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Carbohydrates are found ubiquitously in nature, as part
of natural products, as sources of metabolic energy, and
as key components for various intercellular recognition
processes, including infection, inflammation, metastasis,
differentiation, development, and regulation of signaling.
Although carbohydrates play key roles in these vital
biological recognition processes and in development of
diseases, the detailed mechanisms of these events are
poorly understood. As such, carbohydrates remain the
least exploited among the three major classes of biomol-
ecules. Chemists consider complex carbohydrates difficult
to synthesize and manipulate, and their biological func-
tions are often not well defined. Biologists do not have
useful tools to study carbohydrates. There is no amplifica-
tion method available for carbohydrates to facilitate
structure analysis. There is no machine available for the
synthesis of oligosaccharides to exploit their functions. In
addition, there is no general method available for the
preparation of glycoproteins with well-defined carbohy-
drates to study the roles of carbohydrates in glycoprotein
structure and function. Medicinal chemists consider
complex carbohydrates as an uninteresting class of mol-
ecules for drug development, since carbohydrates are
usually too complex for process development and too
hydrophilic to have good bioavailability, and they are
generally orally inactive and unstable. Perhaps the most
fundamental problem is that carbohydrates bind their
receptors with weak affinity, usually with dissociation
constants in the millimolar range, presumably due to the
lack of hydrophobic and charged groups on carbohy-
drates.>2 Although nature uses multivalency to improve
the affinity and specificity in carbohydrate—receptor
interaction on cell surfaces, the multivalent approach to
drug development still represents a significant chal-
lenge.3—°
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FIGURE 1. (Left) The conformation of oligosaccharides in solution
is mainly governed by the exo-anomeric and steric effects. The
exo-anomeric effect is the antiperiplanar alignment of a lone pair
orbital of the glycosidic oxygen and the bond between the ring
oxygen and anomeric carbon. As a consequence, the aglycon group
(R) tends to be away from the sugar ring substituents as indicated
in the gauche form to reduce the steric hindrance, and the two
glycosidic torsion angles ¢ and ¢ are thus defined. (Right) The
interaction of carbohydrates with proteins involves multiple H-
bonding interactions with water and protein side chains and aromatic
sugar-ring C—H interactions. In many cases, the bound conformation
is not very different from the solution conformation.

It is, however, important to study carbohydrate-medi-
ated biological processes and to investigate their mech-
anisms of action, as understanding the mechanism of
carbohydrate function may lead to the development of
carbohydrate-based therapeutics. Recent advances in
glycobiology and glycochemistry have helped solve some
of the problems associated with carbohydrate research,
and methods for the synthesis of some complex carbo-
hydrates on a large scale for drug development are now
available.# Current efforts are, however, directed toward
the development of small molecules to mimic the struc-
ture and function of complex carbohydrates, with the
hope that more active, more stable, and perhaps orally
active small molecules that are easily synthesized can be
developed. This Account focuses on some of the most
recent efforts in this regard and concentrates on the
development of small molecules that mimic the sialyl
Lewis x tetrasaccharide (sLeX) recognized by selectins, the
transition states in glycosidase- and glycosyltransferase-
catalyzed reactions and the aminoglycoside antibiotics
binding to RNA.

Mimics of Sialyl Lewis x Recognized by
Selectins

Carbohydrate—protein interactions contain complex H-
bonding networks involving water molecules and the
functional groups of sugars, and hydrophobic interactions
between the C—H groups of sugars and protein side chains
such as aromatic groups (Figure 1).2 The conformation
of an oligosaccharide bound to a receptor is, in many
cases, not very different from that in solution, which is
mainly governed by the exo-anomeric effects (Figure 1).1
A case study presented in this Account is the interaction
of sLe* tetrasaccharide ligand with a class of calcium-
dependent lectins, including E-, P-, and L-selectins (Figure
2).4 The selectin—carbohydrate interaction is involved in
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FIGURE 2. Essential functional groups of sialyl Lewis x interacting with selectin side chains and conformations of sLe* bound to E-, P-, and
L-selectins are indicated. Those shown as red squares are recognized by E-selectin, those shown as orange circles are recognized by
P-selectin, and those shown as green triangles are recognized by L-selectin. Regarding the bound conformation, the one in yellow is recognized
by E- and P-selectins and that in white is close to the solution conformation and recognized by L-selectin. The precise carbohydrate sequence
between sLe* and protein is not known. The main difference between the bound conformations is the orientation of the carboxylate group.

Natural saccharide ligand Mimetic + hydrophobic/charged group
H-bonding H-bonding
Electrostatic » Electrostatic
» Hydrophobic
AG® = -4 10 -6 kcal/mol AG® = -6 to -10 kcal/mol
Kp=~103%-10°M Kp=~10%-10%M

FIGURE 3. Strategy for the development of complex carbohydrate mimetics. An additional lipophilic or charged group is incorporated in the
scaffold containing the essential groups for binding to further increase the affinity.
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Fucosidase Reaction

Mn2+ 9

o" \o N N

04l I_o </ | /k

HO & :P\ /Pf N Z

OH o7 To” "o o N™ "NH,
05" 00— :
: HOony i HO  ©OH
(L0 H R Me T
Acceptor—é-H -------- :B‘&

a1,3-Fucosyltransferase Reaction
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reaction.

inflammatory reactions and, in certain cases, metastasis.*
A common process leading to inflammation is when a
tissue is injured or stimulated by inflammatory factors
such as bacterial lipopolysaccharides, leukotriene By, and
other toxins, cytokines such as tumor necrosis factor (TNF)
and interleukin-1 (IL-1) along with nitric oxide are released
to signal the display of P-selectin (occurring in 20—30 min)
and E-selectin (in ~60 min) on the surface of endothelial
cells. The rolling leukocytes then adhere to the surface of
endothelial cells through the multivalent interaction
between the selectin and the tetrasaccharide sLe*, which
is the nonreducing terminal moiety of a glycoprotein
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expressed on the surface of leukocytes. This carbohydrate—
protein interaction is followed by the tight protein—
protein interaction between immunoglobulin superfamily
molecules, such as intercellular adhesion molecule-1
(ICAM-1) or vascular adhesion molecule-1 (VCAM-1), on
the endothelium with integrins on the leukocyte cell
surface, which leads to the extravasation of leukocytes to
the site of injury. Blocking this protein—carbohydrate
interaction has been considered to be a new strategy for
the treatment of acute and chronic inflammatory diseases
and postsurgical reperfusion injury. Indeed, it has been
shown that a synthetic sLe* derivative is effective for the
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FIGURE 6. Representative inhibitors of glycosidases and glycosyltransferases (K; in uM). (a)See: Palcic, M. M.; Heerze, L. D.; Srivastava, O.
P.; Hindsgaul, O. J. Biol. Chem. 1989, 264, 17174. (b) See ref 20. (c) See: Lu, P.-P.; Hindsgaul, O.; Campston, C. A; Palcic, M. M. Bioorg.
Med. Chem. 1996, 4, 2011. (d) See: Hashimoto, H.; Endo, T.; Kajihara, Y. J. Org. Chem. 1997, 62, 1914. (e) See: Schmidt, R. R,
Frische, K. Bioorg. Med. Chem. Lett. 1993, 3, 1747. (f) See ref 17. (g) See refs 18 and 19. (h) See ref 24. (i) See ref 25. (j) See: Kappes,
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J. Am. Chem. Soc. 1991, 113, 6187. (k) See: Takabiashi, M.; Kanie, O.; Wong, C.-H. Unpublished results. (I) See reference given for (j).
(m, n) See: Fleet, G. W. J.; Namguong, S. K.; Barker, C.; Baines, S.; Jacob, G. S.; Winchester, B. Tetrahedron Lett. 1989, 30, 4439. Fleet,
G. W. J.; Shaw, A. N.; Evans, S. V.; Fellows, L. E. Chem. Commun. 1985, 841. (0) See ref 23.
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FIGURE 7. (Left) A representative library approach to the discovery of selective inhibitors of fucosidases and fucosyltransferases. A common
core mimicking the transition state of the glycosyltransfer moiety is linked to other group(s) to mimic the leaving group (in glycosidase reactions)
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Through structure—function relationship studies, the
essential groups of sLe* recognized by selectins have been
identified.’* The conformations of sLe* bound to the
selectins have also been determined with the use of the

treatment of reperfusion injury during heart surgery.1° It,
however, requires the use of a high dose of sLe* to achieve
the desirable inhibition activity as sLe* binds the selectins
with dissociation constants in the millimolar range.
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transfer NOE technique213 (Figure 2). These two pieces
of information have provided a basis for the design of sLe*
mimetics as inhibitors of selectins, and to date many small
molecules with affinity equal to or greater than that of
sLex have been prepared.# One of the most effective
strategies for the development of sLeX mimetics is to
incorporate an additional lipophilic or charged group in

a scaffold that contains the essential functional groups for
recognition as illustrated in Figure 3, if the new lipophilic
(or charged) group interacts favorably with a lipophilic
(or charged) residue in the receptor. This change will result
in a substantial increase in affinity due to the entropic
consequences of the hydrophobic effect (or the electro-
static interaction). Identification of such an additional
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group, however, requires structural information on the
selectin—carbohydrate complex, which is still not available
at this time, though the X-ray structure of E-selectin has
been determined.** A combinatorial or library approach
to the identification of such groups becomes an alternative
option. In any event, small molecules with inhibitory
potency in the low micromolar range have been discov-
ered (see Figure 4 for representative examples), and
constrained cyclic structures based on the newly discov-
ered sLex mimetics with even better biological activity may
be developed eventually.

Mimics of Transition States in Glycosidase-
and Glycosyltransferase-Catalyzed Reactions

Glycosidases and glycosyltranferases are important cata-
lysts for the processing and synthesis of carbohydrates,
including polysaccharides, glycolipids, and glycoproteins.
Inhibition of these enzymes associated with disease states
or metabolic disorders is another strategy for carbohydrate-
based therapy.'®> The mechanisms of glycosidases, includ-
ing inverting and retaining enzymes, have been well
studied,’®~17 and means for inhibition of these enzymes
have been developed, including the use of natural prod-
ucts and synthetic inhibitors.18-20 Glycosyltransferase-
catalyzed reactions are thought to proceed through a
transition state similar to that of the glycosidase reactions,
with a partially positively charged half-chair structure and
sp? character developed at the anomeric center?! (Figure
5). The glycosidic bond of the sugar nucleotide in the
transferase reaction was shown to be broken prior to the
nucleophilic attack by the incoming acceptor, as il-
lustrated in the human a-1,3-fucosyltransferase V and
f-1,4-galactosyltransferase reactions.?=22 Whether this
SN;-like mechanism is general in glycosyltransferase reac-
tions, however, remains to be established. On the basis
of these mechanistic rationales, many potent inhibitors
of glycosidases and glycosyltransferases have been devel-
oped. Of particular interest are inhibitors that contain a
positively charged endocyclic or exocyclic nitrogen to
mimic the transition-state structure of the enzymatic
reactions (Figure 6). This new electrostatic interaction
developed in the glycosyl transfer reaction contributes
significantly to transition-state binding. These inhibitors,
however, often exhibit little selectivity, with some excep-
tions, as they usually do not interact with the leaving
group binding site and further modification is necessary
to improve selectivity. A useful approach is to incorporate
additional groups to the heterocycles or aminocarbocycles
to occupy the binding site for the leaving group (in the
case of glycosidases) or the binding site for the leaving
group and the acceptor group (in the case of glycosyl-
transferases) (Figure 7). This additional group can be
found by rational design or by a library approach com-
bined with a fast inhibition analysis using techniques such
as electrospray mass spectrometry or other high through-
put analysis.?324

It is noted that mimicking the transition state of an
enzymatic reaction has been an effective strategy for the
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biotinylated RNA sequence of the bacterial 16S A site are used to
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development of potent enzyme inhibitors, including in-
hibitors of glycosidases such as influenza neuramini-
dase.?5~26 Development of potent and specific inhibitors
of glycosyltransferases, however, still represents a signifi-
cant challenge.
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FIGURE 12. Computer modeling of two representative newly discovered antibiotics interacting with a 16S RNA A site model. The modeling
is based on the structure of paromomycin complexed with thel6S RNA A site model.3!
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Mimics of Aminoglycoside Antibiotics Binding
to RNA

The antibiotic activities of many naturally occurring
aminoglycosides (Figure 8) arise from their interaction
with bacterial RNA, especially the 16S A site (Figure 9),
resulting in truncation and miscoding in protein biosyn-
thesis.?” Aminoglycoside antibiotics are orally inactive and
often administered by injection or topical application. In
addition, most of the antibiotics have experienced drug
resistance due to modification of the antibiotics (via
acetylation and phosphorylation) or the RNA by the
enzymes of targeted microorganisms. An interesting fea-
ture of aminoglycoside antibiotics is that they often
contain a trans-1,3-hydroxyamine or cis-1,3-diamine mo-
tif. A recent model study by NMR2?8 indicates that the
glyco-type 1,3-hydroxyamine interacts, through multiple
H-bonds, with phosphodiesters and the Hougsteen face
of guanine more strongly than does the standard cyclic
quanidine group (Figure 10). This finding has led to the
discovery of new aminoglycoside mimetics containing
either one or both of these recognition motifs that
recognize RNA (Figure 11), as illustrated in the binding
analysis of synthetic libraries using surface plasmon
resonance.?®3% Some of the mimetics exhibit strong
antibiotic activities. Computer modeling also suggests that
the mimetics bind to RNA in a manner similar to that of
the natural products,3® with the hydroxyamine motif
interacting with the phosphodiester group and the Houg-
steen face of guanine (Figure 12). This approach points
to a new direction for the development of potent sequence-
specific RNA binders, a strategy that might be extended
to study the problem of DNA recognition. Incorporation
of a reactive group in the mimetics may generate a
sequence-specific irreversible inhibitor. Furthermore, un-
derstanding the binding stoichiometry based on the
surface plasmon resonance analysis will lead to the
development of multivalent aminoglycoside mimetics to
further improve affinity and specificity.

Conclusions and Future Prospects

The three case studies cited here illustrate how the
complexity and weak affinity in carbohydrate—receptor
interactions can be addressed with the use of structurally
simplified carbohydrate mimetics that contain the es-
sential functional groups of the parent ligand. Incorpora-
tion of additional hydrophobic and/or charged groups in
the mimetics, however, represents a key feature in the
development of mimetics with high affinity and specificity.
This approach is consistent with findings from structural
studies of a limited number of carbohydrate—receptor
complexes, where, in addition to the complex H-bonding
network, the sugar face C—H group stacking with aromatic
residues contributes significantly to the overall binding
affinity and stereospecificity. Introducing a new hydro-
phobic group on the sugar ligand or its mimetic may
enhance hydrophobic interactions, thus improving affinity
and specificity. It is hoped that the strategies illustrated
here are generally applicable to other carbohydrate-
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mediated biological recognition and are useful for the
development of carbohydrate-based therapeutics.
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