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Natural and Synthetic Cholera Toxin Antagonists
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Abstract: Cholera Toxin (CT) recognizes the cell membrane through specific interactions with ganglioside GM1. Recent
structural elucidation of the CT/GM1 complex has allowed the rational design of artificial receptors for the toxin, which
could function as anti-cholera drugs. The efforts towards the rational design of Cholera Toxin inhibitors will be presented.
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INTRODUCTION

Cholera is a disease that causes watery diarrhea as a re-
sult of intestinal infection by the gram negative bacillus Vi-
brio cholerae. Detailed accounts of the history of cholera are
available so only a brief summary is provided here [1]. Re-
cords of a cholera-like disease go back to the times of Hip-
pocrates and Buddha and maybe even earlier [2], while the
modern history of cholera began in 1817 with the first pan-
demic outbreak in south-east Asia. During the 19th century,
six cholera pandemics took place, ending in 1923 and affect-
ing mostly the continents in the southern hemisphere, as well
as North America and Europe [2]. In 1961, the seventh pan-
demic began in Indonesia, then spread to the Indian subcon-
tinent and the Middle East, then moved on to Africa in the
1970s and finally reached South America in the early 1990s
[3]. The etiologic agent responsible for cholera was identi-
fied in 1883 when Robert Koch demonstrated that this dis-
ease is produced by a bacterium that he referred to as a
‘comma(-shaped) bacteria’ [4], later designated Vibrio chol-
erae. Since Koch’s discovery of the infectious cause of chol-
era, different specific strain variants have been identified and
named V. cholerae serogroupO1 of biotype ‘classical’ and
biotype ‘El Tor’, as well as V. cholerae serogroup O139 that
was responsible for a large epidemic in Bangladesh and
India [5-7] described as the eighth pandemic [3]. As a result
of continuing scientific and medical efforts directed at com-
bating cholera, major improvements in medical treatment as
well as a better understanding of the molecular processes
involved in the virulence of Vibrio cholerae have been
achieved [8]. During the 1960s intensive research aimed at
identifing the basis of the cholera disease at a molecular
level were performed in different laboratories [9-12], until a
protein-toxin was recognized as the major factor that causes
the massive fluid release in cholera infection [13,14]. In
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1977 Finkelstein and co-workers described a method for the
production of cholera toxin crystals suitable for X-ray dif-
fraction analysis [15], while the efforts to exhaustively elu-
cidate the complete structure of this protein-toxin were con-
cluded during the 1990s [16-18].

CT- STRUCTURE AND MODE OF ACTION

Cholera toxin (CT) is a heterohexameric ABs complex
(Mr = 85,620) belonging to a class of microbial toxins that
are composed of structurally independent A (enzymatic) and
B (targeting) subunits. Cholera Toxin is closely related to the
heat-labile enterotoxin from enteroxigenic Escheria coli
(LT), with which it shares 80% sequence homology and to
which it has a very similar structure and mode of action. The
toxin A and B peptide chains are encoded by two genes, and
are synthesized in the cytosol [19]. Then both the A and B
subunits of the toxin are translocated across the inner mem-
brane into the bacterium periplasm, where one A subunit and
five B subunits assemble into one hetero-hexameric holo-
toxin [19]. The toxin is actively secreted across the outer
membrane by the extracellular protein secretion (Eps) and
the general secretion pathway (Gsp) export apparatuses of
Vibrio cholerae, which is an example of the type II bacterial
protein secretion system [20-21]. Once in the lumen of the
gastrointestinal tract of the human host, the B subunits, ar-
ranged to form a regular pentamer (LTB5 or CTBS5) with
five identical receptor binding sites, recognize the receptor
ganglioside GM1 (GalB1-3GalNAcB1-4(NeuSAco2-3)Gal-
B1-4Glc-ceramide) on the host cell surface [22] and trigger
endocytosis (Fig. (1)). The binding capability to cell-surface
receptors of B pentamer retains even in absence of the A-
subunit. However, the complete ABS holotoxin is required
for actual intoxication [23].

The structure and function of the ABS5 toxins have been
reviewed on detail in several occasions [24]. Several high-
resolution structures of ABS5 toxins with or without bound
ligands are reported [25], as well as binding data obtained by
various biochemical and biophysical techniques [26]. The
interaction of GM1 with LT and CT is, therefore, fully char-
acterized [27]. Biochemical data and data from structural
studies indicate that the two sugars at the non reducing end
of GM1, galactose and sialic acid, are essential for binding.

© 2007 Bentham Science Publishers Ltd.
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Fig. (1). Structure of CTB pentamer complexed with GM1-OS.

The 1.25 A resolution structure deposited for the CTB-GM1
complex shows a bivalent interaction of the branched GM1
pentasaccharide. Binding of the terminal galactose group is
very specific; there are numerous hydrogen bonds between
galactose hydroxyls and protein residues and in addition hy-
drogen atoms from alpha face of galactose interact with aro-
matic ring of Trp 88 (CH/pi interaction) (Fig. (2)). Galactose
binding pocket is shielded from the solvent, the rest of the
toxin binding site is shallow and solvent exposed. The sialic
acid moiety is placed less specifically than terminal galac-
tose, sugar ring of sialic acid makes hydrophobic interactions
with Tyr 12, whereas carboxylic acid, hydroxyl, and N-
acetyl substituents form hydrogen bonds with protein back-
bone. The glycerol tail is only involved in water mediated
hydrogen bonding. In terms of buried protein surface area,
the terminal Gal and Neu5Ac residues contribute more than
80% of intermolecular contacts; the rest and minor part of
protein surface is buried with GalNAc.

Lys 91

Asn 90
——Glu 51

Gly33(B+1)

Fig. (2). Interaction map of CT:GM1 complex.
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The threatening action of CT is initiated by binding of
the B subunits to the GM1 ganglioside on intestinal epithe-
lial cell membranes. This binding event is followed by nick-
ing of the A chain, and disulfide bond reduction, which yield
the two fragments Al (23.5 K Daltons) and A2 (5 K
Daltons). Trafficking of the toxin inside the host cell is a
fascinatingly complicated and not yet fully understood proc-
ess [28,29]. After translocation across the membrane, the
enzymatic Al fragment of the A subunit of CT enters the
cytosol, where it catalyzes a transfer of an ADP from an
NAD' to a component of the adenylate cytosol system.
Adenylate cyclase (AC) is activated normally by a regulatory
protein (Gs) and GTP; however activation is normally brief
because another regulatory protein (Gi) hydrolyzes GTP.
The normal situation is described in Scheme (1).

AC-Gs
GTP inactive Gi
GDP + Pi
AC-Gs-GTP

active
ATP — = AMP + PPi

Scheme (1). Normal biochemical path of adenyl cyclase.

Cholera toxin catalyzes transfer of ADP ribose (ADPR)
to adenyl cyclase cycle. Ribosylation of Gs stabilizes the
GTP bound form of the protein and stays continually acti-
vated. This situation is presented in Scheme (2).

NAD Nicotinamide
AC-Gs Li' ADPR
choleratoxin |
AC-Gs Gi
cannot be
GTP ADPR (nactivated
| GDP + Pi
AC-Gs-GTP

continually activated
ATP ——» AMP + PPi

Scheme (2). Mechanism of action of Cholera toxin.

The resulting elevated level of AMP causes the activation
of the sodium pumps in the lumen of the cell through an
AMP dependent kinase pathway, forcing the Na* ions out.
The electrochemical imbalance is then compensated by driv-
ing out CI" and H,O. The process of action of cholera toxin is
demonstrated by the enormous loss of fluids, which may lead
to death by dehydration.

At the moment there are no effective prophylactics to
prevent this toxin-caused diarrhea, no vaccines with long-
lasting protective effects. Although oral rehydration can sig-
nificantly reduce the fatality rate, it is very labor intensive
and requires supplies of clean water. This makes the task of
disease control difficult because cholera outbreaks usually
occur in areas with contaminated water sources. Therefore,
there is a need for pharmacological approaches to treat chol-
era. Once intestinal infection occurs, there are at least four
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potential pharmacological strategies to reduce intestinal fluid
loss in cholera, including the elimination of Vibrio cholerae
bacteria through host immunity and/or antibiotics, inhibition
of increased cAMP levels [30], inhibition of CI secretion,
and inhibition of CT-bindings to cells [31]. The latter is the
subject of the present paper and is considered a recent and
promising approach [32].

It is of note that, because the primary symptoms of chol-
era are caused by CT, it was originally assumed that Vibrio
cholerae deleted for ctx (or just the toxic ctx4 portion) would
make a good vaccine. Nevertheless, such strains still caused
significant disease symptoms (reactogenic) in humans, indi-
cating the presence of additional virulence factors [33-35].
CT remains, however, a potent target in pharmaceutical re-
search on cholera, and current advances on inhibitors of CT
activity are reviewed in the following sections.

CT INHIBITORS: NATURAL PRODUCTS AS PO-
TENTIAL SOURCES

For a long time, cholera was treated with plants tradition-
ally used as medicament [36]. Because a crude extract from a
plant, like infusions or decoctions that represent common
ways to administer natural remedies, is a mixture of different
natural products, the treatment of cholera infection with the
use of medicinal plants can occur through different pharma-
cological action mechanisms; from the direct antimicrobial
activity against Vibrio cholerae, for example, to CT inhibi-
tion. The understanding of the CT toxicity and the further set
up of useful biological assays for the screening of potential
CT inhibitors, was allowed in recent years the identification
of different classes of bioactive natural products against CT.
We report here the cases of different polyphenols extracted
from apples [37], hop bract [38], and the Chinese rhubarb
rhizome [1] (Rhei rhizome, used in China and Japan for
many centuries in the so called “Kampo formulation”, a
herbal medication against diarrhea diseases such as cholera).
Moreover, is one of our recent investigations, a polysaccha-
ride extracted from garlic was recognized as a potential in-
hibitor of CT activity [39].

In 1992, Toda and co-workers [40] reported that tea
polyphenols inhibit the fluid accumulation induced by CT in
mice and rabbits. Monomeric galloyl-catechins derivatives
like epigallocatechin gallate, epigallocatechin, and epicate-
chin gallate (Fig. (3)) were the major inhibitory substances
recognized in tea polyphenols. Further pharmacological de-
tails on the molecular mechanism of action and effects of
other polyphenols, however, were not elucidated until re-
cently. In 2002, Saito and co-workers [2] confirmed the bio-
logical activity (inhibition of the fluid accumulation) of natu-
ral polyphenols extracted, in this case, from immature ap-
ples. Moreover, they described the dose-dependent inhibitory
effect of apple polyphenols extract (APE) on CT-catalyzed
ADP-ribosylation of agmantine, measuring by this method,
the inhibition of the enzymatic activity of the A subunit of
CT. The concentration of APE needed to inhibit 50% of the
enzymatic activity of CT (15 pg/ml) was approximately 8.7
ung/ml. Bioassay oriented fractionation of APE indicated that
the highly polymerized catechins, also named procyanidine
polymers, are the major inhibitory components of this apple
extract. Other constituents like the non-catechin-type poly-
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Fig. (3). Catechin derivatives from tea polyphenols.

phenols (chlorogenic acid, phloridzin, phloretin, caffeic acid,
and p-cumaric acid) and the monomeric catechins (catechin
and epicatechin) show no inhibitory activity. The inhibition
starts to be observed from the dimeric and trimeric catechins
(procyanidin B1, B2, and C1 respectively). Details on the
kinetic effect of APE on the ADP-ribosyltransferase activity
indicate that APE may a negative allosteric effect on CT.
The result indicates that APE disturbs the biological activity
of the CT in vivo also, but not only, through the inhibition of
the enzymatic activity of the A subunit. An additional expla-
nation for the in vivo effect of APE can be the protection,
due to the polymerized catechins, on the mucosa of the intes-
tine, where the secretory activity is reduced. Hor and co-
workers [41] also reported this effect due to the proantho-
cyanidins (same group of catechin polymer, see Fig. (4))
[42] extracted from Guazuma ulimifolia, a medicinal plant
used in Mexico to treat diarrhea.

Oi and collaborators [36] described the bioactivity of the
rhubarb galloyl tannin (RG-tannin), a compound isolated
from Rhei rhizome and characterized by a polygallate struc-
ture, against different CT activities including ADP-rybo-
silation and fluid accumulation. This kind of heterologous
polyphenol-gallate inhibits, fluid accumulation in mouse and
rabbit ileal loops, as well as the catalytic activity of CTA.
RG-tannin had no effect on the binding of CTB subunit to
the receptor ganglioside GM1 or on endogenous ADP-
ribosylation of membrane proteins. A small library of syn-
thetic gallate (sugar moieties esterified with galloyl groups,
see the example in Fig. (5)) was prepared and tested for the
inhibitory effect of CTA catalytic activities. The authors
highlight the possibility to developing non-toxic synthetic
gallate derivatives as CT inhibitors to use as an adjunctive
therapy for the treatment of cholera in anepidemic area as
well as a preventive strategy.
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Fig. (5).

The major bioactive constituents from apple polyphenol
extract are procyanidine polymers, (less than 15-mer and
mostly 3-6-mer). RG-tannin polymer (mainly 8-mer) from
the Chinese rhubarb rhizome, contains mostly galloyl
groups. Other procyanidine polymers (about 10-30-mer with
a molecular weight around 6,000) were extracted from the
hop bract and tested as potential CT inhibitors in comparison
with the other two polyphenols. The authors report that RG-
tannin does not inhibit CT binding to cells but forms com-
plexes with CT and thereby suppresses internalization from
the cell surface. On the other hand, the procyanidine poly-
mers extracted from apple and hop bract form large aggre-
gates with CT that interfere with its binding to and internali-
zation by cells, indicating that the mechanism of RG-tannin
action is different. The different interactions of RG-tannin
and other polyphenols with CT may reflect the presence in
RG-tannin, but not in the procyanidine polymers extracted
from apple and hop bract, of galloyl moieties.

In our recent study [39], binding activity between a high
molecular weight galactan (polysaccharide of around 60

Procyanidin B2 (7)
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OH
OH

OH

Procyanidin C1 (8)

kDa) extracted from garlic, and the B subunit of the CT
(CTB) was detected by Saturation Transfer Difference (STD)
experiments, one of the NMR methods used to measure the
binding activity between ligands and target receptor [43].
The interaction was confirmed by florometric binding assay.
The high estimate for the stoichiometry suggests multiple
binding sites in the galactan ligand.

A direct antimicrobial activity of garlic extracts against
Vibrio cholerae has been reported [44]. This work indicates
a second possible pharmacological mechanism for the treat-
ment of cholera infection with garlic products (possible inhi-
bition of the CT binding to cells). Many plants are known to
contain galactans and galacan-containing polysaccharides
[45], and, following the same direction of previous reports,
concern the potential use against cholera of polyphenols ex-
tracted from different natural sources. Other plants polysac-
charides could be tested in the future for the binding activity
with CTB.

Many others plants have been used for centuries every-
where around the world, and especially in the developing
countries, as natural remedies against cholera infection. Most
current pharmacological studies on some of these medicinal
species have been performed by testing the antibacterial ac-
tivity of the plant extracts or isolated compounds against
Vibrio cholerae, while direct investigation of natural prod-
ucts as potential CT inhibitors is still very rare, and this re-
search field remains at the moment largely untapped.

RATIONAL DESIGN OF CTB ANTAGONISTS: FROM
MONOVALENT TO MULTIVALENT LIGANDS

Monovalent Ligands

While synthesis of the ganglioside GM1 itself is a long
and complex process [46], one of the strategies of impeding
the binding of CTB to the cell surface involves the design
and synthesis of functional and structural mimics of GM1. In
this regard, Bernardi and coworkers designed a first genera-
tion of GM1-mimics, 10-11 in (Fig. (6)) [47], in which the
Galll residue of GM1 was replaced with a conformationally
restricted cis-1,2-cyclohexanediol. The binding of these



Natural and Synthetic Cholera Toxin Antagonists

OH

HO R, OH
o R
HO 0 o
OH
AcHN 9O
OH 0 CO,¢-Bu
HO
0
AcHN =1y
OH
10,R,= OH, R, = H
11,R=H,R, = OH
OH
HO R, OH
o R
HO 0 o
OH
AcHN O
\/0 CO,¢-Bu
Me\\
H

12,R;=OH,R, =H
13,R;=H, R, = OH

Fig. (6). Bernardi’s GM1 mimics.

compounds with CTB was evaluated using ELISA assays
and it was found that they displayed a similar inhibition of
the toxin as the ganglioside GM1. Furthermore, the ECs, of
GMI1-CTB complex, determined using fluorescence titra-
tions [48], was 1.5 uM, and for 10 and 11, 1.2 uM and 1.3
UM respectively [47c]. Due to the structural and synthetic
complexity of 10-11, a second generation of mimics was
designed and synthesized, in which the sialic acid residue
was substituted with simple o-hydroxy acids, 12 and 13 in
(Fig. (6)) [49], after conformational analysis studies [50].
The synthesis of ligand 12 is shown in Scheme (3) [47D].
Selective etherification of the equatorial hydroxyl group of
14 with Bu,SnO provided 16 [51], which was then glycosy-
lated at the axial hydroxyl group with donor 17 and in the
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presence of trimethylsilyl triflate [52]. Removal of the pro-
tecting benzyl and acetate esters from the resulting pseudo-
trisaccharide provided then the desired ligand 12. From fluo-
rescence titration studies, a Kp = 190 uM was determined for
this compound.

A second, widely used approach to preventing the CTB-
GMI binding consists in using the terminal galactose as an
anchor, to which various pharmacophores can be attached.
Verlinde and collaborators [53], for instance, screened a
number of commercially available galactose derivatives us-
ing fluorescence titrations and ELISA assays, in which the
compounds’ inhibition of CTB binding with the ganglioside
GD1b was examined. From ELISA tests it resulted that m-
nitrophenyl o-D-galactoside (18, Fig. (7)) was the best in-
hibitor, with an ICsy of 720 uM; its affinity for CTB being
100 times higher than that of galactose. These results where
then confirmed by examining the crystal structure of the
toxin in the absence and presence of the ligands. In the case
of 18, it seems that the presence of the nitro group in the
meta position of the phenyl ring leads to the formation of a
strong hydrogen bond between the ligand and the protein. In
this case, a conserved water molecule in the crystal is dis-
placed, generating thus an increase in the entropy of the sys-
tem.

OH OH
HO,, OH HO,, OH
K OH o OH
O (6] (6] (6]
NO, COH
MNPG (18) MCPG (19)

Fig. (7).

Notably, m-carboxyphenyl a-D-galactoside (19, Fig. (7))
[54] displayed a different binding mode from compound 18.
Significantly, the carboxylate oxygen of 19 did not displace
the water molecule as in the case of 18, and its affinity for
LT-I B was ten times lower (Fig. (8)).

OH
i. BuySnO, CO,-Bu
on PhH, reflux BnO,C o
Bn0,C ot ne2 CO,t-Bu
N AT §
HO CO,t-Bu + Me /H ii. BuyNI e b
14 s
OH
HO Ho ,OH
0
OAc OAc
AcO AcO 1.15, TMSOTT, HO 0 o
CH,Cly, 1t - reflux OH
AcO 2 0 ° OTCA AcHN 9
) 2. Hp, PA(C), & N CO,-Bu
Ohe NHAc MeONa, MeOH HO,C_ O COur-Bu
Me\‘

Scheme (3). Synthesis of the second generation of ligands.
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Fig. (8). Placement of MNPG (A) and MCPG (B) in CTB pocket.

More recently, analyzing the crystal structures of LT and
CT with compound 18, Verlinde and coworkers reached the
conclusion that substituents in meta position of the phenyl
ring of compound 18 would allow the exploration of differ-
ent binding site regions [55]. Therefore, a new generation of
antagonists was synthesized, in which hydrophobic rigid ring
systems were linked to the phenyl ring of compound 18 us-
ing short, flexible aliphatic linkers. The synthesis of the li-
brary started from the peracetylated galactoside 20, Scheme
(4), which was glycosylated with 5-nitro-3-hydroxybenzoic
acid, in the presence of SnCly, to yield 21 in good yield. The
carboxylic group of 21 was first activated with cyanuric
chloride and then treated with various primary amines, to
yield, after deacetylation, the library members, as o/ ano-
meric mixtures (e.g., 22).

From the crystallographic studies and electron density
calculations, it was revealed that these new ligands display
multiple conformational states in the bound form. For in-
stance, in compound 22, apart from the predicted conforma-
tions that replicate the favorable binding mode of compound
18, the morpholine ring adds conformations from the interac-
tion with different hydrophobic regions of the binding site.
Thus, in addition to the interactions displayed by the natural
receptor, GM1, in this region, with the side chains of resi-
dues Glull, Tyrl12, Lys34 and Arg35, it also presents new
favorable interactions with Ile58. It was suggested by the

OH

OAc
O
O,N AcO,, OAc

OAc EtOAc, 1 h, 1t

OAc OH
ACO,I' OAc SIlCl4, CH2C12 O\\‘ o
-
AO™ N0 OAC 72 h, reflux
O,N COH
20 21,40%

Scheme (4). Synthesis of a MNPG derivative.
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authors that this last interaction plays an important role in the
overall affinity of 22 for CTB. Further analysis of the o
anomer of 22, using pulsed ultrafiltration (PUF) and iso-
thermal titration calorimetry (ITC) revealed an average bind-
ing constant, Kp, of 12 uM, corresponding to a 14 folds im-
provement over compound 18. Notably, these results suggest
that addition of relatively flexible appendages to a scaffold
used as an ‘anchor’ into the CTB binding site improve the
ligand’s affinity for CTB by introducing additional favorable
interactions with the targeted regions of CTB pocket.

Pieters and coworkers synthesized monovalent lactose-
derived ligands for Cholera Toxin [56]. For 23 (Fig. (9)), the
attachment of a thioureea moiety and of an aryl group to the
parent lactose, enhanced 72-fold the binding of this com-
pound to CTB: Kp = 248 uM for 23 versus Kp = 18 mM for
lactose, as determined by fluorescence titration.

HO OH
é -S/O &N
0 H
HO 0 H
N_ N 0
on HO e ~"o
OH
S OMe
23
OH
HO OH
0
HO o
OH on T _
N
OMe
24

Fig. (9). Pieters’ lactose derived ligands.

Compound 24 was then synthesized in an attempt to in-
crease the rigidity of the spacer between the lactose and the
aryl group. Fluorescence studies revealed one order of mag-
nitude enhancement in the affinity of 24 (Kp=23 uM) for the
cholera toxin B subunit.

Recently, as a result of collaboration within a European

Training Network, compounds 25 and 26, Scheme (5), were
designed as potential ligands for the cholera toxin B [57].

OH
HO,, OH
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N * N - OH

L oY "o
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The rigid framework and the possibility of functionalization
at the appended side-chain made these compounds interest-
ing for further combinatorial development. The synthesis of
25-26, reported in Scheme (5), started from unprotected a-C-
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allyl galactoside 27 and, via a synthetic route that included
iodocyclization, iodine displacement by sodium azide and
finally azide reduction in the presence of acetic anhydride.
NMR analysis showed, however, that these compounds were
more flexible than expected and did not fit in the cholera
toxin’s binding site.

Multivalency

The use of multivalency as a tool to inhibit the binding of
a pathogen to the target cells has been widespread since 1995
[58], when Lee and collaborators [59] during their studies
concerning the binding of a lectin to single and multiple sac-
charides, showed that, while binding to single saccharides is
weak, ligands containing multiple saccharides strongly asso-
ciate with the lectin [60]. Studies on multivalency were, in
fact, performed earlier on the Cholera Toxin and Escheria
coli systems. Thus, starting from the observation made in
1974, that the oligosaccharidic portion of GM1 has a lower
affinity for CT than GMI itself [61], a first attempt on im-
proving 0-GM1’s affinity using multivalency was made in
1978 [62]. Although the divalent 0o-GM1 designed and syn-
thesized was a better ligand for Cholera Toxin than o-GM1,
its affinity for CT was still lower than that of the natural re-
ceptor More recently, Schengrund and coworkers prepared
highly active multivalent o-GM1 ligands, by linking o-GM1
to poly-L-lysine [63] or to an octa(propyleneimine)den-
drimer [64]. In general, the multivalent ligands are formed
from a core, usually a dendrimer or a polyamine, to which a
monovalent ligand is linked.
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Fig. (10). Picters’ dendrimers.
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For instance, Pieters and coworkers [65] used dendrimers
derived from 3,5-di-(2-aminoethoxy)benzoic acid repeating
units, with 2, 4, and 8 end-groups, such as 29 in (Fig. (10))
[66], to which lactose isothiocyanate units 33 (Fig. (11))
were attached providing thioureea-linked glycodendrimers
30. The affinity of these compounds for Cholera Toxin was
examined using fluorescence titration, and compared to that
of the monovalent lactose ligands (23, Fig. (10), Kp = 248
uM). From data analysis, the K, values found for 30 (Kp =
89 uM) and 31 (Kp = 33 uM) showed an improvement of an
order of magnitude relative to the monovalent ligands. On
the other hand however, an increase in the branching of the
dendrimer provided only a modest increase in the potency of
the ligand. The data also suggested that the multivalent

RHN 7 \_-O

Velter et al.

ligands binded to multiple toxin molecules, rather than to the
B pentamers of a single one [67].

With the aim of improving the multivalent ligand’s affin-
ity for the toxin, Bernardi’s monovalent ligand 12 (Fig. (6)),
was attached to the dendrimer cores [68]. For further im-
provement, the polysaccharide scaffold was provided with
elongated spacer arms (32, Fig. (11)). In this case, analysis
of surface plasmon resonance data revealed an ECso= 0.5 uM
for 32.

An example of structure-based design of multivalent
ligands comes from the work of Fan and collaborators [69],
who designed a symmetric non-branched pentavalent Chol-
era Toxin inhibitor 38, Scheme (6), in which five single site
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Fig. (11). Pieter’s and Bernardi’s glycodendrimeric ligands.
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antagonists were linked via modular linkers to a central pen-
tacyclen core, as shown in (Fig. (12)).

.
Ligand

Fig. (12). Fan’s structure based design of a pentavalent inhibitor of
CT.

The synthesis of the pentavalent ligand started from the
previously compound 35 reported in Scheme (6). An N-Boc
protected fragment of the linker was attached to the carbox-
ylic group of 35 via amide bond formation. Deprotection of
Boc group using TFA provided compound 36, which was
then attached to the pentavalent core 37, to provide an aque-
ous solution of the pentavalent ligand 38 in a very good
yield, as determined by photometric measurements. The af-
finity of 38 for CTB was investigated using enzyme-linked
adhesion assays, from which an EC5y = 0.9 uM was deter-
mined. This represents a 263-fold enhancement of activity of
38, as compared to compound 18. From dynamic light scat-
tering studies it resulted that a 1:1 CTB/38 complex was the
major mode of association in solution between the ligand
and the toxin. In addition, the crystal structure of the 38:CTB

OH

HO
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)
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NO,
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complex was also examined and revealed that each of the
five independent receptor binding sites were occupied by one
finger of the pentavalent inhibitor. The crystallographic stud-
ies brought additional support for a 1:1 association between
the ligand and the toxin. Notably, the canonical water is dis-
placed also in this case.

In order to study the binding and the association mode of
a branched pentavalent ligand [70], Fan ef al. designed and
synthesized decavalent ligands, 39 (Fig. (13)), which were
then tested for their affinity for CTB using Elisa tests. It ap-
peared that ligands 39-42 were an order of magnitude better
than the non-branched ligands. In fact, for 42, with n =4, an
ECs0= 40 nM was found, a value that lies in the same range
as the ECs of the natural receptor (50 nM). Dynamic scatter-
ing light studies performed on ligand 42 suggested that, de-
pending on the toxin’s concentration in solution, both 1:1
and 1:2 association modes are found for the ligand/CTB
complex. From DLS competition experiments, performed in
the presence of compound 18, the authors estimated that the
ECs of a 1:2 ligand/CTB complex lies in the low hundreds
nanomolar range. The drop of affinity in this case is due per-
haps to unfavorable entropic effects

An interesting example comes from the recent work of
Bernardi et al. [71]. In this case, the multivalent ligand 43
(Fig. (14)), was designed, in which the GM1 monovalent
mimic 12 (Fig. (6)) was attached to a calyx [4]arene core
[72] using flexible linkers.

Fluorescence titration revealed a very high affinity of 43
for CTB (ECs5¢=48 nm), higher even than that displayed by
oligosaccharide GM1 in the same experimental conditions
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Scheme (6). Fan’s synthesis of the pentavalent ligand 38.
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Fig. (13). Branched decavalent ligands.

(ECs50=219 nm). Ligand 43 displays thus a 4000-fold en-
hancement in affinity for CTB relative to that of the monova-
lent ligand 12.

CONCLUSIONS

The current preferred strategy for preventing the cholera
toxin’s entry into the cells, and thus for preventing the dis-
ease itself is the design of CTB ligands. The elucidation of
the crystal structure of CTB and of CTB-GMI1 complex,
permits in fact the rational design and synthesis of gangli-
oside GM1 simplified mimics that maintain the fundamental
requirements for this binding. Furthermore, in the recent
years there is has been a clear preference for multivalent
ligands, due to their capacity either to bind to more than one
of the toxin’s binding sites or bind to more than one toxin
molecule.
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