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A virtual screening approach was used to identify new glycomimetics. The National Cancer Institute
Diversity Set was docked into the carbohydrate binding site of the lectin concanavalin A (ConA). The
resulting poses were analyzed and 19 molecules were tested for inhibition with an enzyme-linked lectin
assay (ELLA). Eight of the 19 molecules inhibited ConA-carbohydrate binding. The two most potent inhib-

itors have ICso values that are an order of magnitude smaller than the monosaccharide methyl o-p-

mannopyranoside.
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The carbohydrates presented on cell surfaces and those at-
tached to proteins are assembled in patterns that comprise a car-
bohydrate code.! This carbohydrate code has a coding capacity
that surpasses that of nucleic acids or proteins. The high capacity
arises from the number of different ways two monosaccharides
can be joined together, in linear or branched patterns, as well as
the number of different monosaccharides available, the pyranose
and furanose forms of sugar rings, and covalent modifications such
as sulfation.? Protein partners are integral to the assembly and
modification of carbohydrate signals, as well as their interpreta-
tion.> Carbohydrate chains are built by enzymes known as glyco-
syltransferases and they are cleaved by glycosidases. The
information encoded in carbohydrate sequences is decoded by
the binding of protein receptors known as lectins.

The high coding capacity of carbohydrates is put to use in many
normal biological processes, as well as disease states. These in-
clude fertilization,* inflammation,®> cancer,® bacterial infections,’
fungal infections,® and viral infections.® The link between cell-sur-
face interactions and disease has made carbohydrates attractive
targets for chemotherapy.'® Glycomimetics, or molecules that mi-
mic the function of carbohydrates in the body, have also been pur-
sued as disease therapies and are an active area of research. A
recent issue of Carbohydrate Research was devoted to the topic of
glycomimetics.!!

Recently, there have been reports of less polar glycomimetics
that bear little or no resemblance to the carbohydrate molecules
they are intended to replace. These include chitinase inhibitors'?
and selectin inhibitors.>'® In addition, there is much interest in
polyphenolic inhibitors of dietary enzymes a-amylase and o-glu-
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cosidase.' Therefore, a study aimed at discovering new glycomi-
metics is both relevant and timely.

We are using the lectin concanavalin A (ConA) as a canonical
carbohydrate-binding protein and a template for the rational de-
sign of molecules that could serve as glycomimetic lead com-
pounds. Carbohydrate-based,’® glycodendrimer-based,'® and
peptide-based!” inhibitors of ConA are known. ConA is isolated
from the seeds of the jack bean Canavalia ensiformis.'® It exists as
a dimer at acidic pH, a tetramer at pH 7, and it forms higher order
aggregates at higher pH values.'® Each ConA monomer contains
one calcium ion binding site, one transition metal binding site,
and one carbohydrate binding site, also referred to as the combin-
ing site.?° The carbohydrate binding site is near the metal binding
sites, but they do not overlap. ConA binds methyl a-p-mannopy-
ranoside with higher affinity than methyl o-p-glucopyranoside,
and methyl o-p-galactopyranoside does not bind (Fig. 1).2! The
equatorial substituents at carbons 3, 4, and 6 are needed for mono-
saccharide binding.?!

The carbohydrate binding site of ConA contains multiple dis-
tinct subsites.?? The monosaccharide binding subsite makes a ser-
ies of hydrogen bonds and ion-dipole contacts with the hydroxyl
groups on carbon atoms 3, 4, and 6 of mannose or glucose
(Fig. 1). This includes backbone interactions with Lue 99, Tyr100,
and Arg228, as well as interactions with the sidechains of Asn14
and Asp208. A hydrophobic subsite extends from the monosaccha-
ride binding site, formed by the sidechains of Tyr12, Leu99, Tyr100
and Ala207. An additional polar subsite allows ConA to bind the
core trimannoside of asparagine-linked carbohydrates with 60-fold
greater affinity than me o-man.2® This subsite consists of the resi-
dues Pro13, Thr15, Asp16, and the sidechain of Asp228. There is a
conserved water molecule in this site that is associated with
Asn14, Asp16, and Arg228.24
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Figure 1. Methyl glycosides discussed in this paper and used as reference
compounds for docking. Carbon atoms 1, 3, 4, and 6 of Me o-man are labeled.

We docked the National Cancer Institute (NCI) Diversity Set,?> a
database containing 1990 molecules, into the carbohydrate bind-
ing site of ConA. The database molecules were prepared for dock-
ing with Ligprep,® and the docking calculations were carried out
with Glide.?” The two crystal structures of ConA used for the dock-
ing calculations were 5CNA (ConA cocrystallized with me o-man)?®
and 1GIC (ConA cocrystallized with me o-glc).2° All of the water
molecules were removed from the active site prior to docking.
The poses that resulted from the docking calculations were
screened using a distance criterion. Only those poses with one or
more ligand atoms positioned within 3 A of the sidechain carbox-

Table 1
ELLA results.

Compound ICs0 or maximum inhibition
NSC 120634 19 UM (£ 11)

NSC 119910 29 uM (£ 10)

NSC 134196 234 uM (+44)

NSC 143099 479 UM (£ 121)

NSC 77393 615 puM (£30)

NSC 134159 49% at 11 mM

NSC 72234 n.cdp

NSC 99799 n.cd’

Me o-man 350 uM (+ 43)

¢ Experiments were performed in triplicate and standard deviations are given in
parentheses.
b Inhibition was not concentration-dependent.

i S—NH
HO BN OH 0
N ” I
A Ay °
0% ~OH HO™ 'N N
NSC 120634

NSC 119910 NSC 143099

ylate group of Asp208 in the carbohydrate binding site of ConA
were retained. This distance was chosen because two of the hydro-
gen bond donors required for monosaccharide binding (OH-4 and
OH-6) have ion-dipole contacts with this residue. This screen re-
moved approximately one third of the total number of poses from
consideration, and it removed poses throughout the continuum of
scores.

We added me o-man, me a-glc, and me o-gal to the molecules
to be docked as reference compounds (Fig. 1). The three scoring
functions available with Glide (Gscore,>*® EModel,®! and Glide En-
ergy>') had different selectivities for the database molecules rela-
tive to the reference compounds. Since we did not know a priori
which scoring function would be most appropriate, we generated
an empirical consensus score from all three scoring functions.
The function used was Gscore +2 Emodel + Glide Energy (Eq. 1).
The Emodel scores were weighted more heavily because Emodel
provided the largest numerical range of scores and its use was sup-
ported by precedent.? More detail on the results of the docking
calculations may be found in the Supplementary Data.

With the consensus scores in hand, we compared the top 200
poses for 5CNA and 1GIC and identified the molecules common
to both. We examined these poses manually and eliminated mole-
cules which were not predicted to interact with Asp208, molecules
with fewer than 3 predicted hydrogen bond, ion-dipole, or salt
bridge interactions in the carbohydrate binding site, large mole-
cules, and most nucleosides and carbohydrates. After these consid-
erations, we arrived at a set of 19 molecules which were obtained
from the NCIL.

The molecules obtained from the NCI were tested in an enzyme-
linked lectin assay (ELLA) which detects ConA-yeast mannan bind-
ing.'® In these assays, a 96-well plate is coated with yeast man-
nan, and the presence of ConA bound to the yeast mannan is
detected by color development from the oxidation of ABTS cata-
lyzed by a ConA-horseradish peroxidase (HRP) conjugate. DMSO
was also used as a control, as it was used to dissolve all of the mol-
ecules tested in the ELLA. Inhibition by DMSO was negligible.

The ELLA results are summarized in Table 1 and the structures
of the inhibitors are shown in Figure 2. Of the 19 compounds
tested, a total of eight compounds inhibited ConA-mannan bind-
ing. NSC 119910 and 120634 have ICsq values that are an order
of magnitude lower than that of me a-man. NSC 77393, 134196,
and 143099 are comparable to me a-man based upon the ICsq data.
NSC 134159 is less potent that me o-man. NSC 72234 and 99799
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Figure 2. Structures of inhibitors from the National Cancer Institute Diversity Set.
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inhibit ConA-mannan binding, but inhibition is not concentration-
dependent for these compounds.

Inhibitor NSC 119910 is predicted to make several contacts in
the carbohydrate binding site of Con A (Fig. 3). The catechol group
interacts with Asp208. One edge of the aromatic ring system pro-
jects into the hydrophobic subsite, while the other stacks with
the sidechain of Arg228. In addition, the carboxylate group is posi-
tioned near the sidechains of Asn14 and Arg228, like the crystallo-
graphically conserved water molecule.

Inhibitor NSC 120634 has NH and NH, groups that interact with
Asp208, while the sulfonamide oxygen atoms are in close proxim-
ity to the backbone NH groups of Leu99, Tyr100, and Arg228
(Fig. 4). A hydrogen bond between a sulfonamide oxygen and the
NH of Leu 99 is shown in Figure 4. One of the carboxylate groups
is predicted to interact with the sidechains of Asn14 and Arg
228, like NSC 119910. The other is in close proximity to the pheno-
lic OH groups of Tyr12 and 100.

Our results suggest several glycomimetic motifs that should be
studied further. These include xanthene derivatives and polyphe-
nolic compounds (NSC 119910 and 143099). The sulfonamide
group (NSC 120634, 134196, 77393, and 134159) is also a potential
glycomimetic motif. The xanthine moiety found in NSC 77393 is
similar to that of chitinase inhibitors designed by van Alten and
coworkers.!? In addition, the azo linkage found in some of the
inhibitors may serve as a convenient way to prepare new inhibitors
in a fragment-based design approach. Moreover, the study of the
interaction of NSC 143099 with ConA may shed light on the inter-
action of flavonoids with carbohydrate-binding proteins.

Gly227

Hydrophobic pocket
formed by Leu99,
Tyr12, and Tyr100

Figure 3. NSC 119910 in the active site of ConA (PDB ID 5CNA) as predicted by
docking.

Figure 4. NSC 120634 in the active site of ConA (PDB ID 5CNA) as predicted by
docking.

Work is underway in our laboratory to identify more glycomi-
metic molecules that inhibit ConA, to determine the modes of
binding for the existing lead compounds, and to improve the po-
tency of these compounds using information derived from molec-
ular modeling and X-ray crystallography studies. The glycomimetic
motifs from this work will also be tested with other lectins to
examine their selectivities.
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