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Introduction

The ability of glycans to encode biochemical information
has been brought to attention and its unraveling has been
heralded as one of the most critical challenges for the post-
genomic era.[1,2] The complexity of the problem has often
been summarized: carbohydrates are the most abundant
type of biomolecule in nature. They are widely expressed as
glycolipids and glycoproteins, and glycosylation is the most
widespread post-translational modification of proteins. Fur-
thermore, glycans are way more complex and difficult to an-
alyze and synthesize than other macromolecules. Therefore,
despite numerous efforts, the extent to which the sugar code
has been deciphered is still limited.

Nonetheless, it is clearly emerging that many fundamental
biological processes are controlled by sugar-mediated infor-
mation. Just to name a few: quality control of protein fold-
ing, intra- and extracellular trafficking of glycoconjugates,
signaling, host defence pathways, modulation of cell–cell
and cell–matrix adhesion, both in physiological situations
(as egg-sperm interaction) and in pathological conditions
(inflammation, cancer, etc)[3]—enough to justify efforts di-
rected to understanding how chemical information is en-
coded in sugar structure, how this information is read out by
sugar-binding proteins (lectins), and how we can control/
alter this flow of information by interfering with the sugar
code.

A major contribution to the understanding of the sugar
code is expected to emerge from screening of glycan
arrays[4] and from the use of chemoinformatic tools. Glycan-
specific databases have been built[5] and data mining has
begun.[6] Glycomimetic molecules that can disrupt the for-
mation of sugar–protein complexes may be used in this con-
text as probes of biological processes and may provide ideas
for medicinal applications.

So far, most of this work has been directed towards the
enzymes that tailor glycan determinants: glycosidases and
glycosyltransferases. Inhibition of glycosidases has been par-
ticularly fruitful: azasugars of the nojirimycin family are
well-established, general-purpose inhibitors.[7] Sialidase in-
hibitors have been developed in one of the first successful
rational drug-design projects,[8] and are currently commer-
cialized as anti-flu drugs under the commercial names of
Relenza (Zanamivir) and Tamiflu (Oseltamivir). Inhibition
of glycosyltransferases, until very recently, has proven
harder, mainly due to the lack of robust non-radiometric
assay strategies to detect glycosylation, but important steps
forwards are being made.[9]

Less is known about the inhibition of lectin-mediated
sugar recognition. As opposed to sugar-processing enzymes,
lectins are proteins that recognize glycans, but do not cata-
lyze their transformation. Initially discovered in plants and
in snake venom, lectins were also identified in bacteria, vi-
ruses, vertebrates, and mammals and were recognized as the
read-out machinery of carbohydrate-encoded information.[1]

The lectin carbohydrate recognition domains (CRD) are
often able to recognize complex oligosaccharides in a selec-
tive manner; however, the oligosaccharide recognition deter-
minants often consist of only one or two residues that
appear to act as anchors driving the entire glycoconjugate to
interact with the protein.

Hydrogen bonding, association of sugar molecules with
metals (for C-type lectins and related calcium-dependent
proteins), ionic interactions, and hydrophobic stacking con-
tribute to the binding energy. The energy associated with hy-
drogen bonding in sugar–protein interactions is significantly
reduced by competition from bulk solvent and by the flexi-
ble nature of the hydroxyl groups, which result in a consider-
able entropic penalty when they become constrained upon
binding. Sugar C�H bonds can engage in stacking interac-
tions with protein aromatic side chains, but natural carbohy-
drates usually lack extended hydrophobic areas, often a
dominant factor in high-affinity receptor–ligand interactions.
Hence, the affinity of lectins for monovalent carbohydrates
is typically weak (dissociation constants are in the mm to mm

range). Most lectins, however, are multimeric and, in gener-
al, polyvalent presentation of monosaccharides acting as
binding determinants for a given lectin can be used for in-
hibition with major affinity increases over the corresponding
monovalent ligand[10] Spectacular results have been achieved
through this approach, particularly for AB5 bacterial
toxins[11] and more could be achieved through the combina-
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tion of judicious choice of potent monovalent inhibitors
with rationally designed polyvalent scaffolds, a task that will
be significantly simplified by the introduction of powerful
chemoselective conjugation techniques.

The identification of unnatural inhibitors of lectin–sugar
recognition has been approached mostly through rational
design and synthesis of glycomimetic structures, although,
more recently, non-carbohydrate lectin binders have begun
to be described.[12] In this context, glycomimetics are non-
carbohydrates that attempt to reproduce the 3D structure of
oligosaccharidesI binding determinants and thus to compete
with the natural ligand for a target lectin. They are often
composed of a mono- or disaccharide, working as the lectin
anchor, linked to an aglycone designed to host and orient
further functionalities for lectin interaction and to impart to
the molecule some pharmacologically favorable properties,
such as improved lipophilicity and resistance to hydrolytic
enzymes.

This work is based on the following rationale:

* Despite the great structural complexity of many bioactive
oligosaccharides, often only small portions of these mole-
cules are actually recognized by their receptors. The re-
maining part appears to act as a scaffold that orients the
binding determinants in the appropriate conformation
and provides a connection to the aglycons.

* Although oligosaccharides are relatively flexible mole-
cules, if compared to other macromolecules, “certain gly-
cans have highly favored conformations”.[13] In particular,
vicinal branching appears to impart a significant confor-
mational restriction, as seen for instance in ganglio-
sides[14] and in the Lewis determinants.[15]

* Different lectins can select different conformations of
flexible oligosaccharides.[16] Some lectins even select con-
formations that do not appear to be populated by more
than 5–10% in the free state (ground state) of the ligand.
This has clearly a consequence on the (low) affinity of
such ligands for the target lectin, but it can be exploited
by mimics that, by chance or design, happen to stabilize
the bound conformation.

Selectins, a group of lectins that recognize the tetrasac-
charides sialyl Lewis-x (sLeX, 1), remain the most exploited
targets to date.[17] Early works in the field provided mile-
stones for rational design of lectin antagonists. Two possible
approaches towards construction of carbohydrate mimics
were postulated. The first one implicates removal of non-in-
teracting functional groups, but conservation of the original
glycosidic linkages to retain the conformational properties
of natural ligand. This approach reduces the polarity of the
sugars, which may increase the affinity of the binding by im-
proving hydrophobic interactions and decreasing the penalty
for polar groups desolvation. Addition of a hydrophobic
group or a charged group can also be beneficial. The stabili-
ty of O-glycosides, which are known to have very short life-
times in physiological conditions, may be improved by
switching to C- or S-glycosidic linkages.[17]

A second approach exploits non-carbohydrate frame-
works to which the required pharmacophoric sugar frag-
ments are tethered so that they maintain the same orienta-
tion in space as they do in the natural oligosaccharide struc-
ture (bound conformation). Additional groups may also be
incorporated to enhance the affinity. Replacement of the
glycosidic scaffold often facilitates and accelerates the other-
wise very time-consuming oligosaccharide synthesis. Follow-
ing this approach, Kolb and Ernst (at that time at Novartis)
developed the sialyl LewisX mimic 2 shown in Figure 1.[18]

Two elements control the shape of this mimic: the cyclohex-
anediol scaffold, replacing for the 3,4-disubstituted GalNAc
in sLeX, and the S stereocenter of the ether fragment, which
incorporates the acid used to replace the sialic acid residue
of sLeX. It was shown that this configuration favors the
gauche orientation of the carboxy group relative to the gal-
actose ring shown in Figure 1, which is the bioactive one for
the interaction of sLeX with E-selectin.

Building on these results we have expanded the range of
tools available as non-carbohydrate scaffolds by introducing
two enantiomerically pure, conformationally stable cyclo-
hexanediols 3 and 4 (Figure 2). These molecules were de-
signed to replicate carbohydrate branching motifs that incor-
porate one or more axial substituents, like the 3,4-galacto
and 1,2-a-manno motifs, frequently encountered in bioactive
oligosaccharides.[19] They have been used to synthesize struc-
tural and functional analogues of complex carbohydrates
(pseudo-oligosaccharides) that interact with biologically rel-
evant lectins, such as the cholera toxin and the dendritic cell
receptor DC-SIGN. The carboxy groups of such diols, which
act as a conformational lock on the cyclohexane ring, were

Figure 1. Sialyl LewisX (sLeX, 1), the conformation adopted by sLeX in
the selectin complex (1a) and the Novartis mimic 2. E-selectin affinities
from referene [18].
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also exploited for conjugation to various supports, thus al-
lowing the synthesis of polyvalent pseudo-glycoconjugates.

Ganglioside GM1 and the Cholera Toxin (CT)

The first target we selected was the recognition pair com-
posed by the pentavalent cholera toxin protein and its cellu-
lar receptor, the pentasaccharide head-group of ganglioside
GM1 (GM1os, 5 ; Figure 3). This is an extremely well-charac-
terized pair in the field of sugar–protein interactions. Chol-
era toxin belongs to the AB5 bacterial toxins family, which
are named after their characteristic architecture comprising
a single catalytically active component (A) and a nontoxic
receptor-binding pentamer of B subunits that are responsi-
ble for binding to gangliosides at the cell surface.[20] The rec-
ognition function is retained even in the absence of the A
subunit, but the complete AB5 holotoxin is required for the
toxic effects. There are several families of AB5 toxins. The
cholera toxin (CT) family includes enterotoxins responsible
for several disorders, from the relatively mild travelersI diar-

rhea (from E. coli heat-labile toxin, LT) to the much more
serious and life-threatening cholera. Given the importance
of the processes that they promote, the study of the com-
plexes formed between gangliosides and AB5 toxins at dif-
ferent levels is very relevant. For basic research, they offer a
paradigmatic model for studying the structural and thermo-
dynamic basis of protein–carbohydrate interactions; for me-
dicinal chemistry, they may provide key insights for the
structure-based design of ligands that can potentially be
used to treat the above-mentioned diseases.

Rational design of galactose-based ligands for CT and LT
has been reported and recently reviewed.[21] The B pentamer
of CT (CTB) interacts with the soluble, monovalent oligo-
saccharide portion of GM1os 5 with a strong affinity. The
binding process is weakly cooperative and the dissociation
constant for the monovalent interaction of one GM1os with
one pentamer binding site, is 43 nm at room temperature,[22]

which places it among the highest affinity protein–carbohy-
drate interactions described to date. The X-ray structure of
the CTB-GM1os complex[23] shows a “two-fingered grip” of
the sugar on the toxin, created by a sialic acid thumb and a
Galb ACHTUNGTRENNUNG(1!3)GalNAc forefinger. Most of the contacts are
given by the “finger” tips. The terminal galactose residue in
the “forefinger” can reach into a well-defined galactose-
binding pocket, lined by the indole side chain of Trp-88 and
shielded from the solvent. The rest of the toxin-binding site
is shallow and exposed to solvent. The NeuAc “thumb” in-
teracts with a carboxylate-binding region, which includes
one highly conserved crystallographic water molecule. A
comparison between the solution conformation of GM1os, as
determined by NMR data,[24] and the conformation observed
in the toxin complex indicates that this pentasaccharide is
conformationally preorganized for a near lock-and-key in-
teraction with CTB. Such preorganization appears to be the
source of the unusually high binding affinity of the
CTB:GM1os pair, as shown also by a detailed calorimetric
study of the thermodynamics of CT binding by GM1os and
fragments thereof.[22] Structural data[25] converge to locate
the origin of the limited conformational flexibility of GM1os
in the 3,4-branching at Gal-II (Figure 3). Thus, this residue
appears to act as the scaffold holding the two terminal
sugars (Gal-IV and NeuAc) at the proper place and distance
for optimal interaction with CT. It is worth noting that, al-
though both sLeX and GM1os include a NeuAca2,3-Gal
motif, the conformation of this fragment in the two mole-
cules is different, resulting in a different orientation of the
carboxylate binding determinant, which can be appreciated
by comparing Figures 1 and 3.

From the above structure-based rationale, we have pro-
posed a series of ganglioside mimics in which the non-inter-
acting oligosaccharide backbone of GM1os was replaced
with the cyclohexane diol 3 (Figure 2), which was chosen to
reproduce the topological features of the 3,4-disubstituted
galactose residue (Gal-II) in GM1. The pseudotetrasaccha-
ACHTUNGTRENNUNGride 6 (Figure 4) representing the first generation of mimics
indeed displayed the same affinity as the natural ligand.[26]

A similar affinity (Kd=1.8 mm) was measured for the ana-

Figure 2. Dicarboxy cyclohexanediol (DCCHD) scaffolds 3 and 4 de-
signed to mimic 3,4-disubstituted galacto and 1,2-a-manno motifs, respec-
tively.

Figure 3. GM1os 5 and its three-dimensional structure 5a.
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logue 7 in which the GalNAc residue was substituted with a
GlcNAc one, a change that was shown to preserve the
three-dimensional shape of the ligand.[27]

A second generation of molecules (8–13) was created by
replacing sialic acid with simpler hydroxyacids (Figure 4).
Comparison of the epimeric lactic acid derivatives 9 (R=

Me, S epimer, Kd=1.1 mm) and 10 (R=Me, R epimer, Kd=

0.2 mm) lead to the observation that the R configuration of
the stereocenter on the ether side chain improves the activi-
ty of the mimic by one order of magnitude. This is in con-
trast with the observations described above for sLeX mimics,
which require an S configuration of the acid stereocenter. It
also reflects both the different steric requirements for the
sialic acid carboxy group in the binding site of CT compared
to selectin and the existence of a lipophilic area in the CT
binding region. Indeed, extensive NMR studies conducted
on compounds 8–13 and on their CT complexes showed that
a process of conformational selection takes places during
binding. From the ensemble of side-chain conformations,
CT selects the one that fits the galactose binding pocket,
while placing the carboxy group of the hydroxy acid in the
carboxylate binding region. Together with the configuration
of the side-chain stereocenter, this in turn determines the
orientation of the alkyl substituent, which for an R configu-
ration points towards a hydrophobic area of the protein
formed by Lys34 and Ile58 (Figure 5, top). The existence of
such a lipophilic interaction also explains the IC50 increase
observed passing from 10 (R=Me, Kd=0.2 mm) to 11 (R=

cyclohexyl, Kd=0.05 mm) and 12 (R=Ph, Kd=0.01 mm).
The best results were obtained for the phenyllactic acid de-
rivative 12, which is preorganized in the conformation re-
quired by the existence of sugar–aromatic interactions[28] be-
tween the phenyl ring in the side chain and the GalNAc res-

idue (Figure 5, bottom). These
observations provide clear-cut
evidence of the importance of
such interactions in shaping
three-dimensional structures of
simple molecules.[29] Ligand 12
with a 10 mm dissociation con-
stant represents a major simpli-
fication of the structure of the
natural ligand GM1os, with a
relatively minor loss of affinity.

Some of the molecules dis-
cussed above display good af-
finity for CT and are structural-
ly simpler than the natural
ligand GM1os. However, they
all are O-glycosides and are
therefore unlikely to be meta-
bolically stable to any signifi-
cant extent. Furthermore, the
synthetic methods used to con-
nect the pharmacophoric sugar
moieties are those of traditional

Figure 4. GM1os mimics based on DCCHD 3.

Figure 5. Top: Suggested binding mode of 10 to CT, based on modeling
and NMR data. The lipophilic patch formed by Lys34 and Ile58 is shown
in grey. Bottom: Suggested binding mode of 12 to CT, based on modeling
and NMR data.
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carbohydrate chemistry, which are often laborious and not
high-yielding procedures. To circumvent these shortcomings,
we are currently working toward the development of CT li-
gands starting from simple C-galactosides. Preliminary re-
sults have so far yielded ligands in the 0.1 mm range
(Figure 6).[30]

Since CT is a multimeric lectin, low affinity could be ad-
dressed through a cooperativity effect by switching to multi-
valent ligands. Polyvalent CT binders have been reported to
yield strong affinity enhancements (up to 105 fold) starting
from weak ligands, such as lactose or galactose.[11b,31] Den-
drimers based on the 3,5-di-(2-aminoethoxy)benzoic acid
branching unit were introduced by Pieters[31a,32] as polyvalent
scaffolds for the presentation of galactose, lactose, the mon-
ovalent GM1 mimic 10[33] and GM1os itself.[11d] Screening of
these compounds by surface plasmon resonance (SPR) re-
vealed a dependence of CT inhibition effect on both affinity
of the monovalent ligand employed and topology of presen-
tation. Similar results were also obtained by Bernardi, Cas-
nati, and co-workers[11c] with a divalent ligand, prepared by
tethering two units of GM1 mimic 10 onto a functionalized
calix[4]arene. A 3800-fold (1900-fold per sugar mimic) affin-
ity enhancement was measured by fluorescence spectrosco-
py. The value observed is much higher than that normally
measured for a divalent ligand interacting with a polyvalent
receptor[10a,34] and higher than the enhancement observed
for the dendrimer-based tetravalent and octavalent ana-
logues.[33] The energetics of this interesting divalent ligand
are currently under investigations.

The results described above show that multivalent presen-
tation of designed ligands can lead to affinity levels closer to
those required for practical application against AB5 toxins.
The implication is that an approach to high-affinity lectin li-
gands can be achieved as a combination of rational design
of monovalent ligands with further enhancement by multiva-
lent presentation using dendrimers.

DC-SIGN Inhibitors

DC-SIGN (dendritic cell-specific ICAM-3 grabbing noninte-
grin) is a tetrameric C-type lectin. It is one of the dendritic
cellsI specific pathogen-uptake receptors that recognize
highly glycosylated structures present at the surface of sever-
al pathogens, such as viruses, bacteria, yeasts, and parasites.
It was brought to attention by the group of van Kooyk, who

reported that HIV-1 targets DC-SIGN, but escapes degrada-
tion in lytic compartments, thus using DCs as a Trojan horse
to invade the host organism.[35] Inhibition of DC-SIGN is
currently considered as an interesting new target for the
design of anti-infective agents.[36] Furthermore, since the de-
tailed molecular mechanisms by which this receptor oper-
ates are not known, effective modulators of DC-SIGN are
needed to help clarify the different biological processes in
which it can be involved.

The main carbohydrate ligand recognized by DC-SIGN is
the high mannose glycan, (Man)9ACHTUNGTRENNUNG(GlcNAc)2, a branched oli-
gosaccharide that is present in multiple copies by several
pathogen glycoproteins and specifically by the gp120 enve-
lope protein of HIV. DC-SIGN can also recognize branched
fucosylated structures bearing terminal galactose residues,
such as the Lewis antigens. X-ray data are available both for
complexes of DC-SIGN carbohydrate recognition domain
(CRD) with mannose oligosaccharides and with LewisX.[37]

As a possible DC-SIGN inhibitor we have recently repor-
ted[36a] the pseudo-1,2-mannobioside 14[38] (Figure 7), which

contains a mannose unit connected to a conformationally
locked diol 4 (Figure 2). The latter acts as a mimic of a re-
ducing end mannose residue and features a spacer-arm ter-
minated with azido or amino functionality, useful to gener-
ate multivalent DC-SIGN ligands.

Design of mimic 14 was supported by modeling and NMR
experiments. STD-NMR showed that the molecule interacts
with DC-SIGN and inhibition of Ebola virus entry in DC-
SIGN expressing Jurkat cells was also shown. The IC50 mea-
sured for 14 in this test (0.6 mm) was approximately three
times lower than that of the natural disaccharide 15, which
also showed a marked cytotoxicity not exhibited by 14. Rojo
and Delgado reported that a mannosylated Boltorn dendri-

Figure 6. C-galactoside CT inhibitors. Inhibition of CT binding to an asia-
lofetuin-coated SPR chip from ref. 30.

Figure 7. The monovalent pseudo-mannobioside inhibitor of DC-SIGN
14, the polyvalent dendrimer-based version 16, and the natural manno-
bioside 15.
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mer (Figure 6, BH30) bearing 32 mannose units (BH30-
ACHTUNGTRENNUNG(sucMan)32) inhibits direct DC-SIGN-mediated cell entry in
an Ebola viral model with IC50 337 nm.[36f] Conjugation of 14
to a dendrimer based on the Boltorn polymer through a suc-
cinic acid linker yielded the polyvalent ligand 16, bearing an
average number of 26 units of pseudo-disaccharide. In pre-
liminary experiments, this molecule inhibits binding of DC-
SIGN extra-cellular domain to a gp120-coated SPR (CM4
chip) six times better than BH30 ACHTUNGTRENNUNG(sucMan)32.

[39]

Very recently we also introduced the first fucose-based
unnatural ligand of DC-SIGN.[40] Indeed, moving from the
known three-dimensional structure of the Lewis-x trisac-
charide (Figure 8), we have so far identified two monovalent

a-fucosylamides 17 and 18 that bind DC-SIGN with inhibi-
tory constants 0.4–0.5 mm (by SPR) and have characterized
their interaction with the protein by STD-NMR spectrosco-
py. The results have shown saturation transfer from DC-
SIGN extra-cellular domain to the fucose residue and are in
agreement with the expected binding mode of a-fucosides.[37]

This work therefore establishes for the first time a-fucosyl-
ACHTUNGTRENNUNGamides as functional mimics of chemically and enzymatically
unstable a-fucosides. Since a-glycosyl amides are a class of
virtually unexplored nonhydrolysable monosaccharide deriv-
atives,[41] this observation may be of general relevance for
the design of sugar mimics.

Like 14, the monovalent DC-SIGN ligands 17 and 18 rep-
resent interesting candidates to prepare multivalent con-
structs able to block the receptor DC-SIGN with high affini-
ty and with potential biomedical applications.

Lectin Inhibition: Carbohydrate Mimics versus
“Small Molecule” Ligands

Few entirely non-carbohydrate lectin antagonists have been
reported to date. Typically the selection process includes
high-throughput screening (HTS) of a library, followed by
SAR investigation and lead optimization. High-throughput
assays for the screening of P-selectin have led a team at
Wyeth to develop a quinoline salicylate class of inhibi-
ACHTUNGTRENNUNGtors.[12a,b] Small-molecule DC-SIGN inhibitors have also
been discovered by HTS of commercial libraries.[12c] The
IC50 values of the most active compounds were found to

range from 1.6 to 32 mm, which, compared to DC-SIGN-
binding monosaccharides (8.7 mm for N-acetyl mannosamine
and 6.7 mm for L-fucose) and oligosaccharides (0.21 mm for
Man9GlcNAc2) makes them approximately 1000-fold more
potent.

This is important work, because, together with the results
of sugar mimics described above, it shows that despite the
peculiar characteristic of their binding sites lectins can be
tackled by approaches well validated for many other classes
of receptors. The pharmaceutical industry, so far, has often
been reluctant to embark in discovery projects in the area
of carbohydrate binding proteins, which have been seen as
somehow intractable entities. The above results are likely to

change such perception, and de-
velopments may become as fast
as the production of reliable
HTS protocols. A boost in this
direction should also arrive
from the sizable amount of suc-
cess cases obtained mostly by
fragment-based approaches in
another so-called intractable
area, that of protein–protein in-
teraction.[42] In particular, given
the strong structural similarity
between carbohydrate–lectin
binding processes and protein–

protein recognition events, the fragment-based method of
drug discovery is likely to produce interesting results for lec-
tins as well.

Although selectivity issues still remain to be addressed, a
classical discovery approach by library screening appears to
be well suited to achieve fast identification of potential
lectin inhibitors. However, this type of work is not likely to
produce the kind of structural information that could feed-
back a better understanding of how chemical and biological
information is encoded in carbohydrates. In contrast, ration-
al design of oligosaccharide mimics may not only yield
lectin inhibitors, but it may also provide some of the re-
quired information and help to decipher the sugar code.
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