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Abstract: Selectin-mediated recruitment of leukocytes plays a crucial role in a number of diseases and
pathological situations, for example in inflammation, reperfusion injury, rheumatoid arthritis and respiratory
diseases. Substantial research efforts are directed toward development of carbohydrate-derived drugs that
interfere with the inflammatory response by blocking the selectin binding site. This article describes two
approaches for the improvement of the inhibitory potency of the lead structure sialyl Lewis* (sLeX). One
approach is based on the preorganization of mimics in their bioactive conformation to reduce entropic costs.
For the conformational analysis of mimics, molecular modeling based tools were developed. They allow the
rational design of selectin antagonists with simplified structures, but increased inhibitory potency. Alterna-
tively, additional carbohydrate/lectin contacts can be identified for the improvement of enthalpic contributions.
Following this approach, an additional hydrophobic interaction of the antagonists with E-selectin leads to a
60-fold improvement of E-selectin affinity. Antagonists have been synthesized using chemical or chemo-

enzymatic methods. Finally, a flow chart for the biological evaluation of the antagonists is presented.
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Introduction

Excessive infiltration of leukocytes from
blood vessels into inflamed tissues can
cause acute or chronic reactions as ob-
served in reperfusion injuries, stroke,
psoriasis, rheumatoid arthritis, and respi-
ratory diseases [1]. Using intravital mi-
croscopy, the migration of leukocytes
from the circulation to the inflamed tis-
sue can be directly observed. This pro-
cess takes place following a regulated
chain of events (rolling, firm adhesion,
diapedesis, and migration through the in-
terstitium). Leukocyte rolling — the first
event in the inflammatory cascade — is
mediated largely by the selectin family of
adhesion molecules and their carbohy-
drate bearing ligands [2]. The contribu-
tion of carbohydrate-selectin interactions
to inflammation is exemplified by the
impaired inflammatory responses seen in
selectin knockout mice [3a—c], and LAD-
type-2 patients [3d]. Although the nature
of the carbohydrate ligands and their in-
teraction with the selectins is not fully
understood, it is accepted that expression
of fucosylated and sialylated glycans
such as sialyl Lewis* (sLe¥) is required

for function [4]. In addition to findings
that sLe* inhibits leukocyte binding to se-
lectins in vitro, a beneficial effect of this
tetrasaccharide in inflammatory disease
models has also been demonstrated [5].

Despite promising biological find-
ings, Cylexin, a sialyl Lewis* analogue,
proved to be an unsuccessful drug candi-
date [6]. The reason for its failure is, most
likely, a combination of low biological
affinity [7] and limited bioavailability [8].
A third hurdle for clinical application of
sialyl Lewis* and derivatives thereof is
synthetic availability, since only gram
quantities are generally obtained by
chemical syntheses [9]. The latter prob-
lem, however, was solved by Wong and
coworkers [10], who developed a large-
scale enzymatic approach.

Structure-Activity Relationship -
Bioactive Conformation -
Docking to E-Selectin

As a consequence of the aforemen-
tioned problems, sLe* was not a drug
candidate itself but served as a lead struc-
ture for numerous industrial and academ-



CHEMICAL BIOLOGY / BIOLOGICAL CHEMISTRY

269

ic research groups. Their major aim was
to design sLe* mimetics with simplified
structures but increased inhibitory poten-
cy and improved bio-availability. Ac-
cording to various structure-activity stud-
ies [11], only a selected subset of the
functional groups of sLe* are required for
E-selectin recognition. In Fig. 1 these
functional groups are highlighted in red.
Groups colored in blue are not essential
and can therefore be altered or even re-
moved without any loss in bioactivity.

The bioactive conformation (= spatial
orientation of the pharmacophores when
bound to the receptor) was determined
from transfer-NOE NMR studies on the
sLe*/E-selectin complex [12]. The struc-
tures shown in Fig. 2 were generated
from the distance constraints obtained
from the NMR experiments. These con-
formations reflect the experimental pre-
cision with which the bound conforma-
tion of sLe* can be obtained. The most
striking feature of this arrangement is a
stacking of the galactose and the fucose
units, with the GlcNAc portion acting as
a spacer. The carboxy function of the
neuraminic acid residue points out of the
plane and, as a consequence, the C(7)-
C(9) side chain of neuraminic acid is
placed directly above the galactose ring
system. This result contrasts with NMR
[9][13] and molecular modeling studies
[13a][14] on the free sugar that suggest
that several conformations exist in aque-
ous solution.
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Fig. 1. Sialyl Lewis* tetrasaccharide (pharmacophores required for binding to E-selectin are
highlighted in red, functional groups not required for binding are colored in blue).

A two-dimensional internal coordi-
nate system was used for the analysis of
the structural data [15]. It allows the spa-
tial arrangement of the relevant pharma-
cophores, namely that of the COOH
group relative to the fucose moiety to be
defined. One coordinate, the Fuc(C4)-
Fuc(C1)-Fuc(01)-Acid(Co) angle (core
conformation), describes the Lewis®
core. The other coordinate, the angle
Fuc(C1)-Fuc(01)-Acid(Cor)-Acid (C=0)
(acid orientation), defines the orientation

of the COOH group relative to the core
(see plot in Fig. 2).

The three-dimensional structure of
the ligand-binding region of human E-se-
lectin has been determined at 2.0 A reso-
lution by Graves et al. [16]. By mapping
the amino acid substitution that elimi-
nates neutrophile adhesion to E-selectin,
a finite region of the lec domain of E-se-
lectin in the vicinity of the bound calcium
ion was identified as the most likely car-
bohydrate contact surface.

Fig. 2. Bioactive conformation
of sialyl Lewis* determined by
transfer-NOE NMR [12a].
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Fig. 3. a) Model showing the functional groups of sLe* interacting with E-selectin [17]; b) docking
of sialyl Lewis* with E-selectin (shown in a colored grid, where red represents surface areas that
act as hydrogen bridge acceptors and blue those that act as hydrogen bridge donors;
hydrophobic areas are indicated in yellow).
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Docking of the bioactive conforma-
tion of the sialyl Lewis* tetrasaccharide
was performed as shown in Fig. 3 [17] in
analogy to the mannose-binding protein
[18]. In this docking mode all pharma-
cophores are in contact with the rather
shallow binding site and all functional
groups not involved in binding (see Fig. 1)
point towards the surrounding water. Al-
though the crystal structure of E-selectin
co-complexed with sialyl Lewis* [19]
was recently published, the X-ray data
are not yet available, and in the discus-
sion of [19] no data are presented for the
bioactive conformation of sLe* that could
be compared to prior NMR studies.

Rational Design of Antagonists

The free binding energy between the
carbohydrate ligand and E-selectin is a
function of the binding enthalpy and the
binding entropy. The binding enthalpy is
directly dependent on the number and
strength of carbohydrate/lectin contacts,
while the binding entropy is influenced
by the flexibility of the carbohydrate lig-
and and its propensity to adopt the bioac-
tive conformation. We first focused on
conformational aspects by developing a
molecular modeling tool [Monte Carlo
(jumping between wells)/stochastic dy-
namics simulation] for assessing the flex-
ibility and the preorganization of sialyl
Lewis* mimics for binding to E-selectin
[15].

Our approach is illustrated by the fol-
lowing three examples. Based on the
structure-activity relationships (see Fig.
1, 2, and 3), GlcNAc was replaced by
(R,R)-cyclohexan-1,2-diol and sialic acid
by glycolic acid. Computational analysis
(Fig. 4a) suggested that the core confor-
mation remains unchanged compared to
the lead structure sLe*. For the acid ori-
entation, however, a dramatic change
was observed. Since the carboxylic acid
function can freely rotate around the
ether bond to the galactose, the bioactive
conformation is still occupied, but with a
much lower probability than in the case
of the lead structure. When, however, cy-
clohexyl lactic acid (Fig. 4b) was intro-
duced instead of glycolic acid, the com-
putational model showed a surprising re-
sult. With the (S)-cyclohexyl lactic acid
substituent, the core conformation and
acid orientation remain very close to that
of the lead structure. With the (R)-cy-
clohexyl lactic acid substituent, however,
it was postulated that the bioactive win-
dow is no longer populated at all, sug-
gesting that 3 would show a higher affin-
ity for E-selectin than 2 or even 4.
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Fig. 4. a) Conformational analysis of sialyl Lewis* (1) and mimic 2 by MC(JBW)/SD simulation [15]; the probability of being
at any point in the two-dimensional torsional space at a resolution of 3° x 3° is indicated by color code: bright colors
represent high probability and dark colors low probability; b) conformational analysis of mimics 3 and 4 by MC(JBW)/SD
simulation [15]; the color code used to indicate the probability of being at any point in the two-dimensional torsional space

is the same as in Fig. 4a.

Flow Chart

Biological evaluation of compounds
1-4 was performed according to the flow
chart in Fig. 5. A primary target-based
screen for E-selectin activity in a cell-
free, competitive assay was developed
using a polylysine/sialyl Lewis? conju-
gate as a multivalent ligand [20]. Immo-
bilized E-selectin was incubated with the

polymer and then treated with the test
compound. The measurement of the
dose-dependent displacement of the poly-
mer by potential inhibitors in comparison
with the sialy Lewis* tetrasaccharide al-
lows the determination of their rICsq val-
ues (relative ICs, values; concentration to
achieve an inhibitory effect of 50% rela-
tive to the concentration of sLe* produc-
ing the same effect) under static condi-

tions. The second screen was function-
based and was conducted under flow
conditions, imitating the in vivo situation
in a blood vessel. For this purpose a flow
chamber-assay allowing the observation
of neutrophile rolling on activated en-
dothelial cells under the light microscope
was developed [21]. The third assay was
based on our findings that soluble sLe*
selectively disrupts E-selectin dependent
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rolling in the mouse cremaster muscle,
causing increased rolling velocity of leu-
kocytes on the endothelial surface [22].
An intravital microscopy model, where
the percentage of leukocytes engaged in
TNFo-induced rolling interaction with
the blood vessel wall can be measured
before and after application of inhibitors
(Fig. 6), was used for in vivo screening of
sLe* mimetics.

The biological evaluation (Table) of
compounds 1-4 confirmed the predic-
tions of the molecular modeling-based
approach described above. Compound 3,
the best mimic identified, is approxi-
mately 10 times more active than the par-
ent sLe*. According to its bioactive con-
formation, which was determined by
transfer-NOE NMR [23] (Scheme 1), the
pharmacophores bind to E-selectin in the
same three-dimensional conformation as
in the lead structure sLe*.

The agreement between predicted and
observed activity trends suggests that the
free binding energy is dominated by the
Fig. 5: Flow chart for the biological evaluation of selectin antagonists. preorganization of the mimic and conse-
quently by the entropy. The calculated
preorganization can therefore be used as
a descriptor for quantitative structure-ac-
tivity models.

Compared to sLe* (1), the synthesis
of mimic 3 is dramatically simplified.
Starting from (R, R)- cyclohexan-1,2-diol
(5), fucosylation is achieved stereoselec-
tively in an excellent yield with the in situ
anomerization procedure. For the intro-
duction of galactose, the trichloracetimi-
date procedure was successfully applied.
After hydrolysis of the benzoates (—9),
exclusive alkylation of the 3-position
with benzyl (R)-3-cyclohexyl-2-trifluor-
Fig. 6. a) Leukocyte rolling and firm adhesion in a TNFe. stimulated P-selectin knockout mouse;  Omethansulfonyloxy-propionate  was
b) clearance of rolling after addition of 30 mg/kg E-selectin antagonist 3. achieved by regioselective opening of the
corresponding stannylene acetal. After

deprotection the (§)-lactic acid derivative
Table. For the static cell-free assay and the dynamic cell assay relative ICsps (rICs) are reported 3 \ya< obtained in 62% yield.
which are standardized relative to sLe*. The percentage of leukocytes which are involved in Compound 3 can also be synthesized

E-selectin dependent rolling two hours after TNFa-stimulation was determined in the intravital

Cellfree E-selectin
ligand-binding assay [20]
(target-based, static conditions)

Cell-based flow assay [21]
(function-based, flow conditions)

in vitro

---------------------------------------------------------------------

in vivo

TNFa-induced rolling
of leukocytes [22]
(intravital microscopy model)

Inflammatory
disease models

microscopy model. chemo-enzymatically. The glycosyl ac-
ceptor was obtained by galactosylation of

Compounds Static Dynamic Leucocytes engaged (R,R)-cyclohexan-1,2-diol (5) with ethyl
cell-free assay cell assay in TNFo-induced 6-0-benzyl-2,3,4-tri-O-benzoyl-1-thio-

MCso rCso rolling measured by B-p-galactopyranoside 11 using DMTST

Infravital micTeacopy as promoter (—12) followed by the re-

moval of benzoate protecting groups by
sLe*(1) 1 1 ~40% transesterification. Finally, alkylation
2 10 n.d. nid. with benzyl (R)-3-cyclohexyl-2-trifluoro-
methansulfonyloxy-propionate (10) and
deprotection by hydrogenolysis gave
4 >15 > 15 nd. substrate 13 for the enzymatic fucosyla-

tion. Fucose was transferred from GDP-

3 0.1 0.1-0.15 < 6%

16i 0.016 0.02 < 6% fucose (14) to the hydroxy group of the
Control > 15 > 15 ~ 40% cyclohexane moiety [25] with fucosyl
(Siac(2-3)LacNAc) transferase III [24a] yielding 3 in good

overall yield.
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A possibility for the improvement of
the enthalpic component of the sLe*/E-
selectin interaction was suggested by a
publication by DeFrees and coworkers
[26], who reported that N-benzoate and
N-naphthoate analogues of sLe* showed
slightly increased inhibitory potency
when tested as inhibitors of E-selectin-
mediated cell adhesion. Conformational
analysis by NMR indicates that the topo-
graphic orientation of the pharmacoph-
ores required for binding is not influ-
enced by the modification of the acyl
group at the glucosamine nitrogen [27].
The increase in potency may therefore
result from a direct interaction of the aro-
matic acyl groups with E-selectin, pre-
sumably through a hydrophobic mecha-
nism.

To further investigate the effect of
non-natural acyl substituents at the glu-
cosamine nitrogen, derivatives 16a—i were
synthesized chemo-enzymatically. Since
the modification of the acyl group in the
final tetrasaccharides via an exchange-
able allyl carbamate protection of the glu-
cosamine nitrogen was not generally ap-
plicable, a non-convergent approach was
chosen. Based on their broad substrate
specificity, we have explored with B(1-4)
galactosyltransferase [28], o2-3)sialyl-
transferase [29], and o(1-3,4)fucosyl-
transferase (FucT VI) [30], the modified
N-acylglucosamine derivatives 15a—i were
submitted for enzymatic glycosylation.
In the first enzymatic step, galactose was
transferred to GlcNAc, the natural sub-
strate, but also to glucosamines acylated
with various aliphatic, aromatic and
heteroaromatic acyl groups. The cloned
(2-3)SiaT [31] also accepted a whole
range of N-acyl-lactosamines. Although
DMSO had to be added in some cases to
obtain sufficient solubility, neuraminic
acid was enzymatically transferred by
a(2-3)SiaT without any adverse effects.
Finally, all trisaccharides were well toler-
ated by Fuc-T VI [24b] (Scheme 2).

Whereas the aliphatic substitutions
(see 16a-d) do not improve E-selectin
affinity, a substantial increase was ob-
served with aromatic or heteroaromatic
acyl groups (see 16e—i). The most active
representative, 16i, shows an approxi-
mately 60-fold increase (compared with
sLe*) in E-selectin affinity in the static
and dynamic in vitro assays and also im-
proved activity in vivo [27].

CHIMIA 2001, 55, No. 4

Core conformation: -36.4°
HO’ O
?07\ m Acid orientation:  120.5° oH
ﬁoﬂn
O8n

Scheme 1. Chemical and chemo-enzymatic synthesis of sLeX-mimic 3: a) 6, Br,, Bu,NBr (87%);
b) 8, BF3#Et,0, CH,Cl, (84%); c) NaOMe, MeOH (75%); d) "Bu,SnO, MeOH, rfl., 3h; 10, CsF, DMF,
r.t., 3h (78%); €) Hyp, Pd/C, MeOH (88%); f) 11, DMTST, CHQCI2,4Amo|ecular sieves, 3h (59%);
g) cat. NaOMe, MeOH, r.t., 3h (96%); h) "Bu,SnQO, MeOH, ril., 2h; 10, CsF, DMF, r.t., 3h (76%);
i) 20% Pd(OH),, H,, dioxane-H,O-AcOH; Dowex 50 (Na* form) (80%); k) GDP-fucose (14), FucTlll
(84%).
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Scheme 2. Chemo-enzymatic synthesis of sialyl Lewis* derivatives; relative ICsgs (rIC5p) which are
standardized relative to sLe* (1) are reported.
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Conclusions

Carbohydrates traditionally have had
only limited use as therapeutic agents,
because of their structural complexity
and synthetic difficulties. Only recently
have their biological functions and their
role in disease been decoded. One of
these roles — that of carbohydrate-selectin
interactions in inflammation — is current-
ly the focus of numerous industrial and
academic research groups. Because of
the inherently low affinity between
lectins and carbohydrates, the design of
high affinity inhibitors is difficult. Our
combined approach tackles this problem
simultaneously from different directions.
Structural information about the bioac-
tive conformation of the lead structure si-
alyl Lewis* by transfer-NOE NMR, con-
formational analysis of proposed mimics
by molecular modeling, and chemo-en-

zymatic synthesis of the mimetics was
key for the successful development of
carbohydrate mimetics with simplified
structures and improved target affinity.
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