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Abstract—Ganglioside GM 1 mimics including (R)-2-hydroxy-3-cyclohexylpropionic acid or (R)-2-hydroxy-3-phenylpropionic acid
as replacements for NeuAc are stronger cholera toxin binders than the parent ligand 2, which includes (R)-2-hydroxy-propionic

acid.
© 2003 Elsevier Ltd. All rights reserved.

The use of sugar mimics to antagonize oligosaccharides
at the protein receptor level is attracting a great deal of
attention as a way to develop drugs with good stability
and synthetic availability.! Our group has been working
in this area using the cholera toxin/ganglioside GM1
(CT/GM1) recognition pair as a model system.? In this
context, we have described the rational design and the
synthesis of the pseudo-oligosaccharide 13 (Chart 1),
which was found to be as active as the GMI1 oligo-
saccharide (0o-GM1, Chart 1) in binding to CT.> More
recently, we have reported three second-generation
mimics® obtained by replacing the sialic acid (NeuAc)
moiety of 1 with simple a-hydroxyacids, such as (R)-
and (S)-lactic acid and glycolic acid. The most active
compound of this series (Kq=190 uM) was 2, which
includes the (R)-lactic acid [(R)-2-hydroxy propionic
acid] side chain (Chart 1).>® NMR data and computer
modeling of the second generation ligands have sug-
gested that they are rather flexible in the hydroxyacid
region.” A similar analysis carried out on their com-
plexes has shown that the protein selects for binding the
side-chain conformation which reproduces the orienta-
tion of the NeuAc carboxy group in GM1.7-® The higher
affinity of 2 relative to the other ligands of the series
appears to result from van der Waals interactions
established between its side-chain methyl group and the
toxin cleft. This information suggests that the affinity of
the pseudo-GM1 binders may be improved by adding
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appropriate hydrophobic fragments to the framework
of the (R)-lactic acid GM 1-mimic 2.

Here, we report that indeed the pseudo-GM1 ligands 3
and 4, which include a cyclohexyl group and a phenyl
group, respectively, do display stronger affinity for CT
than 2. Remarkably, the (R)-2-hydroxy-3-phenyl pro-
pionic acid derivative 4 with a 10-uM dissociation con-
stant is just one order of magnitude less potent than the
natural ligand o-GM1° against the cholera toxin.

The two new ligands were synthesized by minor modifi-
cations of the established sequence,” as reported in
Scheme 1. Starting from the enantiomerically pure diol
5410 the monoethers 8 and 9 were synthesized by
Bu,SnO-mediated regioselective alkylation!! using the
triflates 6 and 7., respectively. TfOH promoted glyco-
sylation of the axial hydroxy group with the GalP1-
3GalNAc donor 10* gave the protected pseudo-tri-
saccharides 11 and 12. Standard removal of the pro-
tecting groups yielded 3 and 4.12

The interaction of the ligands with the cholera toxin B5
pentamer (CTB) was studied using the intrinsic fluores-
cence of the Trp88 residue in the toxin binding site.
Ligand binding to CTB is known to induce bath-
ochromic shifts and variations in fluorescence intensity
whose extent depends on the structure of the
ligand.>!3-14 The titrations were performed by irradiat-
ing the sample at 280 nm, and collecting the data at the
maximum of the Trp emission curve, at ca. 350 nm. The
normalized changes in the fluorescence emission
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Scheme 1. General sequence for the synthesis of 3 and 4: (a) Bu,SnO, benzene, reflux, then CsF, DME and 6, or 7 (30% yield); (b) 10 (0.5 equiv) and
TfOH (0.05 equiv) in CH,Cl,, rt to reflux (20%); (c) Hp/Pd/C, MeOH (80%); cat MeONa in MeOH (90%).

intensity of CTB upon titration with 2—4 are collected in
Figure 1. In contrast with GM1 and ps-GM1 1, ligands
24 (Fig. 1) do not display cooperative binding beha-
vior. The dissociation constants determined by non-
linear regression analysis are 190 uM for 2,° 45 uM for
3, and 10 uM for 4. Thus, it appears that the inclusion
of a larger, more lipophilic alkyl group on the hydro-
xyacid side chain does indeed improve the affinity of the
pseudoGM1 binders by up to an order of magnitude.
The phenyl group displays a stronger effect than the
cyclohexyl group.

In order to rationalize these results, NMR studies on
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Chart 1. Ganglioside GM1 headgroup, the pseudo-GM 1 mimic 1, and
the (R)-hydroxyacid ligands 2-4.

the solution conformation of ligands 3 and 4 were per-
formed by measuring their NOESY and T-ROESY!
spectra in D,O solution. The flexibility and orientation
of the hydroxyacid chain can be established by examin-
ing the NOE interactions for the proton HL, o to the
carboxy group, to H-3, H-4 and H-2eq of the cyclohex-
anediol residue (CHD) (Fig. 2). The results for the (R)-
2-hydroxy-3-cyclohexylpropionic derivative 3 closely
match those already described for the parent compound
2.7 Thus, the HL proton shows a set of comparable
crosspeaks with CHD-H3 and CHD-H4, and a weaker
interaction with CHD-H2eq (Fig. 3). This is consistent
with the presence of two orientations of the carboxy
group relative to the adjacent diol, which can be idea-
lized as in the Newman projections of Figure 2¢ and d.
One of these, 2d, which mimics the carboxy group
orientation in bound GM 1,2 is presumably the bioactive
one.”

In contrast, the (R)-2-hydroxy-3-phenylpropionic acid
derivative 4 appears to be significantly less flexible than
3 and 2 in the side-chain region. In fact, in the ROESY
spectrum of 4 only the HL/CHD-H3 and HL/CHD-
H2eq crosspeaks are seen, whereas the HL/CHD-H4
crosspeak is not observed (Figs. 2b and 4a). This is
consistent with the presence of only one major orienta-
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Figure 1. Effects of ligand binding on the fluorescence intensity of
Trp88 emission in CTB. CTB (0.5 uM) was titrated with micromolar
amounts of 2 (black circles, dotted line), 3 (empty circles, dashed line)
and 4 (black triangles, solid line). The ligand concentration is plotted
against the normalized, absolute value of the relative fluorescence
intensity (|8I|) measured at the emission maximum of Trp88.
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Figure 2. Solution solution conformation of the ligands: (a) computer generated 3D structure of 4; (b) structure of 4, showing the NOE contacts
observed for HL; (c) and (d) Newman projections through the hydroxyacid side chain: both (c) and (d) are populated by 3, only (d) is populated by 4

(see text).

Uy J 7 ¥
VoYY e ig'
HLD4y 7 E
lul A [
WL V1] HL-D3
l'} e w‘ﬁlﬁ:' C HL-D2eq ;
LN o W _ N &

Figure 3. T-ROESY spectrum of 3 in D,O NOEs between the
side-chain proton HL and H-4, H-3H-2eq of the ciclohexanediol resi-
due.

tion of the side chain, corresponding to the bioactive
idealized Newman projection of Figure 2d. Therefore,
contrary to 2 and 3, ligand 4 appears to be preorganized
for toxin binding.

Although more work is required to understand the
mode of binding of these ligands, the results reported
here suggest that lipophilic groups on the hydroxy acid
side chain can contribute to the interaction with CT and
that the almost 5-fold increase in affinity of compound 4
over 3 may be interpreted as a result of ligand pre-
organization. Further analysis of the NMR data sug-
gests that the preorganization of 4 may stem from
favorable van der Waals interactions between the
phenyl ring and the a-face of the GalNAc residue. A
close proximity of these two groups is in fact reported
by the strong NOE crosspeaks which are detected
between the a-face protons of GalNAc (GN1, GN3 and
GN5) and the aromatic side-chain residue (Fig. 4b).!°
Molecular modeling!” of the free ligand 4 yielded the
three-dimensional structure depicted in Figure 2a as the
best agreement with the available experimental data.
Face-to-face stacking interactions between aminoacid
aromatic residues and Gal or GalNAc are frequently
observed in experimental sugar—protein complexes.!'®
However, to the best of our knowledge, this is the first
time that such interaction is observed to occur intra-
molecularly to stabilize one conformation of a ligand.
The results reported here suggest that aromatic/sugar
interactions may be used as elements of conformatonal
control in the design of glycomimetics.
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Figure 4. T-ROESY spectrum of 4 in D,0: (a) NOE crosspeaks between
the side-chain proton HL and the ciclohexanediol residue; (b) crosspeaks
observed between the aromatic ring and the GalNAc protons.

Further studies are in progress to determine the mode of
binding of 3 and 4 to the cholera toxin.
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