycoconjugates have a
significant impact on different aspects of cell biology, be-
cause they serve to mediate communication between cells
and their environments.['! Decoding of the glycan signals is
performed by lectins (carbohydrate-binding proteins devoid
of enzymatic activity, not including antibodies and trans-
port proteins for free glycans) and by enzymes.!

The selectivities and specificities of these carbohydrate—
protein interactions depend on a variety of factors. Indeed,
because of the amphipathic characters of sugars, different
types of forces may be involved in their recognition by re-

[a] Chemical and Physical Biology, Centro de Investigaciones
Biologicas, CSIC,
Ramiro de Maeztu 9, 28040 Madrid, Spain
Fax: +34-915-360432
E-mail: jjbarbero@cib.csic.es

[b] Dipartimento di Chimica Organica, Universita di Firenze, Polo
Scientifico e Tecnologico,
50019 Sesto Fiorentino, Firenze, Italy

[c] Centro Risonanze Magnetiche (CERM), Polo Scientifico e
Tecnologico,
50019 Sesto Fiorentino, Firenze, Italy

[d] Istituto di Metodologie Chimiche (IMC), Consiglio Nazionale
delle Ricerche (CNR), Dipartimento di Chimica Organica, Polo
Scientifico e Tecnologico,
50019 Sesto Fiorentino, Firenze, Italy
Fax: +39-055-4573570
E-mail: stefano.roelens@unifi.it

Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.200901024.

64  Wisrmoneeonw

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ceptors.’l Typically, though, carbohydrate recognition relies
upon multiple weak interactions, of which hydrogen bonds
(H-bonds) and van der Waals forces seem to be the most
important, so protein—carbohydrate interactions are rela-
tively weak in relation to other forms of biomolecular asso-
ciation.”! Furthermore, it is unclear how natural saccharide
binding is achieved. Broadly speaking, there are two
hypotheses. The first suggests that the interaction is essen-
tially polar, with binding in the protein—carbohydrate com-
plex being driven by an especially favourable set of hydro-
gen bonds. The second proposes that solvent reorganization
is a major player. Both carbohydrates and their complemen-
tary binding sites are amphiphilic, with hydrophobic re-
gions flanking the polar groups.

In-depth studies with natural receptors may be problem-
atic. However, model systems based on synthetic analogues
can be designed or manipulated in such a way that they are
compatible with a variety of conditions. Indeed, biomimetic
carbohydrate receptors(® have been sought for modelling of
natural recognition and have been exploited in different ap-
plications. Although clear selectivity has rarely been
achieved with use of synthetic lectins,[”! we have recently
reported on a new member of a family of tripodal receptors
that specifically recognizes mannosides,® even in a polar
solvent, with unprecedented affinity and, to the best of our
knowledge, with the best selectivity for the f-mannosyl resi-
due reported to date. Despite the prominent role of man-
nose in glycoscience, most synthetic receptors reported in
the literature preferentially bind to glucose,[®”! whereas re-
ceptors showing some level of preference for mannose have
been rare.”!
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In order to improve the selectivity of the recognition pro-
cess further, the derivation of a 3D model for the host—
guest complex is essential. We therefore describe here the
structural and conformational features and geometries of
the complexes formed by two of our recently derived tripo-
dal receptors (1 and 2, Scheme 1) with octyl f-D-mannopyr-
anoside (OctfMan), towards which a distinctive binding
selectivity has been reported.[®! The key groups involved in
the recognition have been identified and the relative orien-
tations of the mannoside with respect to the synthetic recep-
tors have been analysed by a combination of NMR spectro-
scopic data and assisting modelling calculations. In this
context, it is essential to consider that for saccharides and
their complexes in general, the number and distribution of
the NOEs!'% might not be sufficient for full characteriza-
tion of the solution conformation with reasonable certainty,
especially in cases of flexible structures. If interpretation of
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intermolecular NOE data in terms of a unique structure is
impossible, a combination of several conformations is re-
quired to avoid the generation of virtual geometries. In ad-
dition to the 1/r® dependence on distance, NOEs display
complex time dependence, in which the overall molecular
tumbling may interact with the kinetics of the conforma-
tional or chemical exchange involved in the internal mo-
tion.

Results and Discussion

Comparison between the NMR spectra recorded for the
free and bound species, under the experimental conditions
described in the Experimental Section, showed clear and
significant changes in the signals of both receptor 1 and
OctBMan when they were combined in acetonitrile solution
(Figure 1). The two H-3 protons of the receptor, which in
the free state resonate as one single signal, for instance, be-
come two AB systems in the presence of the mannoside.
Furthermore, the two H-10 and H-12 protons appear as
complex multiplets in the presence of the sugar. The largest
chemical shift differences between the free and the bound
states are observed for NH-5 and for H-15, which also be-
come two different multiplets upon binding. With regard to
the sugar moiety, a drastic upfield shift of nearly 1 ppm is
observed for H-4 in the presence of receptor 1, with impor-
tant shielding for H-5 and the two H-6 protons. The ob-
served high-field shift of H-3 is also noteworthy (see
Tables 1 and 2).
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Figure 1. Left panel: 500 MHz '"H NMR spectra in CD;CN at 298 K. Top: OctBMan, neat (in blue) and in the presence of 1 (3 equiv.,
in red). Bottom: Compound 1 neat (in blue) and in the presence of OctpMan as above (in red). Right panel: Top: Plot of the observed
CSDs of OctBMan in the presence of 1. Bottom: Plot of the observed CSDs of 1 in the presence of OctpMan. The numbers in the
graphics on the right-hand side refer to the corresponding protons in OctfMan (above) and receptor 1 (below), as shown in the scheme
with the atomic numbering. The variation in the chemical shift of Man H-4 is indicated. The change in multiplicity of this signal is due

to the loss of the coupling to the hydroxy proton upon binding.
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Table 1. Chemical shifts (J, ppm) and chemical shift differences
(CSD, ppm) of the protons of OctfMan, free and bound to recep-
tor 1 (CD3;CN, 298 K). The key changes are underlined. (n.o.: not
observed).

Proton Free Bound CSD
H-1 4.543 4.527 0.016
H-2 3.846 3.946 -0.100
H-3 3.438 3.319 0.119
H-4 3.507 2.549 0.958
H-5 3.215 2.995 0.220
H-6 3.819 3.639 0.180
H-6' 3.689 3.521 0.168
H-7 3.910 3.911 -0.001
H-7' 3.581 3.607 -0.026
H-8 1.654 1.624 0.030
H-9/H-13 1.45-1.37

H-14 0.977 0.962 0.015
OH-2 2.901 n.o. 0.016
OH-3 3.118 n.o. -
OH-4 3.248 n.o. -
OH-6 2.836 n.o. -

Conclusive evidence for the existence of a stable complex
in solution was provided by the observation of intermo-
lecular ligand/receptor NOEs. Indeed, the following inter-
molecular contacts were clearly evident as cross-peaks in
the NOESY map: NH-5/H2, NH-5/H-7', NH-5/H-6', NH-
5/H-8, NH-5/H-3, CH3-13/H-1, CHs-13/H-2, CH;-13/H-3
and CH3-13/H-5 (Figure 2).

Altogether, these data seem to indicate the existence of
some specific binding modes characterizing the complex of
the receptor with OctpMan. Because the receptor shows a
binding affinity for fMan that is at least one order of mag-
nitude larger than that observed for other simple sugars,
including aMan, o- and BGlc, o- and BGal and a- and

Table 2. Chemical shifts (J, ppm) and chemical shift differences
(CSD, ppm) of the protons of receptor 1, free and bound to Octp-
Man (CD;CN, 298 K). The key changes are underlined.

Proton Free Bound CSD
H-1 3.679 3.676 0.003
H-3 3.869 3.890 -0.021
H-3 3.869 3.846 0.023
NH-5 9.258 9.467 -0.209
H-7 6.083 6.083 0.000
H-8 5.998 6.008 -0.010
H-9 5.485 5.481 0.004
H-10/H-12 3.732

H-10'/H-12' 3.685

H-13 1.319 1.305 0.014
H-14 0.848 0.838 0.010
H-15 2.748 2.730 0.018
H-15 2.748 2.700 0.048
H-15 2.748 2.641 0.107
H-15 2.748 2.612 0.136
H-16 1.139 1.116 0.023

BGIcNAC,®! the identification of the preferred geometry of
the complex in solution may open a pathway to the devel-
opment of new receptors featuring enhanced affinities
through structure-based design.

It should be pointed out that although binding measure-
ments revealed multiple complex species in solution,®! un-
der the concentration conditions employed in this investiga-
tion the dominant species is the 1:1 complex, which ac-
counts for over 60% of the species present in solution, with
complexes of higher stoichiometry amounting to less than
20%, thus substantially determining the NMR phenome-
nology.

The molecular modelling protocol described in the Ex-
perimental Section was adopted for structure assessment,
providing three families of structures within 9.3 kJmol .
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Figure 2. 500 MHz NOESY spectrum of a 1:3 mixture of OctfMan and 1 in CD;CN at 298 K, acquired with a 500 ms mixing time.
Intermolecular NOEs between the CHs-13 and NH-5 protons of 1 and several sugar protons are indicated in the top and bottom sections,
respectively. Intramolecular NOEs involving the anomeric proton of the sugar can be seen in the middle section. A schematic representa-

tion of NOE contacts is depicted.
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Figure 3. A) Structure of the global minimum of the 1:1 complex between 1 and OctfMan. B) Perspective from the sugar showing the
orientations of the pyrrole binding arms. C) Perspective from the receptor showing the orientations of the sugar. Hydrogen bonds are

depicted in dashed lines.

The lowest-energy family corresponds to the structure de-
picted in part A of Figure 3, including seven geometries fea-
turing slightly different orientations of the sugar and of the
“arms” (“arms” refers to the extensions containing the ami-
nopyrrole moieties) of the tripodal receptor, as shown in
parts B and C of Figure 3. These geometries were consid-

ered to correspond to the most likely NMR-based experi-
mental solution and were further explored. Indeed, the ex-
perimentally observed dramatic shielding of the H-4 proton
of OctBMan (ca. 1 ppm, Figure 1, Table 1) in the presence
of the receptor strongly supports proximity of this nucleus
to the centre of the benzene ring of the receptor, a feature

Table 3. Selected structural parameters (from NMR spectroscopic data and modeling calculations) and relative energies (AMBER* force
field; see Exp. Sect.) of the most stable complexes of 1 with OctfMan. The best matching values between modelled and experimentally
determined distances (estimated from NOEs) for different conformers are underlined. The relevant intermolecular hydrogen bonds are
also reported. The intensities of the experimentally measured NOEs are given in the upper part of the Table: s: strong for >10% intensity;
ms: medium-strong for 7-10% intensity; m: medium for 3-7% intensity; w: weak for 2-3% intensity; vw: very weak for <1% intensity.
ov: overlapped peaks. A: amine; P: pyrrole.

Intermolecular atom pair (1/OctpMan)

NH5/ NHS5/ NHS5 NHS5 NHS/ HI3 HI3 HI13/ HI3/
H2 H7 Ho' /H3 H8 Hl H2 H3 H5
Experimentally measured NOE intensity
s ov w VW VW m m-s s m
AMBER* calculations
Conformer® £ e Intermolecular ~ Intramolecular ~ Distance (A) between atom pairs for each conformer
[kJmol] (A)  H-bonds H-bonds
1 0 2.78 O(H)6-NH P OH4-O(H)6 2.95 5.57 3.76 4.55 5.42 2.68 3.75 3.54 4.69
O(H)2-NH A
O5-NH A
7 42 290 O(H)2-NH A OH4-O(H)6 2.18 6.3 3.64 3.19 49 52 4.64 5.16 6.17
8 44 2774  O(H)6-NH P OH4-O(H)6 3.95 3.74 3.73 3.89 2.70 5.75 325 4.54 533
9 4.7 2.77 O(H)2-NH A - 2.54 431 5.31 4.70 4.56 3.51 5.69 4.13 2.84
O(H)2-NH P
10 5.0 2.83 O(H)2-NH A - 3.29 3.80 3.71 3.52 2.67 445 3.17 2.71 4.96
O(H)4NH P
O(H)6-NH P
11 54 2.85 O(H2)-NH A OH4-O(H)6 3.00 6.10 3.65 3.36 465 5.32 3.19 2.70 5.7
O(H)3-NH P
O(H)6-NH P
13 6.4 2.83 O(H)2-NH A - 2.97 6.39 3.64 3.36 493 529 4.37 2.63 49
O(H)6-NH P
15 8.5 286  O(H2)-NH A OH4-O(H)6 3.01 4.17 3.71 3.35 3.19 4.8 2.86 2.52 5.6
O(H)3-NH P
O(H¥-NH P
O(H)6-NH P

[a] Conformer number ranked by potential energy (AMBER®*). [b] Potential energy (AMBER*). [¢] Distance (A) between the OctpMan
H-4 proton and the benzene ring’s centroid in receptor 1.
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shared only by the lowest-energy family of conformations.
The observed receptor-ligand intermolecular NOEs were
thus compared with the corresponding distance values esti-
mated for the structures of this family, and the results are
gathered in Table 3, together with the relative energies, the
distances between H-4 and the benzene moiety and the de-
tected inter- and intramolecular contacts.

From Table 3 it can easily be seen that the H-4 proton of
OctfMan is unique in the complex structure, in that it is
consistently pointing towards the centre of the benzene ring
of the receptor, featuring distances between 2.7 and 2.8 A.
In general, for most geometries the estimated AMBER*
intermolecular distances are in good agreement with the
observed NOE cross-peaks. Remarkably, a hydrogen bond
between the axial OH-2 of the mannosyl residue and a pyr-
role or amine NH group is consistently recurrent in seven
out of the eight structures, consistently with the observed
selectivity of the tripodal receptor for the mannoside. The
observed preference for the B-anomer over its a counterpart
is easily accounted for by the lack of steric hindrance of-
fered by the B-octyl chain to the acetal ring, with the gem-
dimethyl substituent lying just above the o face of the man-
nose ring. In the case of the a-anomer, the aliphatic side
chain would point towards the acetal moiety. The structure
of the complex is further reinforced by additional intermo-
lecular hydrogen bonds (six structures involving O-6, two
involving O-3 and O-4 and one involving O-5), although
less conserved than the OH-2/NH bond.

Comparison between the structures of complexes of re-
ceptors 1 and 2 — that is, of the structure described above
with the homologous structure lacking the acetal moieties —
should shed light on the binding properties exerted toward

the monosaccharide ligands. Indeed, 2 has been shown to
exhibit good binding affinities but a rather shallow selecti-
vity profile toward a set of monosaccharide octyl glyco-
sides.[°¢81 A corresponding investigation was therefore un-
dertaken, by the same methodology, on the complex formed
between 2 and OctfMan. The results are collected in
Table S1 (see the Supporting Information) and reported in
Figure 4.

It can easily be seen that the observed chemical shift dif-
ferences follow the same trend as in the case of receptor
1, although with smaller values. For example, although the
strongest shift of the mannosyl residue is consistently ob-
served for the H-4 proton, the CSD value is only approxi-
mately 1/3 of the value observed for receptor 1 (Figure 4,
Table S1 in the Supporting Information). Furthermore,
very weak intermolecular NOEs just above the noise level
were observed under the same experimental conditions. By
the described molecular modelling protocol, a proposed
structure of the most likely interaction mode could be
drawn for the corresponding complex (Figure 5). Although
the relative arrangement of the partners in the complex ap-
pears to be analogous to that described for 1, the two enti-
ties lie further apart, as can be inferred from the distance
between the H-4 proton of OctBMan and the centroid of
the phenyl ring (Table 4). The average distances between the
protons of the sugar and the receptor are also larger than
those observed in the complex of 1, consistently with the
lack of clearly observable NOEs, and detectable intermo-
lecular hydrogen bonds are less frequent than those re-
vealed for 1. Thus, as a general feature, the lack of the ace-
tal groups makes the cleft of the receptor more “wide-open”
than in 1 and the glycosidic ligand consequently enjoys a
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Figure 4. Left panel: 500-MHz 'H NMR spectra (CD;CN, 298 K). Top: OctpMan, neat (in blue) and in the presence of 2 (3 equiv., in
red). Bottom: Compound 2 neat (printed in blue) and in the presence of OctfMan as above (printed in red). Right panel: Top: Plot of
the observed CSDs of OctfMan in the presence of 1 and 2. Bottom: Plot of the observed CSDs of 2 in the presence of OctpMan. The
numbers in the graphics at the right-hand side refer to the corresponding protons in OctpMan (above) and receptor 2 (below), as shown
in the scheme with the atomic numbering. The variation in the chemical shift of Man H-4 is indicated. The change in multiplicity of this
signal is due to the loss of the coupling to the hydroxy proton upon binding.
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Figure 5. A) Structure of the global minimum of the 1:1 complex between 2 and OctfMan. B) Perspective from the sugar showing the
orientations of the pyrrolic binding arms. C) Perspective from the receptor showing the orientations of the sugar.

larger degree of motion, resulting in looser contacts with
the receptor. Furthermore, the inward orientation of the
pyrrole NH group involved in the conserved H-bonding is
lost in the unsubstituted receptor. Consistently with this
picture, the affinity values measured for 2 towards Octa-
Man and OctpManl®! indicate weaker interaction than in
the case of receptor 1.

Table 4. Selected interatomic distances [A] and relative energies
(kJmol ") for the most stable complexes of 2 and OctBMan. Inter-
molecular hydrogen bonds are reported (A: amine; P: pyrrole).

Conf 2] ETP] d Al H-bonds

1 0.0 3.169 4.75 OH-6/NH(A)

2 1.3 4.734 2.27 OH-6/NH(A)
O-1/NH(A)

3 1.4 3.661 2.97 OH-2/NH(P)
OH-2/NH(P)
OH-3/NH(P)
OH-3/NH(P)

4 1.5 3.202 4.8 OH-2/NH(A)
OH-3/NH(P)

5 1.6 3.646 391 none

6 1.7 3.610 3.64 none

7 2.0 3.074 2.79 O-1/NH(P)

8 2.2 3.777 2.59 O-1/NH(P)

[a] Conformer number, ranked by potential energy (AMBER¥).
[b] Relative potential energy (AMBER*). [c] Distance between the
OctpMan H-4 proton and the benzene ring centroid in receptor
2. [d] Distance between the OctfMan H-8 proton and the pyrrole
NH.

In a previous paper!®! we described the enhanced binding
properties of 1 with respect to 2 in terms of the possible
establishment of additional hydrogen bonding to the acetal
oxygens. The structural analysis described in this work
shows that the origin of the enhanced binding ability of 1
is based, rather, on the conformational features brought
about by the acetal substituents, which impose a narrower
size and a restricted mobility of the receptor’s cleft in the
bound state, thus favouring the formation of stronger hy-
drogen bonding to the saccharide ligand, and which appear
to be particularly well suited for binding the B mannoside.
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Conclusions

From a structural analysis of the complexes formed in
solution between receptors 1 and 2 with OctpMan, based
on NMR experimental data combined with molecular mod-
elling calculations, it emerged that the introduction of the
cyclic acetal substituents on the pyrrole units in the parent
tripodal receptor induces reduced conformational freedom
of the binding arms of the receptor and a narrower size of
the receptor’s cleft. These conformational features result in
an enhanced binding ability of the receptor with respect to
the parent structure, which is exerted specifically toward -
mannosides through the reinforcement of hydrogen bond-
ing to the axial mannoside hydroxy group. The results pro-
vide an explanation of the enhanced selectivity towards
mannosides observed for the acetal receptor relative to the
unsubstituted progenitor. The three-dimensional models
proposed for the complexes indicate that the relevant inter-
molecular forces involved in binding are CH-r interactions
between the axial H-4 proton of OctpMan and the recep-
tor’s benzene ring, as well as hydrogen bonding between the
sugar hydroxy groups and the amine/pyrrole NH groups.
Additional contribution to the binding selectivity is pro-
vided by the steric hindrance caused by the alkyl chain of
the glycoside, which probably hampers the a-anomer to a
greater extent than the B-anomer, but affects receptor 1
much more than receptor 2, consistently with the stricter
conformational requirements of the former with respect to
the latter.

This study shows that the complexation mode of the in-
vestigated tripodal receptors involves the interaction of the
faces of the sugars with aromatic surfaces,'l van der Waals
interactions and hydrogen bonding through the sugar hy-
droxy groups,'! as frequently found in the recognition of
saccharides by lectins.['% However, there is no evident direct
parallel between the recognition of mannose by these tripo-
dal receptors and by natural lectins, because cations (usu-
ally calcium ions) are frequently employed for mannose re-
cognition by the biological binding site.!”! Nevertheless,
knowledge of the fine details of the binding features of the
tripodal receptors may allow chemical modifications en-
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hancing recognition ability and selectivity. Further improve-
ments in the receptor properties based on the findings from
this work are currently under investigation.

Experimental Section

NMR Spectroscopy: NMR experiments were performed at
500 MHz with a Bruker AVANCE spectrometer, at 298 K unless
otherwise stated. The experiments were performed in CD;CN,
stored over basic Al,O;. Experiments on the free species were re-
corded at 2.1 mM concentration for the glycoside (octyl f-pD-manno-
pyranoside, OctpMan) and at 3.96 mm for receptor 1. From the
titration data,!® for a 3:1 receptor/ligand ratio, the 1:1 complex is
present in ca. 60% amount, the 2:1 complex in 20% amount and
the free glycoside in 20% amount. Thus, for the detailed studies on
the complexes formed in solution, the concentrations employed
were 1.05 mum for the glycoside and 3.17 mm for the receptor. Anal-
ogous experiments were carried out for receptor 2. In addition to
standard 1D '"H NMR spectra, COSY, TOCSY (35 ms mixing
time) and NOESY (500 ms mixing time) experiments based on the
standard BRUKER sequences!'" were also acquired, in order to
assign the resonances of all the free and complexed molecular enti-
ties, as well as to obtain the intramolecular and intermolecular dis-
tances. For NOESY, we chose this relatively long mixing time be-
cause we were dealing with small molecules (292 and 829 Da), in
low-viscosity solvents, with 7' values of around 0.5-1.5s. We were
far from the spin diffusion limit, within the positive NOE range,
and so the possibilities of having confusing spin-diffusion effects
were negligible. With this mixing time we obtained clear and mea-
surable intermolecular NOEs, certainly direct effects, that helped
us to deduce the geometry of the complex.

Molecular Modelling: The structures of OctpMan and receptors 1
and 2 were built with use of Maestro!'?l and minimized by use of
conjugate gradients with the AMBER* force field!'?! and a dielec-
tric constant of 37.5 Debyes for acetonitrile. Once the optimum
geometries had been achieved, a conformational search protocol
was adopted, with the same force field and conditions. Firstly the
receptor alone was subjected to the search, with use of a Monte
Carlo torsional sampling (MCMM) with the default settings. The
best structure obtained from this calculation in terms of energy was
chosen, and the mannoside was then manually docked within its
cavity and further minimized. The complex was found to be stable,
because the sugar remained inside the receptor cleft on energy min-
imization. This local minimum was thus taken as the starting geom-
etry for an additional conformational search process, with no con-
straints, with the same settings as before. Twenty geometries of the
complex, within 10 kJmol™!' of the global minimum, were chosen
for further analysis. The obtained structures were classified into
three clusters, differing in the orientation of the saccharide with
respect to the receptor. In the first one (A), the sugar ring was
oriented with H-4 pointing towards the benzene ring of the scaf-
fold. In the second (B), the sugar ring occupied an orientation op-
posite to that of A, with the H-4 pointing away from the benzene
ring. In the third (C), the sugar ring occupied a position perpendic-
ular to the benzene ring. The lowest-energy structure corresponded
to family A (Figure 3), which included seven geometries featuring
slightly different orientations of the sugar and of the binding arms
of the tripodal receptor. These geometries were considered to corre-
spond to the most likely NMR-based experimental solution and
were further explored. Because of the motion features for the
formed complex, a realistic full quantitative analysis of the NOEs
was not performed. Direct comparison between the estimated inter-
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molecular distances for a “fixed” complex with the experimentally
measured NOEs was a solid base for deducing the structure of the
complex.

Supporting Information (see also the footnote on the first page of
this article): Table of NMR parameters for receptor 2.
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