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Mimetics of Sialyl Lewis*:
The Pre-Organization of the Carboxylic
Acid is Essential for Binding to Selectins
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Abstract: Selectins play a key role in leukocyte trafficking during the inflammatory response of the organism, i.e.
the recruitment and extravasation of leukocytes from the blood stream into inflamed tissue. Antagonizing the in-
teraction of selectins with their physiological ligands was shown to be a validated approach for the treatment of
inflammatory disorders like rheumatoid arthritis, stroke or reperfusion injuries. Although numerous research efforts
to identify small molecule selectin antagonists have been reported, no successful drug has been identified so far.
This mini-review describes selectin antagonists, where the N-acetylneuraminic acid moiety of the natural ligand
sialyl Lewis* is replaced by mimetics containing the essential carboxylic acid function. The prerequisite of a pre-
organization of the carboxylate in the bioactive conformation is discussed.
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1. Introduction

Excessive extravasation of leukocytes from
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sue can cause acute or chronic reactions, as blood vessel
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1).341 With selectin knock-out mice, it has Y Mediators © Extravasation

been demonstrated that the rolling stage is , ., /

a prerequisite for the inflammatory cascade ) G .

to occur.5¢1 Therefore, antagonism of se- &

lectins is a validated approach for the treat-

ment of inflammatory diseases. Fig. 1. The inflammatory cascade: Upon an inflammatory stimulus (1), the selectins are expressed on
endothelial cells. As a result, the formerly free-flowing leukocytes tether to the selectins and start to
roll on the endothelial surface (2). This rolling initiates the activation of integrins which interact with
members of the IgG superfamily (3), leading to firm adhesion of the leukocytes to the endothelial
surface (4). Finally, leukocytes extravasate (5) into the inflamed tissue where they fight the inflammatory
stimulus (6) (figure courtesy of Alexander Vogtli)

2. The Natural Ligand Sialyl Lewis* sLex was therefore selected as the
lead compound in selectin antagonist
The minimal common epitope present research.l'3l Numerous academic and

“Correspondence: Dipl.-Ing. A. Titz in all physiological selectin ligands, is si- industrial research groups have been in-

Institute of Molecular Pharmacy

University of Basel alyl Lewis* (1, sLe*, Fig. 2a).781 Although volved in the identification of the essen-
Klingelbergstrasse 50 the affinity of the tetrasaccharide sLex is tial pharmacophores of sLe*, which are
10_6']'104516691’8‘232'7 1556 only in the millimolar range,>-!"l beneficial ~ as follows: . N

Fax: +41 61 267 1552 effects in in vitro assays as well as in dis- 1) the hydroxyl groups in position 3 and 4

E-Mail: alexander.titz@unibas.ch ease models have been shown.[2] of the fucose moiety,



LAUREATES: AWARDS AND HONORS, SCS FALL MEETING 2006

195

Fig. 2. a) The natural
epitope sialyl Lewis*
(1, sLeX) consists of
N-acetyl-D-neuraminic
acid (D-NeuNAc), b-
galactose (p-Gal), N-
acetyl-D-glucosamine
(0-GIcNAc) and L-
fucose (L-Fuc). The
pharmacophores are
highlighted in bold
type. b) The bioactive
conformation of sLe*
was determined

by trNOE NMR
measurements. 15!

ii) the 4- and 6-hydroxyl groups of galac-
tose and

iii) the carboxylic acid of N-acetyl neur-
aminic acid.[10.14]

In addition, the bioactive conformation
of sLex (Fig. 2b), has been determined by
trNOE NMR analysis['>! and subsequently
confirmed by X-ray crystallography.[16] In
this bound conformation, L-Fuc and D-Gal
are stacked upon each other and D-GIcNAc
merely acts as a spacer to guarantee the ap-
propriate spatial orientation of the carbohy-
drate moieties. The binding face of sLe* is
formed by the carboxylate of D-NeuNAc to-
gether with the pharmacophoric hydroxyls
of fucose and galactose (Fig. 2b).

This mini-review summarizes the re-
search of the past 15 years directed towards
the replacement of the NeuNAc moiety of
sLex. Along with aspired improved affinity
for selectins, these mimetics are syntheti-
cally more accessible than the parent struc-
ture. The numerous contributions focusing
on modifications of the trisaccharide core
are not discussed, as detailed information is
available from recent reviews.[10:17]

3. sLe* Derivatives with N-Acetyl
Neuraminic Acid Replacements

Since the carboxylic acid function is
the dominant pharmacophore of the Neu-
NAc moiety of sLe* (1), numerous antago-
nists substituted with acidic fragments have
been synthesized. The 3’-sulfo Lewis* de-
rivative 2 (Fig. 3)[18-201 and 3’-sulfo Lewis2
3 (Fig. 3)201 were reported to exhibit sig-
nificant E-selectin binding affinity. Pure 3’-
sulfo-Lewis* derivatives showed E-selectin
binding with affinity comparable to sLex as
reported by Hasegawa and co-workers in
1993.1211 Later, an ICSO of 3 mM was de-
termined by Kiessling et al.[22231 In 1996,
Hasegawa and co-workers reported sLex
analogs, where neuraminic acid has been
replaced by a sulfate (—4), a phosphate (—
5) or glycolic acid (—6). In addition, the
reducing end was substituted by a Cy;-tail
(—4, 5) or a ceramide (—6).24 At least part
of the reported affinities is probably result-

ing from micelle formation, leading to mul-
tivalency.[23] Sulfate and phosphate deriva-
tives (—7, 8) containing a modified Lewis*
core also exhibit affinities in the millimolar
range.[20]

The replacement of NeuNAc by glycol-
ic acid was originally introduced by Muss-
er et al.l' Both derivatives, 9 and 10,[27.28]
showed affinity towards E-selectin compa-
rable to that of sLe*. An extensive study of
3’-O-carboxymethyl substituted Lewis* de-
rivatives (e.g. 10, Fig. 3) was published by
Glaxo as a result of their search for suitable
GlcNAc replacements.[27-291

In 1997, Hasegawa’s groupB39 reported
on a C-linked carboxymethyl group that
places the pharmacophore closer to the
galactose 3-position, i.e. the 3’-C-carboxy-
methyl Lewis* derivative (11, Fig. 3). Its
affinity is more than 50-fold better when
compared to a sLex derivative with the same
substitution at the reducing end. However,
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the molecules contain a different central
carbohydrate. In 11 D-glucose was used in-
stead of D-GIcNAc.

Another interesting approach to replace
NeuNAc (see 12, Fig. 3) was reported by
Borbds et al.[31321 The authors argued that
the sulfonated fructose derivative 12 should
show improved binding affinity, mainly
due to the increased acidity of the sulfonate
when compared to a carboxylate. Unfortu-
nately, no biological data are available for
this sLe* mimetic.

4. Pre-Organization of the Acid
Orientation in the Bioactive
Conformation

The exo-anomeric effect331 contrib-
utes to the conformational preference of
the glycosidic linkages in sLex. In addition
to this stereoelectronic effect, the Lewis*
core is further stabilized by steric compres-
sion4 and lipophilic interactions between
the o-face of L-fucose and the B-face of D-
galactose.33 The terminal Sia-Gal linkage,
however, does not benefit from additional
effects and is therefore more flexible. A
general approach to minimize the entropic
cost of a ligand binding to a receptor, result-
ing from conformational flexibility, is the
pre-organization of the ligand in its bioac-
tive orientation.

The bioactive conformation of the natu-
ral selectin ligand sLe* exhibits a high simi-
larity to one of its low energy conformations
in solution. As a consequence, only minimal
conformational changes upon binding are
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Fig. 3. Anionic replacements for N-acetylneuraminic acid in sLe* (1)



LAUREATES: AWARDS AND HONORS, SCS FALL MEETING 2006

196

CHIMIA 2007, 67, No. 4

(S)13,R=H; riCsp=4
(S)-14, R = Ph; rlCs = 2.6
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(R)-13, R=H; rlCs>10
(R)-14, R = Ph; rICy > 10

18, R' = H, alkyl; R" = H, alkyl

(S)-15, R = Ph; rlCs, = 0.3
(S)-16, R = C¢Hy4; rlCs = 0.1
(S)-17, R = 1-adamantyl; riCs, = 0.21

(R)-15, R = Ph; rICs, > 10
(R)-16, R = CgH14; rlCso > 10
(R)-17, R = 1-adamantyl; rICs, > 10

Fig. 4. Lactic acid derived selectin antagonists. The ICy, values are
reported relative to sLe* (1). This results in relative ICygs (rIC;p) below 1.0
for derivatives binding better than 1 and rIC,s above 1.0 for compounds

with a lower affinity than that of 1.

necessary, leading to low entropic cost. For
the replacement of NeuNAc only confor-
mationally biased substituents, where the
carboxylic acid is already pre-organized in
the bioactive orientation in solution, should
therefore be considered.

In 1997, Kolb and Ernstl3637 developed
a computational method for the prediction
of the affinity of selectin antagonists as a
function of their pre-organization with re-
spect to the acid and the core orientation.
With (S)-configurated lactic acid as pres-
ent in (S)-13 (Fig. 4), the acid orientation
is similar to the one in the physiological
ligand, whereas in the (R)-configurated
derivative (R)-13 the acid adopts a confor-
mation different to the bioactive one. As a
consequence, (R)-13 has to undergo a large
conformational change upon binding lead-
ing to substantial entropic costs.

Kolb and Ernst further demonstrated
a beneficial effect of steric bulk on the
binding affinity through pre-organization
by using various substituted lactic acids to
mimic NeuNAc.36:371 A series of (R)- and
(S)-configured lactate derivatives (14-16,
Fig. 4) were computationally analyzed for
their conformational preference in solu-
tion. The predicted binding behavior as a
function of the population of the bioactive
conformation could be confirmed in the
biological assay. All lactic acid deriva-
tives with (S)-configuration at the C-2 of
the lactate moiety ((S)-13-16) bound to
E-selectin, whereas the corresponding
(R)-isomers ((R)-13—-16) were all inactive
due to an acid orientation outside of the
bioactive window. In the (S)-series, the
affinity could be improved by increas-
ing the steric bulk at the 2-position of the
lactic acid. Thus, (5)-13 shows a rICy, of
4.0 when compared to sLex, whereas the
bulkier phenyllactic acid derivative (S)-
14 was a better ligand to E-selectin with a
rICy of 2.6. In the series where GlcNAc

20, R'= H, alkyl; R" = alkyl, aryl

19, R' = H, alkyl; R" = alkyl, aryl

Fig. 5. A lactic acid derived library
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Fig. 6. Conformationally locked carboxylic acid moieties and the flexible

reference compound 22

is replaced by cyclohexanediol, the bulkier
cyclohexyllactate (S5)-16 was the more po-
tent ligand (rIC, = 0.1) when compared to
the phenyllactate derivative (5)-15 (rICy, =
0.3). In contrast, the glycolate 10 (Fig. 3)
shows only a moderate affinity for E-se-
lectin, since in the absence of a steric bias
the glycolate side chain can freely rotate
and the acid does not preferably populate
the bioactive conformation.

Recently, as a continuation of the pre-
ceding studies, we synthesized selectin
antagonists bearing the bulky adamantly
group, (S)-17 and (R)-17 (Fig. 4).138] Again,
the importance of the correct absolute
configuration at the o-carbon of the ada-
mantyllactate was confirmed by the test
results. Whereas (R)-17 is inactive, the (S)-
adamantyl derivative (5)-17 displays a rICs,
of 0.21. Preliminary data suggests that the
a-substituent of (S)-lactate derivatives is
solvent exposed upon binding to the pro-
tein.391 Therefore, the slightly lower affin-
ity of (S)-17 compared to (S)-16 might be a
result of disfavored solvent interactions of
the more hydrophobic adamantyl moiety.

Further selectin antagonists substituted
with a wide variety of lactic acid derivatives

have been patented by Novartis.[0l For this
purpose, a library of antagonists not only
aiming at an improved pre-organization,
but also at additional enthalpic contribution
was designed. Various amines (18), amides
(19) and sulfonamides (20) (Fig. 5) were
synthesized and tested. Most of the reported
compounds antagonized E-selectin better
than the lead structure sLex. However, none
had an ICy, comparable to that of (5)-16
(Fig. 4).

Another possibility to pre-organize
the carboxylic acid in the bioactive con-
formation can be achieved by incorporat-
ing the pharmacophore in a ring system.
However, when the locked conformation
differs from the bioactive conforma-
tion, a substantial loss of binding affin-
ity is inevitable. An interesting example,
which demonstrates the drawback of this
approach, was published by Thoma and
co-workers.[*!1 In mimetic 21 (Fig. 6), the
carboxylic acid was incorporated in a cy-
clic acetal leading to a presentation of the
pharmacophore outside of the bioactive
conformation. As a consequence, a salt
bridge with an arginine of the receptor can
no longer be established. Since this inter-
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action is crucial for binding, a complete
loss of activity was observed.

Another approach to lock the carboxyl-
ate within a cyclic motif was published by
Wong et al. The starting point was the di-
saccharide mimetic 2242431 (Fig. 6), which
contains a carboxymethyl group at the 3-
position of galactose. By incorporating the
carboxylate in a thiazine ring system, (S)-
and (R)-23 derived from L- and D-cysteine
were obtained.[* Compared to the parent
compound 22, both diastereomers 23 turned
out to exhibit a higher, but almost equipo-
tent affinity towards P-selectin. The authors
hypothesized that the improved affinity
for both diastereomers is not linked to the
locked conformation of the carboxylic acid,
but rather the result of a new lipophilic con-
tact enabled by the thiazine ring system.

Conclusion

A vital pharmacophore of sLex is the
carboxylic acid function on NeuNAc, which
forms an essential salt bridge in all three
sLex-selectin complexes.[!6] Consequently,
a large number of bioisosters of the acid
function have been synthesized. This cov-
ers sulfates and phosphates but also organic
replacements (Fig. 3).118-32]

The importance of the pre-organization
of the carboxylate was demonstrated by
detailed computational and experimental
studies.[36:371 It could be clearly shown that
the pre-organization of the acid leads to a
substantial improvement of affinity, where-
as locking of the carboxylate outside of the
bioactive conformation causes a severe loss
of affinity.

The most successful substitution of Neu-
NAc was found to be lactic acid and deriva-
tives thereof. The degree of pre-organiza-
tion could be linked to the configuration at
the o-position of the lactic acid. In addition,
the influence of the size of a-substituents
of lactic acid on the acid-orientation (e.g.
(8)-13—(5)-17) was investigated. Finally,
the possibility to establish supplemental
hydrophilic or lipophilic interactions (e.g.
18-20) with the binding site of the receptor
was studied.

Today, after substantial research efforts,
small molecule pan-selectin antagonists
with affinities in the nanomolar range are
still not available. To demonstrate that pre-
organization significantly influences the
affinity and could therefore lead to a new
generation of selectin antagonists, was the
aim of this mini-review.
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