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[. Introduction

Carbohydrates display enormous structural and
functional diversity, fulfilling roles as energy sources
and as elements for recognition and for the control
of the structure, function, and dynamics of proteins.t
It is, however, the role of carbohydrates in cell
adhesion processes, specifically, between the selectins
(selective carbohydrate-binding proteins) and the
Lewis sugars and their derivatives,? 2 that has
emerged as the cornerstone of the rapidly growing
field of molecular glycobiology.

Acute diseases, such as stroke and reperfusion
injury during surgery and organ transplantation, and
chronic inflammatory diseases, such as psoriasis and
rheumatoid arthritis, are a result of the body’s
overzealous recruitment of lymphocytes from the
vasculature to a location suspected by the body to be
a site of injury. In addition, it has been suggested
that this adhesion process may be exploited by cancer
cells to metastasize after entering the blood stream.
To address these important health issues, consider-
able effort has been invested in devising methods to
disrupt leukocyte recruitment. Recent efforts focus
on preventing initial adhesion events between circu-
lating leukocytes and the endothelium involving two
families of cell-surface receptors: the selectins and
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the integrins. Our efforts focus on the generation of
selectin antagonists; specifically, on the design and
synthesis of mimics of sialyl Lewis X (sLe*X) and
related Lewis oligosaccharides. These mimics are
designed to resemble the structure and function of
the natural carbohydrate ligand, but are not carbo-
hydrates per se. Carbohydrates are not ideal drug
candidates. They are difficult to synthesize, bind
weakly, and have low oral availability due to labile
glycosidic linkages and poor cell-entry properties.
This review begins with a discussion of the role of
the selectins in inflammation and a description of
their natural ligands. Strategies for the total syn-
thesis of the sLe* tetrasaccharide are reviewed. Next,
a summary of the studies that led to the identification
of the functional groups of sLe* critical for binding
to the selectins is presented. The main body of this
review contains a description of the mimetics pub-
lished to date (early 1997). Current efforts to in-
crease the affinity of these molecules for their targets
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by the introduction of secondary groups and through
multivalency are discussed. The review continues
with an overview of other classes of molecules that
inhibit the selectin—sLe* interaction whose struc-
tures are not based on sLe*. Then, assays used to
evaluate binding are surveyed. Finally, this review
concludes with a discussion of new targets for the
inhibition of adhesion that are receiving increased
attention.

A. The Role of Selectins in Inflammation

White blood cells, or leukocytes, are important
species for the repair of tissue damage and defense
against microbial infection. Leukocytes are brought
to the site of injury by a complex series of steps,
referred to as the inflammatory cascade (Figure 1).
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Figure 1. The inflammatory cascade. When an injury occurs (1), cytokines are released from the damaged tissue signaling
the endothelium to display E- and P-selectins to the cells of the vasculature. P-selectin appears first within 30 min followed
by E-selectin. Circulating leukocytes display a P-selectin glycoprotein ligand, PSGL-1 which displays sLe* and O-sulfated
tyrosine, an E-selectin ligand, ESL-1, a glycoprotein containing sLeX, and L-selectin, an adhesion molecule that interacts
with sLe*-bearing glycoproteins of the endothelium. (2) Selectin—sLe* interactions between the circulating leukocytes and
the endothelium results in rolling and adhesion. These interactions are supplemented by stronger integrin-ligand
interactions. (3) Loss of L-selectin appears to be important for extravasation, and occurs through proteolytic cleavage by
a metalloprotease (or sheddase). Leukocytes then accumulate at the site of injury. See the text for more details and leading

references.

The cascade begins when damaged tissues release
cytokines that stimulate the endothelium to express
two proteins, E-12 and P-selectin!* transiently on the
endothelial lining.’>~2! Selectins E and P recognize
sLe* and related oligosaccharides on the surface of
the leukocytes?? and promote leukocyte adhesion to
the affected endothelial cells.?3725 L-selectin?6?7 is
constitutively expressed on leukocytes,?® and it rec-
ognizes similar carbohydrate ligands displayed on the
endothelium,2°-32

“Rolling™? by the leukocytes across the affected
endothelium leads to further adhesion events343%
between integrins on the leukocytes and an endo-
thelial protein, ICAM-1 (intercellular adhesion mol-
ecule-1).** This stronger interaction (itself the target
for chemotherapies) leads to the migration of the
leukocytes through the endothelial layer (extravasa-
tion) to the site of the injury.®®3” Proteolytic cleavage
of L-selectin from the surface of leukocytes occurs,8:3°
and appears to be important for extravasation.*043
While the mechanism of cleavage and the role of the
soluble selectins are not understood,**~46 small mol-
ecules designed to inhibit proteolysis have been
reported.*” A similar loss of P-selectin from degranu-
lated platelets has been observed.*®

The mechanism of the signal transduction cascade
that leads to extravasation is not fully understood,
but growing evidence suggests the role of an integrin-
mediated pathway.*5? L-selectin may also play
some role in signal transduction, but how the selec-
tin—sugar interaction transduces the signal to inside
the cell is not clear, although the level of cellular
protein phosphorylation increases after selectin bind-
ing.53

B. Structure of the Selectins

Each of the selectins comprises five domains: a
cytosolic tail that may play a role in signal trans-

duction, a transmembrane domain, a series of comple-
ment-like modules (CR), an epidermal growth factor
domain (EGF), and an N-terminal, calcium-depend-
ent carbohydrate recognition domain (CRD). Both
the EGF and CRD domains are required for binding
the carbohydrate ligand, although the site of binding
has been localized to the CRD domain.>* The EGF
region is believed to exert its effect by holding
portions of the lectin domain in the proper conforma-
tion.® A crystal structure of the CRD domain of
E-selectin is available,®® and its primary sequence is
about 80% homologous to another structurally char-
acterized sugar binding protein, the mannose binding
protein (MBP).5” The CRD is a globular structure
that recognizes its ligands in a shallow depression
that contains a Ca?* ion. Models®® of selectin—sLe*
binding in which the hydroxyl groups of fucose
coordinate the Ca?" (Figure 2) have been proposed
on the basis of this conserved Ca?* binding site, the
crystal structures of the CRD and MBP, and mu-
tagenesis studies of the CRD.5°

C. Ligands for the Selectins

Since the initial characterization of the selectins
in 1989, a number of ligands have been identified (see
Table 1). While the debate over the natural ligands
for each of the selectins continues, current opinion
suggests that carbohydrates including a Lewis sugar
(at some level of modification such as sialylation or
sulfation) are the biologically relevant ligands (vida
infra). Figure 3 shows the binding domains of
PSGL-1 and GlyCAM-1 (discussed below).’° The
carbohydrate portion of PSGL-1, the natural ligand
of E- and P-selectin, is a trimer of fucosylated
N-acetyllactosamine groups with a terminal sialyl
group. The pattern of tyrosine sulfation has not been
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Table 1. Selectin Ligands?
Selectin [Refs] Expressed  Small [Refs] GP (Oid) [Refs]
(Old) Molecule Ligands
Ligands
Qe ‘ (13} in response sLeX [61-66] ESL-1 [68,69]
%% E to aninjury  sLeX-SOj3° [67]
Orax signal sLed [63] PSGL-1 [701
W 0517) ooy 167)
% (ELAM-1)
%% (LECAM-2)
L [26] always steX . (75} GlyCAM-1  (spg50) [71,72]
%% (27 (28] Le 523 (77}
sLe (76] CD34 (spg90) (73]
O Le?-SO3° 77
W@O (LECAM-1) sulfatide (84]  MadCAM-1 (74}
0 (g(im/[l%) heparin sulfate  [85,86]
3 fucoidin (871
%% phosphomannon (88}
P [14] in response sLeX [92,25] PSGL-1 [89]
1o a signal sLe? {96}
%% (ie. thrombin)  sulfatide 971
(CD62) [18-21] heparin (98] ® -
%C(ODOO (PAGDEM) fucoidin [gg] Cytosolic Transmembrane
7 7 (GP140) dextran sulfate  [99] — ® O
%% (LECAM-3) CR EGF CRD

@ The carbohydrate and glycoprotein ligands for the selectins are indicated with references. “(Old)” refers to old nomenclature
used to identify these ligands. “Expressed” indicates when selectins appear on the cell membrane. The glycoprotein “GP” ligands
are also indicated with older nomenclature and leading references.

0 &3
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Figure 2. Hypothesized binding site for sLe* on E-selectin.
The functional groups important for binding to the selectins
(vida infra) are involved in many interactions: in coordina-
tion to Ca?* (the 2- and 3-hydroxyl groups of fucose); in
hydrogen bonding to acid, tyrosine, or amino acid side
chains (4-hydroxyl of fucose; hydroxyl groups of galactose;
3-hydroxyl group of fucose); in ion pairing with an arginine
side chain (carboxylate of NeuAc). Mimetics that incorpo-
rate residues that fulfill these roles are expected to be more
active than those which do not incorporate these critical
functional groups.

determined. Sulfation is required for binding to
P-selectin, but not E-selectin. The structure of the
natural ligand on GlyCAM-1 for L-selectin is less
understood. It seems clear that the carbohydrate is
sulfated on the 6, 6', or both positions. Specific
details follow.

1. Ligands for E-Selectin

Preceding the isolation of the naturally occurring
glycoprotein that binds to E-selectin, the carbohy-
drate portions of these ligands were being deter-
mined. Lowe and colleagues proposed, upon the
basis of transfection of a fucosyltransferase, that the
carbohydrate contained fucose.®* Tienmeyer et al.
determined the composition of the carbohydrate
using mass spectrometry.®? In 1991, four groups
reported that sLe* recognized E-selectin.63-66 s| g2 &3
and sulfated derivatives®” of Lex and Le? also bind to
E-selectin. The glycoprotein receptors bearing these
carbohydrates were identified in 1994 as ESL-16586°
and PSGL-1.7°

2. Ligands for L-Selectin

Three glycoproteins have been identified as the
natural ligands for L-selectin: GlyCAM-1,%72 CD34,®
and MadCAM-1.7* L-selectin recognizes sLeX,® sLe?,’®
and sulfated derivatives’” which are all likely to be
present in part of the carbohydrate portion of these
glycoproteins. The biologically relevant pattern of
sulfation is currently under investigation,’® although
the simplest carbohydrates of GlyCAM-1 appear to
be sulfated on GIcNAc and Gal at equal levels.”
However, a recent study suggests that sLe*-6-sulfate
(sulfate on the 6 position of GIcNAc, not Gal) is the
ligand for L-selectin.®® Hasegawa and colleagues
have prepared the 6-sulfate, 6'-sulfate, and 6,6'-
disulfate derivatives and found that the disulfate
binds most tightly.®' Efforts to characterize the
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Figure 3. Natural carbohydrate ligands. The proposed structures of some of the natural ligands on PSGL-1 and GlyCAM-1
are shown. PSGL-1 recognizes E- and P-selectin, although sulfation is required for P-selectin binding, and not desired for
E-selectin binding. The pattern of sulfation on tyrosine residues (indicated with arrows) has not been determined. GlyCAM-1
is sulfated on the carbohydrate portion of the molecule, although the pattern of sulfation remains a topic of debate (indicated

with arrows).

extent of sulfation of the carbohydrate and to identify
the entire carbohydrate portion are underway in
many laboratories.®28 Sulfatide,®* heparin,®8 fu-
coidin,®” and phosphomannon® also bind to L-selec-
tin. It seems likely that L-selectin presents a cationic
binding site distinct from the carbohydrate binding
site which could be a target for secondary groups.

3. Ligands for P-Selectin

Sako et al. identified the natural ligand for P-
selectin, PSGL-1.8° Further work by Sako® and
Seed® showed that the 19 amino acid N-terminus of
PSGL-1 containing acid side chains, and the O-linked
sLe* carbohydrate (established earlier by Norgard et
al.)®? was critical for binding. Sulfation of tyrosine
residues is important for binding: there are three
tyrosines in the 19 amino acid sequence.®® Moore et
al. reported that sLeX is attached to PSGL-1 through
a polylactose amine linker.** sLe* and sLe? have been
shown to bind to P-selectin. The sulfated Lewis
sugars do not bind to P-selectin.®®% A number of
sulfated biomolecules do bind (Table 1): sulfatide,®’
heparin,® fucoidin,® and dextransulfate.®® Whether
these molecules exploit the same binding pocket on
P-selectin as sLe* or at a distinct cationic binding site
remains to be determined.

[I. Inhibition of Cell-Cell Interactions: Intervention
of the Selectin-Sialyl Lewis* Binding

As noted earlier, an attractive strategy for treating
inflammation-related diseases, such as rheumatoid
arthritis, reperfusion injury, and, perhaps, suppress-
ing metastasis of cancer cells, is to inhibit the
selectin—ligand interaction that initiates these pro-
cesses. This goal provides an exceptional opportunity
to apply interdisciplinary methodologies of the bio-
logical and chemical sciences to a problem in struc-

tural biology. Scheme 1 illustrates the interplay of
chemical and biological disciplines in guiding the
development of a potential therapeutic agent. The
following discussion will address current efforts to
develop antiinflammatory agents based upon inhibi-
tion of the event that launches the inflammatory
cascade, the selectin—sLe* binding event. With the
use of the information gained from the examination
of the structural characteristics of sLeX binding,
alternative structures will be sought that exhibit
even stronger binding to selectins than the natural
ligand.

A. Synthetic Studies of Sialyl Lewis*

The required synthetic technology for studying the
structural features necessary for selectin binding,
and for the subsequent preparation of analogue
structures is made available through initial synthetic
studies targeting the sLe* structure itself. With the
above goals in mind, the value of such a total
synthesis will be judged on both efficiency and
flexibility. Not only must the synthesis afford suit-
able quantities of sLe* in a minimun of synthetic
operations, it also must accommodate considerable
structural variation to allow the preparation of
analogue structures.

1. Chemical Synthesis of Sialyl Lewis*

The tetrasaccharide structure of sLeX is a demand-
ing challenge for synthetic chemistry stemming from
the need to selectively form glycosidic bonds with
highly functionalized substrates. The several suc-
cessful syntheses of sLe* reported to date offer a clear
demonstration of the power of modern methods of
oligosaccharide synthesis.10-104 Several noteworthy
syntheses will be highlighted in the following discus-
sion.
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Scheme 1. A Biological/Chemical Protocol for the Chronology of Discovery of an Effective
with Specific Reference to P-Selectin?
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a |solation of the receptors began around 1989, followed by characterization of the carbohydrate portion of the natural ligand in 1991.
Isolation of the natural glycoprotein ligands was described around 1992. The total syntheses of the minimal carbohydrate ligands and its
derivatives useful for determining critical functional groups appeared between 1991 and 1993. The availability of these ligands allowed
for the determination of the free and bound conformations of sLe* (1994, 1997), as well as chemistries useful for the synthesis of the first
generation of inhibitors in 1994. Current efforts focus on the development of sLe* mimetics with additional binding groups and multivalent

display.

Scheme 2. Hasegawa'’s Synthesis of Sialyl Lewisx 2
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a Hasegawa and colleagues prepared sLe* using thioglycosides activated with DMTST.101

The first synthesis!®! of sLeX was reported in 1991
by Hasegawa and co-workers. This synthesis high-
lights the utility of thioglycosides for glycosidic bond
formation. The use of thioglycosides with dimethyl-
(methylthio)sulfonium triflate (DMTST) activation

was responsible for formation of all three key glyco-
sidic bonds (Scheme 2).

Shortly thereafter, the laboratories of Nicolaou and
Wong22 reported a concise synthesis of sLeX that
featured the use of glycosyl fluorides to form glyco-
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Scheme 3. Nicolaou and Wong’s Synthesis of Sialyl Lewisx 2
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Scheme 4. Danishefsky’s Synthesis of Sialyl Lewis* 2
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a Danishefsky and co-workers reported a synthesis that utilizes glycosyl fluorides, trichloroimidates, and Koenigs—Knorr methods

starting with a glycal.103

Scheme 5. Kahne’s Synthesis of Lewis* 2
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a Continuing the search for universal glycosidation conditions, Yan and Kahne have prepared Le* and Le? using anomeric sulfoxides.1%4

sidic bonds to the galactose and fucose subunits. The
special challenge presented by sialic acid was solved
through the use of an anomeric chloride bearing an
adjacent thiophenyl group'®® to direct the stereo-
chemistry of the new glycosidic bond. Desulfuriza-
tion and deprotection affords the tetrasaccharide
(Scheme 3).

Danishefsky’s group®® has contributed a synthesis
that exploits a variety of glycosyl activation. A
glycosyl fluoride and trichloroimidate were used to
install the fucose and galactose subunits, respec-
tively, while the sialic acid unit was appended using
a Koenigs—Knorr procedure. A noteworthy feature
of this synthesis is the use of a glucal as a precursor
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to glucosamine via an azaglycosylation protocol
(Scheme 4).

Kahne!% efficiently prepared the Le* trisaccharide
through sequential glycosidic bond formation using
anomeric sulfoxides with triflic anhydride activation
(Scheme 5). Appending a sialic acid unit to the 3
position of the galactose with a different glycosylation
method would complete the structure of sLeX, the
sulfoxide method, however, gave the undesirable
p-isomer. In response to the biological importance
of sialylated oligosaccharides, new methods for sial-
ylation have been developed, including the use of
thiophenyl donors from Hasegawa’s laboratories and
glycosyl phosphites, independently reported by the
groups of Wong'%>1% and Schmidt.1%7

2. Chemoenzymatic Synthesis of Sialyl Lewis*

Despite the availability of effective glycosylation
methodology, chemical synthesis generally suffers
from the need to employ selectively protected sugars
to control the position of bond formation and there-
fore large-scale synthesis becomes increasingly more
expensive. This problem has been elegantly ad-
dressed through the application of enzymatic meth-
ods to oligosaccharide synthesis.'®® The ability to
prepare oligosaccharides enzymatically has been
greatly facilitated by both the growing availability
of glycosyltransferases through recombinant biol-
ogy'® and the strategies developed for cofactor
recycling®® which have obviated the need for using
stoichiometric amounts of the required sugar nucle-
otides and the problem of product inhibition. A
multienzyme system used for the large scale produc-
tion of sLe* and the recycling of cofactors is shown
in Scheme 6.1*' For enzymatic sulfation using phos-
phoadenosyl phosphosulfate (PAPS), a regeneration
system has also been developed, which should be
applicable to the large scale synthesis of sLe*-6-
sulfate.'1?

In cases where a suitable glycosyltransferase is not
available, is unstable, or is prohibitively expensive,
the reversibility of glycosidases can be exploited.113114
The chemoenzymatic synthesis of sLe? using this
strategy is shown in Scheme 7. An activated galac-
tose donor is fused with 6-O-acetylglucal using -ga-
lactosidase to afford a disaccharide glycal which may
be chemically elaborated in a straightforward man-
ner to the desired lactosamine for subsequent conver-
sion into sLe? using sialyltransferase and fucosyl-
transferase.’’® Further improvements in the syn-
thesis of N-acetyllactosamine using galactose oxidase/
galactosidase'** and coupling of galactosidase with
sialyltransferase!'>c have been reported.

B. Probing the Structural Details of
Selectin—Sialyl Lewis* Binding

The identification of the functional groups critical
for sLeX binding to the selectins illustrates an im-
portant aspect of contemporary organic synthesis.
While modern spectroscopic techniques have obviated
the need for synthesis to establish proof-of-structure
in most cases, these techniques lend limited insight
into the relative importance of different structural
features of the molecule, except in cases where the
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Scheme 6. Enzymatic Synthesis of Sialyl Lewis* 2
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a Using cofactor recycling, sLeX can be prepared enzymatically
in a single vessel using a 10-enzyme system: three transferases
to make the glycosidic bonds (Es = -1,4-galactosyltransferase, Eg
= a-2,3-sialyltransferase, and Eg = a-1,3-fucosyltransferase); two
kinases to generate the sugar nucleotide triphosphates (E;=
Pyruvate Kinase and E; = Myokinase); a synthetase (Es = CMP—
NeuAc Synthetase), two phosphorylases (Es = UDP-Glc Pyrophos-
phorylase and E;p = GDP—Fuc Pyrophosphorylase), and an
epimerase to prepare the substrates for the transferases (E4 =
UDP-GIc Epimerase); and a pyrophosphatase to drive the reactions
(E2 = Pyrophosphatase).11!
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Scheme 7. Chemoenzymatic Synthesis of Sialyl Lewis?
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2. NaNs, CAN

3. [H]
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a In the chemoenzymatic synthesis of sLe?, glycosidases and transferases are used to form the glycosidic linkages. Synthetic chemistry
is used to elaborate the glycosidase substrate, a glucal, into GIcNAc.115
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Figure 4. Fucoidin, phosphomannon, sulfatide, dextran sulfate, and heparin sulfate.

receptor-ligand complex can be determined. The
synthesis of analogues incorporating functional group
deletions and modifications has proven to be an
invaluable method for gaining detailed information
regarding the relationship between structure and
function.

Efforts by the groups of Hasegawa'® and Gaeta!!’
are responsible for mapping a majority of the residues
of sLe* that are critical for binding. By systemati-
cally replacing the functional groups (OH, COO-, or
Me) with H, the relative contributions that these
groups make to binding were determined and a
“functional group map” was constructed. For sLeX
binding to E- and L-selectins, all three hydroxyl
groups of the fucose,''61” the 2- and 6-hydroxyl
groups of the galactose,''® and the carboxylate of the
neuraminic acid'® are necessary (Figure 5). The
GIcNACc residue does not play a critical role in these
interactions, but is believed to be important for
preorganizing the residues of the tetrasaccharide.'%-12
The binding to P-selectin is similar except that the
2- and 4- hydroxyl groups of fucose are not involved
critically, and sulfation at the 6 position improves
binding.'® Table 2 reviews the results obtained for
derivatives of the fucose group.

Labeled and unlabeled structures have proven
useful for NMR studies to gain important conforma-
tional information.111.122-124 |sotopically labeled sLex
has been prepared by utilizing UDP-1-*C-galactose
with previously described procedures.'! Stable un-

Q0
‘00C
HO 0o
HO [3: E-Selectin
OH  Q :P-Selectin
AcHN on O :L-Selectin

Figure 5. Structure/function map of sialyl Lewis*. The
functional groups that have been shown to be critical for
binding to the selectins are identified. (See the text for
additional details and literature citations.)

Table 2. Systematic Probing of the Fucose
Contribution to Selectin Binding®

Ry R, Ry Ry Activity
Ra
Rz sle OH OH OH CHs —
Ry (o) Ry . .
HO .OH AcNH H OH OH CHg inactive

HOLC. o &05 OWOR OH H OH CHy, inactive
"oy ¢ OH OH OH OH H CHy inactive
HO

OH OH OH OH H S5xlessactve
2To determine which groups were critical for binding,

groups on sLe* were systematically replaced with hydrogen
and were evaluated for activity.

bound and E-selectin-bound conformations of sLeX
differ mainly in the orientation of the neuraminic
acid residue (Figure 6).111123-124 The estimated en-
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GlcNAc

Figure 6. Bound/unbound conformations of sLe*. Shown
are a stable unbound conformation (black) and bound
conformation (gray) of sLeX with E-selectin. The dihedral
angle of the glycosidic bond of NeuAc residue differs by
100°. This difference in conformation has been estimated
to cost 1.5 kcal/mol.

ergy difference between these conformations is ap-
proximately 1.5 kcal/mol.1*! Recent studies by Poppe
et al.’** have shown that sLe* adopts a similar
conformation upon binding to either E- or P-selectin,
but a different conformation (similar to a stable free
conformation) upon binding to L-selectin. In addition
to these efforts, crystal structures of LeX and related
compounds have been obtained.'?51%6 Molecular dy-
namics calculations have been reported.1?7-130

lll. Approaches to the Development of Sialyl
Lewis* Inhibitors

Cytel Corporation submitted a sLe* pentasaccha-
ride for clinical trials for the treatment of reperfusion
injury. These compounds offered initially great
promise,t31~132 showing some clinical benefit in the
treatment of reperfusion injury following coronary
bypass surgery. In phase Il clinical trials testing the
ability of this compound to treat reperfusion injury
following myocardial infarction was shown to be safe,
but with an activity equivalent to that of placebo.
However, a positive phase Il result was reported for
the treatment of reperfusion injury during cardio-
pulmonary bypass surgery. Currently, another phase
Il trial has showed positive results in children for

HO HO

OH OH
MS&SOH Me@ﬁﬁ
HO OH HO

OH Ry
8 LIrd
"0580 OH

OH OH

1

Ry=H
ICsqin mM: 0.28 (E); 0.10 (P); 0.03 (L)

ICs0 = 100uM (E); 1.2mM (L)

Simanek et al.

treating reperfusion injury following surgery for the
repair of congenital heart defects. Cytel’s ability to
produce the sLe* tetrasaccharide is a reflection of the
state of the art in chemoenzymatic synthesis and
cofactor regeneration strategies. The challenges met
by their candidate in clinical trials has focused
increased attention to the growing field of glycobiol-
ogy and more specifically, to small molecule antago-
nists. Dimeric Le* has also been shown to be effective
against rheumatoid arthritis.*3

The search for sLeX antagonists can be discussed
in terms of two related goals: simplification of the
sLex structure to small molecules that are stable,
inexpensive, and easy to prepare, and preservation
(and ultimately enhancement) of the binding affini-
ties and specificities of small molecules mimetics.'®®
These goals have been met, in part: a tremendous
number of potential selectin antagonists containing
only a single carbohydrate have been described;
inhibitors that have affinities equal to or exceeding
that of sLe* have been obtained.

The search for small-molecule sLe* antagonists has
proceeded in a reductionist fashion. Our discussion
apes this approach. That is, with the identification
of the residues critical for binding, efforts have
focused on removing one or more sugars from the
tetrasaccharide and replacing it with a variety of
more stable linkers. We begin with inhibitors in
which NeuAc has been replaced by a simple anion,
then move to those inhibitors in which two carbohy-
drates (either NeuAc and GIcNAc, or GIcNAc and
Gal) have been removed. We conclude with a discus-
sion of inhibitors comprising a single carbohydrate.
The addition of secondary groups and the use of
polyvalent display are discussed separately. Along
the way, we mention general trends that we have
noticed in our study of the field, and indicate issues
that have not been addressed completely. These
dialogues are intended to represent our knowledge-
based intuition of this field and are included so that
the interested reader outside this discipline can
rapidly access our current state of understanding.

A. Deletion of NeuAc!*—13%8

One of most straightforward substitutions of sLeX
is to substitute NeuAc with a negatively charged
group on the 3 position of galactose (Figure 7).

inactive up to 10mM (E)
R = trimethylsilylethyl

2 3'-sulfate = 140uM (E); 2mM (L)
Ry = OCHCH(C14Hng)2 3-sulfoLeX = 3mM; 3mM (L) [138]
ICsgin mM: 0.33 (E); 0.25 (P); 0.04 (L)
[136] [137]

Figure 7. Trisaccharides by Hasegawa, Kiessling, and Thoma. Replacements for NeuAc include sulfate groups (yielding
the known sulfo-Le*/sulfo-Le? natural ligands), phosphate groups, and rigid carboxylates. The most common substitution,
however, is “CH,COO~" (see the text for more details). 1Cs, for sLex = 0.8 mM (E), 8.0 mM (P), 4.0 mM (L).
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Table 3. Deletion of NeuAc and GIcNAc?
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HO
o HOOH HO,, HOo HOOH
HO _oH OD HO _OH HO _oH O~ HO _OH HO _OH 0
Q fo) 1\
.oocvoég,o oocvoév\, -oocvo&,o -00C._0 -00¢C o&.
OH OH OH
05 5M(E) 0.8 mi (E) K/I i
.5m .8 m 21 mM (E
(a—GaIﬁi 11]o mM) [139, 141,142) [1401( ) 5'{'1“213§E) "0[3“1”] ©
o HOoy, HOo4 HOOH
OH OH
S OH 0
HO __OH O.
HO _.oH HO _oH HO OH
i -00C.-0 Q
-00C._0 OH -00C¢._ O 0 -00C._O
OH OH
15 (E) M (E) 2
m 20m 80uM (E 350 M E
[142] [142] [‘1‘44]( ) [1“441( )

@ NeuAc has been replaced with a variety of anions:

“CHCOO™

is the most common. 1,2-trans-Cyclohexanediol is a common

and effective replacement for GIcNAc, a residue that incorporates no groups critical for binding.

Sulfation leads to sulfoLe*, a known ligand for both
E- and L-selectin. The most common substitution
utilized is alkylation of the 3' position with a
“CH,COO™" equivalent (vida infra). The relationship
of acidity of these groups and binding affinity has not
been addressed rigorously.

Hasegawa and Kondo have generated mimics of
LeX, 1 and 2, that bear phosphate and sulfate groups
on the 3 position of Gal. These molecules show
binding affinities similar to sLe*.*%¢ Kiessling et al.
prepared a phosphorylated derivative of Le?, 3, using
a tin catalyst and dibenzylphosphoroiodate. This
molecule binds to L-selectin slightly better than 3'-
sulfoLe® and 3'-sulfoLe*. Molecule 3 binds to E-
selectin with an affinity equal to that of 3'-sulfolLe?,
and both bind 20-fold better than 3'-sulfolLe*. %’
Thoma and colleagues chose to substitute NeuAc
with a rigidly fixed carboxylate; however, compound
4 showed no activity for E-selectin up to 10mM.*38

B. Deletion of NeuAc and GICNAc (5—13)1%6:139-144

Having established that a “CH,COO~" on the 3
position of galactose adequately mimics NeuAc, many
groups turned their attention to replacing the GIcNAc.
While this group contains none of the functional
groups critical for binding, it is likely to be important
for preorganizing the tetrasaccharide. Of the re-
placements for GIcNAc, a cyclohexyl group (as in 5,
Table 3) appears to best mimic both the shape and
rigidity of the pyranose ring. It is surprising that
ethanediol (6) is almost equally effective. The dif-
ference between these groups, however, becomes
more pronounced in derivatives in which Gal has also
been removed (vida infra).

The linking group chosen to replace GIcNAc rarely
improves the binding constant: we believe that trans-
1,2-cyclohexanediol is an energetically neutral sub-
stitution. The limited data available also suggests
that there may be a 20x difference between O- and
C-glycosides, but the generality of this trend has not
been established.

The most effective mimic for E-selectin of this class,
12, was reported recently by Banteli and Ernst from
Novartis.!** This molecule incorporates a novel,
alklylated derivative of the “CH,COO~" group, and
binds with 8-fold higher affinity than either 5 or sLe*.
While the generality of this substitution remains to
be established, this work may reopen an old avenue
of investigation.

C. Deletion of GIcNAc and Gal'4~14°

The molecules shown in Table 4, 14—22, reinforce
our understanding of the importance of the hydroxyl
groups of galactose, and the cost of conformational
freedom of linker groups. The affinity of these
molecules is reflected loosely in the number of hy-
droxyl groups presented. That is, the tightest bind-
ing molecules, 18 and 19, each present at least one
hydroxyl group. In addition, these molecules incor-
porate a trans-cyclohexanediol group to mimic GIcNAc.

Molecules 14—17, 20, and 21 do not include any
hydroxyl groups. Of those that show binding to the
selectins, the tightest comes from 14 and 15 which
incorporate rigid phenyl linkers, or from 20b, which
has an ICsy of 1.6 mM. The activity of 20b is
surprising given the inactivity of the other molecules
in the series. In general, molecules 14—20 show
greater affinity for P-selectin than E-selectin. Two
molecules (21 and 22) which substitute galactose for
fucose are also shown.

D. Deletion of NeuAc, GIcNAc, and Gal:
L-Fucose-Based Inhibitors

Inhibitors containing a single carbohydrate com-
prise the largest number of published inhibitors
investigated to date. In all of these molecules the
fucose group has been retained, or replaced with
either mannose or galactose: all of these simple
sugars have three of the six functional groups neces-
sary for selectin binding contained in the fucose group
of sLe*. While additional functional groups (two
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Table 4. Inhibitors Comprising L-Fucose and Sialic Acid?
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15
14% at 5mM (E)
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OH{3% at 5mM (E) (20x less active
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-00C,,_+0 oA\ O~~—0
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Ho, NoH ¢ 2.0 mM (P) & 3.1 mM(ER
HOw e  inactive (E) B 2.4mM (EP
° B 33mM (P) [145]
HO inactive (E)
[145}
H
/\/ﬁ‘/\\éﬁﬁ‘)“
o
OH OMe
21
HO, 20x worse than sLe* (E)
[148]
HO'

OH H
Q@OH \QESOH

O(CH,)50(CH,),0

OH
35% at 10mM (E) HO,, [N OH inact}v76 (E)
Ac [147] HO (A [149]
{+]
HO
HOOH
Eq, OH 20a-f
S n=1 g inacti\ﬁ E),P) M ()
1.6 m| ;1.0m
O~kin-0 n=2 o inactive (E,P)
B inactive (E); 2.6 mM (P)
n= o inactive (E); 2.7 mM (P)
B inactive (E,P)
[145]
HOOH
OH
OWY%
OH OH OMe
22

inactive (E)
[148]

a Inhibitors comprising NeuAc and Fuc contain four of the six groups critical for binding. Of the inhibitors described, those
which incorporate additional hydroxyl groups show greater affinities for the selectins over those with no hydroxyl groups. Molecules
with more rigid groups linking NeuAc and Fuc, in general, show greater affinities than those with flexible linkers.

hydroxyls of Gal, the anion of NeuAc) have been
incorporated using a variety of linkers, polyaryl and
polyamide linkers being the most common.

Liu and colleagues used trans-cyclohexanediol to
replace GIcNAc and a rigid aromatic linker to install
the anion of NeuAc (Table 5). Molecules 23b,d
showed binding affinities similar to that of sLe*.1%0
Surprisingly, debenzylation to reveal a hydroxyl
group (that might mimic those of Gal) leads to a
complete loss of activity (23a,c). Investigators at
Hoechst recently reported derivatives containing
malonic acid!®' (24—26) and piperidinecarboxylic
acid'®? (27—29). While the former show binding
affinities for E-selectin that are similar to that of
sLe*, it is unclear whether the extra carboxylate
mimics the hydroxyl groups of Gal. Investigators at
Novartis used their alkylated “CH,COO~" equivalent
to generate a related series of molecules (30—31)
which replace Gal with a substituted aromatic ring:
none showed any activity.’** In the following sec-
tions, we discuss three related classes of fucose-based
mimetics: the glycopeptides of Wong and others, the
glycoaromatics of Kogan, and the combinatorial
libraries of Armstrong and Wong.

1. Glycopeptides of Wong!53-157

Figure 8 shows the two design elements (turns 32—
38 and hydroxyls 39—43) that were varied in inhibi-
tors 44—65 (Table 6). First, groups immediately
attached to fucose were evaluated for their ability to
mimic GIcNAc by orienting the remaining residues
in the proper direction. In general, activity increased

with rigidity: 32 < 33 < 34...38. Second, groups 39—
43 containing hydroxyl groups designed to mimic
galactose were investigated. In general, those having
two hydroxyl groups were tighter binding than those
with one hydroxyl group: 39 <40 < 41...43. Glutaric
acid (or a related diacid) was used to install the
anionic group designed to mimic the carboxylate of
NeuAc. To probe the effect of aromatic substitution
on the activity of 53, a series of aryl-substituted
fucopeptides related to 53a were prepared using Ru-
catalyzed crossed olefin metathesis.’>™ It was found
that the biphenyl-substituted mimetic showed greater
inhibition than the corresponding phenylpropyl group.
In addition, a library approach has been developed
to optimize the activity of 56b and it has been found
that 56c is very active against P-selectin (ICso = 17
uM). When the free —CO;H group of 56b is replaced
with a phosphonate —POs, the activities against E-
and P-selectins are improved (1.3, 14, and 17 uM,
respectively).’>”¢ Two other fucose-like anchors were
investigated: L-galactose (66—71; Table 7) and b-
mannose (72—82, Table 8).

This series of molecules includes some of the most
active inhibitors prepared to date. Specifically, mol-
ecules 48d and 59 show ICses of 45 and 50 uM,
respectively. Rationalizing the source of these activi-
ties is difficult: molecules within this series differ
substantially. Clearly the hydrophobic side chains
and pair of hydroxyl groups of 48d are important,
as is the rigid backbone and pair of hydroxyl groups
of 59.
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Table 5. Inhibitors That Contain Only Fucose or Mannose?
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@ The largest number of inhibitors explored to data comprise fucose with an aromatic or peptide side chain that contains a

terminal anionic group.

TURNS: % %
o7 ST T
NHAC 0 -~ N
oR 32 33 34 35
Q § oR n
HO 0
OH KO Cookt N2l coor NIZIT
o o
36 37 38
AcHN o4 HYDROXYLS: OH
OH OH o HO, HO,  OH o
. . rJ’ ,Tr" aa
}4’ Hﬁ( A S
o ) o) ) 0
39 a0 @ a2 a3

Figure 8. Groups designed to mimic N-acetylglucosamine and galactose.’®3-157 The groups that were surveyed to replace
GIcNACc (in forming turns) and Gal (in presenting hydroxyl groups are arranged crudely in order of least effective to most
effective as judged by the affinities of the resulting inhibitors for the selectins.

The challenge of these efforts is illustrated by
comparing 59 and 65. From earlier studies, we might
have expected the net replacement of cyclohexanediol
for threonine to lead to increased binding. The lower
affinity for E-selectin of 65 compared with 59 sug-
gests that the dihydroxyproline group places new
constraints on these inhibitors, contradicting our
accumulated intuition. While in this case the geo-
metric change is dramatic (proline rings are large),
more subtle variations could be completely over-

looked. No rigorous energetic analyses have been
done, and no derivatives of the sLe* tetrasaccharide
which replace GIcNAc with a threonine-derived linker
have been prepared.

In general, incorporating two hydroxyl groups
instead of just one leads to tighter binding molecules.
Rigidifying one portion of the molecule may require
relaxing a second part: it would be interesting to see
if the affinities of 30 and 31 improve by replacing
the cyclohexyl ring with a threonine-based linker.
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Table 6. Mimetics Based on Fucose with an Anionic Peptidel®-157a
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b, A=OEt, R =COH 0.5mM MOy
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5XOH
¢, R = O(CH,CH,0)3(CHy)sMe
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2 The activities of these fucopeptides are affected by the groups which mimic GIcNAc (groups 36—38 are best) and Gal (42 and

43 are best). All testing values correspond to 1Cses using E-selectin unless otherwise mentioned.

Using b-mannose or L-galactose in place of fucose
leads to a series of related compounds with the

similar affinities. In the case of the galactose-based

mimetics (66—71), no “turn group”

is required.

“Turns” for the mannose-based mimetics (72—81)
have not been explored. None of the galactose-based
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Table 7. Mimetics Based on 6-Deoxy-6-amino-L-galactose with an Anionic Peptidic Tailt%62

HO,
HO O OH R ’ o HOOH 67ac o O HOOH
HO n 0 HOOCWN,,' N mOH n R HO \/\/QHI\NA&%OH
NH, e6ab OH " H Sy 2 H 10mM H &
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69a-d HOoH HOop1 o T1ad
TR HO * 0 2 2 inactive
OH 1 1 inactive N
HOOC ;) 21 03mM 70ab OH n h 3 21mM
,, ! m_NH OH 2 342mM
1 2 0.3mM n HooC 4.2m
2 2 02mM 2 0.2 mM 3 3 inactive

0.42 mM

0]

aThe hydroxyl groups of galactose are arranged like those of fucose. The mimetics explored to date display the similar activities

as those of the fucopeptides. All tests are against E-selectin.

Table 8. Mimetics Based on a Peptidic Tail Linked to Mannose!5157a157d.c
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70% at 3 mM (E)

b R =CieHas 0.040 mM (E) .
0.002 mM (P) N
0.007 mM (L) NH

a n=1 inactive (E)
b n=0 0.24 MM(E)

HOOH

OH
HO O NHAc

Na203PO
OH
74
3 mM (E)
a R =Bz inactive (E)
b R=H 0.t6 mM (E)
inactive (L,P)
HOAY on HOqH
OH
T OR o NHR
0,C N, HOOC N
\©/ o] HOOCJ &
0.023 mM (E)
R=C1eHaz a R=C(0)CiysHap 0003 mM (P)
0.8 mM (E) 0.011 mM (L)
0.005 mM (P)
0.04 mM (L)
b R= N.
\)1\/\"/ \/J\N—CMHsz
N Cq4H
HO 14M32
o|QH 0
OH

R o) OH 7.8 x 105 mM (P)

81
a R = Glu inactive §E)
b R =Tyr inactive (E)
¢ R = Ser inactive (E)
d R = Aspinactive (E)

a Like fucose and galactose, mannose offers a similar arrangement of hydroxyl groups but is less expensive. Mimetics based on
mannose have activities similar to or better than those based on fucose or galactose.

mimetics have achieved affinities less than 100 uM.
Mannose-based mimetic 76b has binding affinity that
matches that of 48d and 59. New mannose-based
mimetics in which the 6-OH group is replaced with
different alkoxy chain lengths or acylated amine
groups were found to be very potent with 1Cs, values
in the low uM range, perhaps due to a hydrophobic
effect.’>® The hydroxyacetone phosphates are also
very good inhibitors, especially compound 73 (ICsp ~
0.1 uM for P-selectin). This enhancement of activity
is perhaps due to the stronger interaction of the
phosphate group with the nearby Lys residue or due
to the formation of a Schiff base with a Lys residue.!%®

2. Glycoaromatics of Kogan1©815%

Mannose is used as an anchoring group for three
closely related classes of molecules (82—84) pursued
by Kogan and colleagues (Table 9). While Kogan'’s
strategy recognizes the importance of the hydroxyl
groups of fucose and the carboxylate of NeuAc, none
of his inhibitors incorporate groups that mimic the
hydroxyl groups of galactose. Consistent with this
fact, most inhibitors are 20 times weaker binding
than sLe*. Most compounds show similar specificity
to both E- and P-selectins. Molecule 84h, the best
lead reported to date, shows 3 times better binding
than sLeX to E- and P-selectins. These molecules are



848 Chemical Reviews, 1998, Vol. 98, No. 2

Table 9. Glycoaromatics of Kogan?

Simanek et al.

R¢, Ro= E-Selectin P-Selectin L-Selectin
a 3-CH,CO.H 3 2 2
b 3-CO.H 2 2.6 1
¢ 4-COH 16 0% at 27mM 15% at 6mM
d 4-CHCOoH 14.6 0% at 27mM 0% at7mM
e 3-OCH,CO.H 4.9 4.9 17
f  4-OCH,CO.H 6.1 20 20% at 6mM
g 3-CHyOCH,COoH 9.5 0% at 24mM 30% at 6mM
o S h 3-CH,CN 7 40% at 23mM 15
A 5 i 3,5-(CHg)-4-OCH,COH 8 6.9 0% at 7mM
%@4- j 3-COCH3 lysis lysis lysis
#QZS'EH’OH k 3-H lysis lysis lysis
st I 8-OCH,CO,H-5'-Me 14 - -
m 2-OCH,CO-H 20 20% at 25mM 0% at 8mM
82 n 5-OCH,COzH-2-Me 20.2 12 -
0 3-CHyCNy4H 17% at 40mM - -
p 3-NHCOCO.H 0% at 6mM - ..
q 3-OCH;CO.H-2-Me 0% at 20mM 0% at 20mM 0% at 8mM
r 3-CH(CH3)COH 0% at 40mM 20 40% at 6mM
s 3-CH(Ph)CO.H 70% at 17mM 17 0% at 6mM
t 3-NHCH,CO,H lysis lysis lysis
u 3-CH,COMe lysis lysis lysis
v 4-CO(CH,),COsH 40% at 20mM 0% at 20mM 0% at 20mM
a 4-CONHCH,CO,H 4.6 0% at 20mM 0% at 6mM
b (S)-4-CONHCH(CH,Ph)CO,H 3.8 0% at 20mM 0% at 5mM
¢ (8)-3-CONHCH((CH,),CO,H)CO,H  15.8 - 15% at 5mM
d 4-CONHCH((CH,),CO,H)CO,H 32 35% at 4mM 0% at 1mM
2 8 e 4-CONH(CH,),CO,H 36 0% at 3mM 0% at 1mM
' % N cooH f (R)-4-CONHCH(CH,Ph)CO,H 11.5 - -
3% g (S)-4-CONHCH((CHy)4NH2)CO,H  33% at 27mM - -
i 075 O h 4-CONHCH(CH,CO,H)CO,H 0% at 16.3mM 2 5
Ho™H i 3-CONHCH,CO,H 0% at 18mM  25% at 283mM 0% at 6mM
83 j (5)-3-CONHCH(CH,CO,H)CO,H 0% at 32mM  40% at 20mM 0% at 5mM
k (8)-3-CONHCH(CH,Ph)CO,H 14%at1mM 5% at 20mM 0% at 6mM
| 3-(CH,),SO3H _ 20 - -
m 3-(CH,)3PO(OEt)OH 34.4 12.4 -
a 3'CHQCOQH 2 >>14 -
b 3-CH,CO,H 3 0.4 19
¢ 3-CH,COyH 4 >>1.5 >>2.3
R1—:: d 3-CO.H 3 1.7 2.5
2"J: . e 3-OCH,CO,H 3 4.8 4.8
o’ ¥ f 4'CH2C02H 3' >14 >20
£zaw™ g 4-OCH,COH 3 4.8 4.8
o™ h 4-OCH,CO,H-3,5-Me 3 0.3 0.5
84 i 3-CHyCO,CHg 3 lysis lysis
j 4-CO(CH,),COH 3 >6.7 >>10

k 3-OH 3 lysis

Sis

I
a Kogan and co-workers identified the importance of the fucose group and prepared subSYtituted biphenyl glycosides. Activities
are reported as I1Cses (in mM) or % inhibition at a stated concentration (mM).
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Figure 9. Armstrong’s pool of mimetics. Armstrong et al. recognized the utility of the Ugi reaction in preparing libraries
of mimetics. The reactive pool used is shown. No binding constants have been reported to date.

easily prepared and are potential leads for pharma-
ceutical agents. Derivatives that incorporate groups
that mimic the hydroxyl groups of Gal would pre-
sumably increase binding by up to 10 times, but the
incorporation of such groups may not be straightfor-
ward.

3. Combinatorial Libraries of Armstrong and Wong?!60-162

While the search for mimetics of sLe* has identified
potential leads thorough SAR studies, other efforts
have focused on the generation of templates for
combinatorial chemistry and the application of new
methodologies for combinatorial synthesis. Arm-
strong and colleagues®® showed that the Ugi reac-
tion'1.162 could be used to make a variety of glyco-
peptide-like structures rapidly (Figure 9) by using the
condensation of an aldehyde, primary amine, isoni-
trile, and carboxylic acid. This reaction offers greater
diversity than previously used two-component con-
densations and the advantage/disadvantage of the
generation of a new chiral center. Armstrong et al.
reported no binding constants for these molecules.
Wong et al. have exploited the two-component reac-
tion and the four-component Ugi reaction by using a
poly(ethylene glycol) amine as one component to
generate a series of potential ligands (85—86; Table
10).163 Some of these molecules show good activities
against E- and P-selectins.

E. Secondary Binding Groups

The best mimetics produced to date have elimi-
nated labile glycosidic linkages, and bind to the
selectin with affinities similar to that of sLeX. To
enhance the binding affinities of these molecules to
the selectins, secondary groups have been incorpo-
rated to exploit additional binding regions on the
selectins. The most common positions for installing
these groups are in the GIcNAc moiety by acylation
of nitrogen or additions to the reducing end. N-
Acylation of glucosamine residues increases binding
3—10 times, with naphthoyl groups giving the best
result. Hydrophobic tails added to the reducing end
typically increase binding from 3- to 10-fold; tails

Table 10. Mimetics from a Multicomponent Reaction?

OH
OH
o OR;
O
-00C NHR,
0O0C. 86
% inhibition (E) ICgo (MM)
R at3 mM Ry R, E P
a CH, 28%
b CF, 42% a H CH,COOMe 1.0 0.007
¢ CgHy 52% b Ph . 2.8 0.04
d  CygHy 32% ¢ Ph CH,CH,Ph >3 0.08
e Ph 38%

Ph CMe, >3 0.09

e%\} (\’ )*/ 0.3 0.001
s ;,CO S1% . Q - 08 003
OPh
n W 48% 3
M

HO
inactive oH
E‘ /\n,OCHa
- inactive
\r(\)l\ 87a
TR 0 O inactive 1050—034 mM (E)
HO
OH 87Tb R= . 0
s o "’{\/\/ o,

ICso = >3 mM (E), 0.02 mM (P}

X oPh
HOOCJ ©

ICgo = 0.3 mM (E), 0.03 mM (P)

a Application of the two-component and the four-component
Ugi reaction by Wong et al. for the synthesis of mimetics led
to the discovery of new active novel structures. The glycine
moiety of 85a—k was introduced as a poly(ethylene glycol)
derivative in order to facilitate the product isolation by
precipitation with ether.

1 m 42%
'

:

added to the 6-OH of mannose increase binding by
103-fold.'>® The computational work of Hasegawa
and colleagues have identified a potential role of
these hydrophobic groups: instead of forming mi-
celles, these chains appear to fit into a hydrophobic
cleft running down the side of the selectins.®*° In
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go o 0 HO —on  { SC7Hys o g% o OR;
000~ O o sgg\/s ; “00c OH A
- OH
o % R Ry ICsq(mM) o0 ) Hgo <
HO 1 2 50 (M HO 95a-d
OH HOY <% 94 OH &
ACHN O CizHas  CqHo 20 OH AHNOH R, Ro ICeo (uM)
Et C4Hg 1.0 AcHN \OH
C12H25 Me 1.6 NHAc H 220
93a-e Ft Me 15 H  (CH,)gCOOMe 130

CioHos  Napth 0.1
Et Napth 0.1

Ns (CHy)gCOOMe 55
NH, (CHy)gCOOMe 21

Figure 10. A variety of novel derivatizations of the sLe* tetrasaccharide have been reported.166

Table 11. Attachment of Different Groups to the Reducing End of sLex 164

HO

OH
OH
Eﬁ; NHAc] =R H o
[e] WO \n/\)l\
OEOH ;é T X OH
o) o}
Y H

OH ~

\
H mNVN;;
ROty T © RO

0o
PNH

2T
o=§
[©2)

OH
87 88 89
OH 1.15mM (L) 0.59mM (E) 0.65mM (E)
HAG 1.50mM (P) 0.60mM (P) 0.90mM (P)

H H : o o /§ ) /ﬁ
o. _N_N o N N NH, H % H %
. . X ] N N

R \(\/)? \[Sr O ‘ R \H/\H \n/\ R NJJ\/N\[]/—N\T(\N/U\/ \n/' \n/\NH2
& o 0 H ¢ 5 o H 0 )
o o
90 HOOC O HO o1 j\H 92

0.38mM (P) OH > 3_%3” éE; 2

addition, the use of an a-keto phosphophate group
also enhances binding as described previously.

Sprengard et al.'%* have prepared derivatives of
sLeX in which the reducing end is modified with
tethers that incorporate biotin or a fluorescent groups
that may find use in analytical applications (87—92;
Table 11). Kunz has prepared glycopeptides, includ-
ing one that contains the sLe* group attached to RGD
(92) that inhibits P-selectin—HLG60 cell aggregation
at 260 nM.'% It is not clear why the RGD group
would enhance binding as ICAM-1 does not recognize
the RGD motif. It is possible that the peptide binds
to a secondary group on P-selectin. These structures
were obtained by condensing the protected peptide
with a partially protected sLe* amine.

Hayashi and co-workers have investigated deriva-
tives of sLe* in which the reducing carbon contains
hydrophobic tails, and derivatives in which the NAc
group of the GIcNAc residue has been replaced with
other N-acyl groups (Figure 10).1%¢ They find that
N-naphthoyl groups increase binding affinities by
almost 10-fold over that of N-Ac or N-buturyl (93).
Similar studies were conducted by DeFrees et al. at
Cytel 167

Eisle et al. replaced all the glycosidic linkages of
sLeXwith thioglycosidic linkages (94).2¢8 No binding

or stability data has been reported to date. Nelson
et al. have explored the role of the N-acetyl group of
GIcNAc in both sLe? and sLe* by replacing it with
amine, azide, or N-propionyl groups, while leaving
the reducing end as a free OH, as a methyl glycoside,
or an 8-(methoxycarbonyl)octyl glycoside.'$® They
found that the 8-(methoxycarbonyl)octyl glycosides
bound twice as well as sLe* or sLe? In addition,
molecules in which the NAc was replaced with an
amine or an azide were more active. The most potent
molecule, 95d, was 36-fold more active than sLex.

Efforts in our laboratory have focused on the
combined enzymatic and solid-phase syntheses of
glycopeptides bearing sLe*.2® The mucin domain of
CD34, a 11 amino acid domain bearing a serine
linked sLe*, has recently been completed.’’* The
solid-phase synthesis of a fucose-containing library
has been achieved and some members have been
found very active against P-selectin.t”

F. Polyvalency

Much recent effort has gone into preparing multi-
mers of sLeX in hopes of mimicking Nature’'s use of
polyvalency.'’? The route for the exploration of
polyvalency mirrors that applied to monomeric in-
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Figure 11. Cytel’s liposome components. Investigators at Cytel successfully prepared liposomes presenting numerous
copies of sLex. Controls comprising an acylated sLe* amine have much lower affinity than Cytel’s liposomes for E-selectin.
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Figure 12. The liposomes of Nagy. Nagy and co-workers demonstrated the utility of polymerizable liposomes for the
multivalent display of sLe*. These assemblies had activities only slightly greater than those containing either lactose or
maltose: all recognize the selectins at nM concentrations with little selectivity.

hibitors. That is, most of the work reported to date
focuses on the incorporation of sLe* or related,
naturally occurring carbohydrates into polymeric
displays. The challenge of these studies, especially
when smaller oligomers (i.e., dimers, trimers, and
tetramers) are targeted, is the choice of groups
linking the binding regions of the molecule together:
the structure/density of the carbohydrate groups in
the natural system is unknown. In general, multi-
valent displays comprising small numbers of mono-
mers—i.e., dimers and trimers—rarely show marked
improvement in binding when compared to monomer
perhaps due to the lack of an appropriate spacer
group. Multivalent displays comprising large num-
bers of monomers show binding improvements, but
little to no specificity.

A Note on Organization: Because these structures
differ greatly in architecture, preparation, and evalu-
ation, the discussion of multivalent systems is orga-
nized in terms of laboratory, and not the number of
sLe* groups.

1. Liposomes of Cytel

DeFrees and colleagues at Cytel Corporation de-
veloped 96, the first polyvalent display of sLe*. The
molecule, formulated as a liposome, contains numer-
ous copies of sLeX each attached to the lipophilic
anchoring groups through acylation of the nitrogen
of glucosamine (Figure 11).1"® Molecule 96 shows

marked activity over free (97) or acylated (98)
monomer.

2. Liposomes of Nagy’

Nagy and collaborators at Glycomed prepared
derivatives of sLe* (99), lactose (100), or maltose (101)
for their incorporation into two different matrixes
(102 and 103; Figure 12). Unlike the liposomes of
Cytel, 99—103 contain two adjacent acetylenic units
that can be cross-linked to afford more stable, cova-
lent displays. Liposomes of 99 inhibit selectin—sLe*
interactions at nanomolar concentrations. Maximal
inhibition was achieved using covalent liposomes
containing 5% of the functionalized glycolipid. Nagy’s
efforts, however, underscore an important aspect of
multivalent display: while as monomers, the controls
were inactive, as polymers they were only 10-fold less
active than 99. That is, polymers of lactose or
maltose are effective at nanomolar concentrations,
indicating the lack of specificity using this approach.

3. ROMP Polymers of Kiessling!’®

Kiessling and co-workers prepared polymers of
sulfated galactose with ring-opening metathesis po-
lymerization (ROMP) using the monomer shown in
Table 12. Mono- and bisulfated polymers 104—107
that are specific for P-selectin were obtained. While
differences between cyclopentyl and tetrahyrofuranyl
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Table 12. Polymers of Kiessling?

RO OH HN .~ RO OH HN o]
Qo)

d

-0580 "0,80
1Cag (M)
X= R= (againet P-selectin)
104 O H 1.3
105 CH, H >20
106 O SOy 7.8
107 CH, SOz 0.167

a Kiessling and co-workers applied ROMP to the preparation
of mono- and bisulfated polymers specific for P-selectin.

HOOH

o OH
HO OH 0

OH
'oaso&/o%o(%z)e)]\r}m
OH o HN._O
HaNOC I
108 AT
I T

150kDa

Figure 13. Polymers of Roy. Roy and colleagues prepared
polymers of acrylamide displaying sLe* that show micro-
molar activities.

scaffolds were observed, the limited number of poly-
mers formulated do not support any general conclu-
sions.

4. Polyacrylamide Polymers of Roy and Miyachil’®

Roy and colleagues have reported the synthesis of
polyacrylamide polymers bearing 3'-sulfo Lewis X
mimetics (108, Figure 13). These mimetics, which
replace GIcNAc with glucose, are attached through
the reducing end of glucose to the polymer using an
aliphatic linker to an acyl hydrazine group. Roy
reports that in initial binding experiments with L-
and E-selectins, 1Csg values in the micromolar range
have been obtained.

Miyauchi and co-workers have reported a similar
system, 109: a homopolymer (MW > 300 kDa) of
sLe*-acrylamide in which the N-acetyl group of
GIcNAc has been replaced with a naphthoyl group
(Figure 14).17® Furthering the generality of this
substitution, this polymer binds 100 times more
tightly than sLeX, and 10 times more tightly than
monomer in static well tests. In a murine test
system, the polymer inhibited neutrophil accumula-
tion by 58%, while the monomer and sLe* inhibited
accumulation by 35% at equivalent doses (30 mg/kg).

5. Trimers of Kretzschmarl

Kretzschmar and colleagues examined the ability
of trimers of sLe* (110—112) to prevent HL-60
immobilization upon a surface coated with P— or
E-selectins (Table 13). From their data, an optimal
spacing, shown by the higher affinity of 110, is
revealed: the remaining two trimers show very
similar affinities for both P- and E-selectin, suggest-
ing, perhaps, similar binding. The enhancement in

Simanek et al.

HO OH
OH
0
HN © H
HO —on & 0— (CH2)s—N
o} o
o&/o o
- OH
00C OH 109
H%) O, in vitro in vivo
OH ICsg (mg/mL) inhibition (%)
polymer 0.010 58
ACHNTOH  monomer  0.10 35
sLe* 1.5 38

Figure 14. Polymers of Miyauchi. Miyauchi and col-
leagues have prepared similar homopolymers of sLex—
acrylamide that also show strong activities measured in
vivo.176

binding of 110, however, corresponds to only a 3- and
5-fold increase in binding/sLe*.

6. Glycopeptides of Ohrlein, Kunz, and Others

Starting with a glycosylated amino acid, Ohrlein
and Baisch’® prepared dimeric and trimeric scaffolds
that, upon elaboration with glycosyltransferases,
yielded 113a—f and 114a,b; complex sLe* glycopep-
tides with varying distances between the sLe* groups
(Figure 15). The affinities of these molecules is
similar to those reported by Kretzschmar.

Kunz'™® and co-workers have developed methods
(Scheme 8) for the convergent synthesis of large
glycopeptides by coupling an anomeric amine, 115,
with aspartic acid residues of a cyclic peptide, 116.
The resulting trivalent inhibitor 117 is, however, only
3-fold more active than sLe* at preventing adhesion
of HL-60 cells to a surface coated with E-selectin.

Kiessling!® has reported a similar strategy for the
synthesis of sulfated bivalent glycopeptides by an
HBTU:HOBT-catalyzed coupling of aspartic acid side
chains with sulfated lactosamine groups functional-
ized with a tether bearing a primary amine. No
binding constants were reported.

7. Complex Carbohydrates of Renkonen!81.182

Renkonen and colleagues have prepared a series
of very complex sLe* carbohydrates (118—120; Table
14) utilizing enzymatic techniques. Their most com-
plex oligosaccharides contain four sLeX groups and
have ICs values of ~1 nM against L-selectin. In-
termediates in route to the synthesis of 118—120 that
lacked fucose or sialic acid had no activity.

8. Complex Carbohydrates of Paulson and Wong

In collaboration with Paulson, Wong has prepared
dimeric sLeX pentasaccharides 121—-126 (Table
15).184195  Dimers linked by butanediol (125) or
pentadiol (126) showed activities identical to that of
the monomeric pentasaccharide. Dimers linked at
different positions on galactose showed differing
activities with 3,6-linked (5 times the activity of sLe*
pentasaccharide) > 2,3 > 4,6 > 2,6 > monomer. A
similar 3,6-dimer of sLe* (containing lactose amine
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Figure 15. Dimers and trimers of Ohrlein. Similar to Kretzschmar, Baisch and Ohrlein have prepared dimers and trimers

of sLe* that differ in the spacing between residues.

Table 13. Trimers of Kretzschmar?

P _on
-00C
o o) o OH
HQ™Z O OH Oo Q. _x
HO—AcHN-" OH HN
Q70oH Ac
OH
e HO
OH (sLe”) 1.0 mM (E)
2.0 mM (P)
O q_R o 110
N 2 0.38 MM (E)
H R >0.80 mM (P)
R
? 1=mR 11
,JO\H/ (CH2>s\NJKJ NO:  g.13mM (E)
I N ] 0.14 mM (P)
R

o O(CHg)g%( CHz)sHN)qa/ NO, 0.40 il (E)

>1.0 mM (P)
R

a Kretzschmar et al. prepared trimers of sLeX in an effort to
determine the correct spacing of these molecules. These
trimers, however, bind only 3—5 times more tightly per sLeX
than monomeric sLex."”

linked to asparagine) derived from egg yolk binds to
E-selectin with an ICso = 0.75 mM.18
9. Dimers of Miyauchit®

Miyauchi and co-workers have recently reported a
similar series of sLeX dimers, 127—131 (Table 14).

By using N-naphthoyl instead of N-acetyl groups on
glucosamine, Miyauchi and colleagues see an 8-fold
increase in activity. Dimerization led to a 4—6-fold
increase in activity, a value consistent with the 5-fold
increase observed in the galactose linked series
described above.

10. BSA Glycoconjugates of Jacob!®’

Jacob and colleagues at Monsanto attached amine-
linked carbohydrates including sLe*, to bovine serum
albumin (BSA) containing 57 lysine groups, function-
alized with isothiocyanate. The products were sepa-
rated using high-performance anion exchange chro-
matography. Glycoconjugates containing 7, 11, or 16
mol of sLe* per mole of BSA prevented the adhesion
of HL-60 cells to a surface coated with E-selectin at
~20x, ~900x, and ~1000x the activity of monomeric
sLeX, respectively. The two most active species
(11sLeX/BSA, 16sLeX/BSA) also prevented lymphocyte
rolling at 300, and 1 uM, respectively. The high
affinity of these glycoconjugates for the selectins
allows Jacob and co-workers to use them as affinity
labels to indicate the expression levels of the selec-
tins.

11. Polymeric Fucopeptides of Wong!88

Lin et al. recently reported that incorporation of a
tight-binding mimetic (ICso = 50 «M) into covalent
liposomes led to only a small increase in activity (1Csg
= 30 uM; Figure 16) on the basis of a static assay.
The monomer 132 is shown. The reasons for this
result are unclear and under further investigation.
Perhaps the size of the liposome, the space distance
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Scheme 8. The Synthesis by Kunz of a Cyclic Glycopeptide Bearing Three sLex 17°
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Table 14. Complex Carbohydrates of Renkonen?
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a Renkonen and colleagues prepared monomeric, dimeric, and tetrameric arrays of sLex.

between the mimetics, and the method of the assay
(ideally a rolling assay should be used) are critical
and should be optimized.

IV. Inhibitors Not Based upon Sialyl Lewis*

Three additional classes of molecules that bind to
the selectins have been discovered that bear no
resemblance to the structure of sLe*. These will be
discussed in three categories: polyanions, peptide
inhibitors, and natural product derivatives.

A. Polyanions

The observations that the polyanionic fucoidin (a
polymer of sulfated fucose) and heparin (a polymer
of sulfated glycosaminoglycans) bind to L-selectin
with high affinities, as well as the requirement of

tyrosine sulfation on PSGL-1 (the natural ligand for
P-selectin) has led to the investigation of other
polyanionic species (Figure 17). Polysulfated cyclo-
dextrins and myoinositol hexasulfate (or hexaphos-
phate) all bound to L-selectin while the CD or inositol
did not.1#

Recognizing the importance of polyanions and
taking advantage of selection strategies, Varki de-
veloped a screening protocol for ribonucleotides. A
pool of E-selectin-specific nucleotides were obtained.1®
The highest affinity nucleotide show 10° tighter
binding than sLe* and little binding to either P- or
L-selectins. Common to all of these nucleotides was
the consensus sequence AUGUGUGA. Whether these
polyanions are selective and effective in vivo remains
to be investigated.
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Table 15. Dimers of Paulson and Wong, and Miyauchi?
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HO OH HO O—slLe*
0] (o]
_ T e L& /O&\/OR HO&/OR
- SLex/O SLex/O
HO O o 122 123
OOS e (2,3) 0.28mM (2,6) 0.33mM
-0 O(CHz)sCOCHa

OH sLe*—0 _0o—sLe* 125

(. » X

oSS on LSO
3,6) 0.20

(8.6) OH 126

124 -(-CH CH,0-sLe¥ ),

(4,6) 0.30 mM As monomer
_ _ sLeX - O(CHQ)g—O
— sLe¥ 130
0.037 mM
[C5o (MM) sLe® -- 0(CHz)a—0
- O-(CHy)p (E-selectin)
-_— X -
127 n=1 0.030 sLe’ O(CHy)s—0 131ab
128 n=2 0.060 cis 0.041 mM
trans 0.049 mM

sLe® -- O —(CHy)p

129 n=3 0.032

sLe® -- O(CHps—0

a Using galactose as a core unit, sLe* groups were arranged off the hydroxyl groups to obtain four different dimers of relatively
similar activities. Linking sLe* with flexible aliphatic linkers gave dimers which had activities identical to those of the monomer.
Miyauchi explored the use of more rigid linkers (and a N-naphthoyl derivative of sLeX) and measured ratios of dimer:monomer
activities which were 8-fold more active than those of Wong and Paulson. All activities were tested against E-Selectin.
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Figure 16. Wong's polymeric fucopeptide. Multivalent display of an active fucose-based monomer leads to only a slight
enhancement in affinity. The reasons for this low enhancement are unclear and under investigation.

Recently, Kretzschmar et al. reported that poly-
anionic contaminants derived from ion-exchange
resins were potent inhibitors of selectin binding in
trace, and potentially undetectable, amounts.’®* Over-
all, these polyanions showed the highest affinity for
P-selectin, perhaps interacting with the highly posi-
tively charged residues on the surface of P-selectin.

B. Peptides

Martens and colleagues at Affymax applied phage
display to find peptide ligands that bind to E-selectin
and prevent neutrophil adhesion (Table 16).1°2 When
these compounds were screened with the use of static
and flow (rolling) conditions, several peptides that
prevented adhesion in the nanomolar range were
identified.

Glycomed has taken an alternative approach. Us-

ing sequences derived from the selectins themselves,
they have obtained peptides that prevent adhesion

presumably by binding to the sLe*-containing glyco-
peptide. 193194

C. Natural Products

1. Glycorrhyzin-Type Molecules

Brandley and colleagues at Glycomed identified
glycorrhyzin, a triterpene glycoside, as a potential
sLe* antagonist through a computational search of a
3-D database (Table 17).1%° Twenty-two other com-
pounds were identified in the search and are cited.
Table 16 shows the glycorrhyzin and the carbohy-
drate derivatives (133—138) that Brandley and col-
leagues prepared. Of these derivatives, the fucosy-
lated glycorrhyzin shows the greatest activity in in
vivo and in vitro tests. Two mannosyl isosteviol
derivatives were designed and prepared by investiga-
tors at RIKEN (Figure 18; 139 and 140) to target
P-selectin. On the basis of a static assay 140 was
selective for P-selectin (ICso = 60 uM) while 139 was
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Figure 17. Polyanions.'® The activities of a variety of
polyanions have been examined. (See the text for more
details.)

inactive. Molecular modeling was used to explain the
experimental result.1%

2. Deoxynojirimycin-Containing SLe*

Hasegawa and colleagues have recently reported
the synthesis of mimics sLeX and sLe?® based on
deoxynojirimycin, 141 (Figure 19).2%7 Their extensive
efforts in modifying the skeleton of nojirimycin
skeleton suggests that a series of inhibitors can be
expected.

V. Evaluation of Target Structures

The lack of a universal assay for selectin—mimic
binding makes direct comparisons of binding affini-
ties difficult. In our own experience, the assays used
often suffer from a lack of reproducibility most likely
due to heterogeneities in the components of the
assays, including HL-60 cells or polymer and the
selectin structure used. ELISA assays are the most
common method for determining affinity of mimics

Simanek et al.

Table 16. Peptides Obtained by Phage Display
Selection Strategies Bind to E-Selectin Effectively®?

peptide 1Cs0 (NM)

H2N-DITWDQLWDLMK-COOH 4.0

H2N-DITWDELWKIMN-COOH 4.4
H:N-DYTWFELWDMMQ-COOH 11
H2N-QITWAQLWNMMK-COOH 16
H:N-DMTHDLWLTLMS-COOH 23
H>N-DYSWHDLWEMMS-COOH 57
H:N-EITWDQLWEVMN-COOH 67
H>N-HVSWEQLWDIMN-COOH 76
H2N-HITWDQLWRIMT-COOH 83
H>N-HITWDQLWNVMN-COOH 420
H:N-DISWDDLWIMMN-COOH 620
H>N-QITWDQLWDLMY-COOH 910

H2N-RNMSWLELWEHMK-COOH 5.4
HN-AEWTWDQLWHVMNPAESQ-COOH 23
H:N-HRAEWLALWEQMSP-COOH 47
H2N-KKEDWLALWRIMSV-COOH 71
H:N-KRKQWIELWNIMS-COOH 1200
AcNH-WKLDTLDMIWQD-CONH, >30000
H2N-HITWDQLWNVMLRRAASLG-COOH >11000

Table 17. Derivatives of Glycorrhyzin?

ICso (mM)

E L P

133 >2 05 <05

134 <05 <05 <05

R = FUCOSE 136 >2 05 2.0
R=GALACTOSE 136 »>2 06 >2

R =MALTOSE 137 >2 2 >2
R = GLUCOSE 138 >2 1.7 »>2

a Searching a structural database, Brandley and colleagues
identified a series of potential selectin antagonists. The
activities of the compounds pursued are reported as I1Csos (in
mM).

for the selectins, but protocols and components vary
from group to group. Table 18 summarizes these
assays in terms of the receptor used; source of the
carbohydrate competitor, and method of visualiza-
tion. Brief descriptions of some of the more popular
assays are given below.

A. Cytel Assay

Cytel uses a competitive ELISA assay in which
solutions containing HL-60 cells and test compound
are added together to wells coated with E-selectin
(Table 18). After the plates are washed to remove
unbound cells, the HL-60 cells are lysed and assayed
for myeloperoxidase activity using phenylene diamine
and H,0,. Absorbances are recorded at 492 nm and
these values are compared to wells containing no test
molecule.
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o
H
© OH
HaC” "Co,H
139
inactive (for E, P, L)
HOop .
H
© OH
K A.\“o
HsC” “co,H
140

I1C50=60 uM (for P)
inactive (for E, L)

Figure 18. Potential inhibitors comprising mannose and
a stevioside or isosteviol skeleton.19

HO, 141
OH Glycosylated Derivatives of
AcHN o N-Methy!-1-Deoxynojirimycin

Figure 19. Deoxynojirimycin containing sLex.1%7

B. Novartis Assay'%&2

Sandoz also uses a competitive assay in which wells
coated with E-selectin are filled with the test mol-
ecule and a polyacrylamide bearing sLe? and biotin
(Table 18). After unbound ligand and polymer are
washed from the plate, streptavidin conjugated to
horseradish peroxidase is added. A similar colora-
metric determination of binding is possible. Novartis
and collaborators at Glycotech have also recently
published the preparation of complex glycopolymer,
a polylysine bearing sLe?, which is used in a similar
assay.198b

Table 18. Assays Used for Screening Potential Inhibitors
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C. Glycolipid Assay of Lasky, Hasegawa, and
Brandley

Glycolipid (sLe*-$-1,3-Gal-$-1,4-Glc-ceramide) is
added as a solution to microtiter plates and allowed
to dry. A solution containing a known amount of
inhibitor is added to the wells and incubated for 45
min. A solution containing (a) selectin-Ab chimera,
(b) a biotinylated anti-FC Ab, and (c) a streptavidin-
alkaline phosphatase conjugate are preequilibrated
for 15—30 min and then added to the wells and this
mixture is incubated for another 45 min. After
washing, a colorametric assay using p-nitrophenyl
phosphate is performed to quantify binding. Other
similar assays have been reported.'%°

D. Jacob’s Fluorescence Polarization Assay?®

The reproducibility of assays utilizing multivalent
components such as cells or polymers can be depend-
ent on the batch of cells (or polymer) used. These
assays yield ICso values rather than binding con-
stants. Jacob et al. use a monovalent assay based
on fluorescence polarization?! in which sLe* bearing
a fluorescent label competes with test ligand for
E-selectin. A similar strategy was developed by
Knowles et al.?%? to examine binding between hemag-
glutinin and sialosides. This system avoids hetero-
geneities arising from poorly characterized, multi-
valent species including cells and polymers (whose
composition can be batch-dependent).

E. Rolling Assays and in Vivo Assays

Springer and others have utilized rolling assays to
study the actions of neutrophils on the vascular lining
(vida infra). Most of these assays are used to study
the biophysics of rolling, and are not routinely used
to evaluate antagonists. Recently a rolling assay that
utilizes polystyrene beads coated with sLeX instead
of whole cells has been reported.?°3

VI. Future Directions

The search for small molecules that disrupt selec-
tin—sLeX-mediated recognition events has met with
some success. While current efforts now focus on
developing small molecules with nM activity or
incorporating active monomers into polyvalent dis-
plays, other areas of focus have become apparent. The
following briefly summarizes these areas in the

visualization comment

assay selectin source sLe* source(s)
Cytel's competitive immobilized in well HL-60 cells and
assay ligand
Novartis’'s competitive
assay of sLe* and ligand

glycolipid assay
well and ligand

Jacob’s fluoresence soluble E-selectin ligand
assay
rolling assay vascular lining HL-60 cells;

neutrophils

immobilized in well biotinylated polymer avidin—peroxidase

selectin-Ab chimera sLeX glycolipid in

peroxidase activity
of lysed cells

reliability dependent on
quality of stocks

reproducibility may vary
conjugate with polymer batch

biotinylated Anti-FC Ab reproducibility depends
and an avidin-peroxidase on an accurate
conjugate quantification of
glycolipid

K4 can be obtained; not a
competition assay

not applied routinely for
evaluating small molecules

fluorescense polarization

optical
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Scheme 9. Sulfation of Proteins and Carbohydrates Often Utilizes PAPS220ab.a

PAPS : >
Tyrosylprotein sulfotransferase (TPSP) (,3 OH Sulfotransferases
0-P=0
O
HO _-OH HO _-OH HO _-OH
(o} OH o] OH 0 0S0g
Hogg. Q 0 Hog&o Q Hogvko Q
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NHAc W NHAc \I NHAc W
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a Inhibiting the enzymes that are responsible for sulfation is currently being investigated for their potential use as antiinflammatory
agents.
Scheme 10. Biosynthesis of the Natural Ligand of E-Selectin?142
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a The biosynthesis of sLe* requires two fucosyltransferases and a sialyltransferase. inhibition of these enzymes may prevent cell—cell
adhesion, and offer a new avenue for the discovery of antiinflammatory agents.

context of drug discovery and point the interested
reader to the relevant literature.

A. Inhibition of Sulfation of Carbohydrates and

this field. Several groups have begun to examine
sulfation as a potentially important event on the
outside of a cell as phosphorylation is to events on

Tyrosine: Sulfotransferase Inhibitors

Sulfation of the Lewis sugars, the proteins display-
ing these sugars, and biomolecules that appear to
bind to the selectins has led to increased interest in

the inside of the cell.2* Efforts have focused on small
molecules that disrupt sulfation pathways (Scheme
9) in both proteins (i.e., arylsulfotransferase inhibi-
tor)?% and sugar (sulfotransferase inhibitors).2%6
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B. Inhibition of Signal Transduction: Display and
Extravasation®®’

Two different signaling pathways are receiving
increased attention from cellular biologists: signals
leading to the display of selectins and signals leading
to the extravasation of cells. The role that leuko-
trienes and interleukins (IL) play in signaling pre-
sentation of selectins suggest that many leukotriene
and IL antagonists may be reassayed to determine
their specific role. The roles, if any, that the selectins
themselves play in signal transduction are uncertain.
Binding to L-selectin appears to communicate a
signal to the cell interior. Whether this signaling
occurs through the association of receptors on the cell
membrane or is a result of occupancy numbers
remains unclear.

C. Inhibition of Rolling: Metalloprotease
Inhibitors

Recently, Springer and colleagues have made im-
portant advances in the understanding of the rolling
phenomenon.?%8-211 Alon et al. used video microscopy
to visualize neutrophils rolling across a surface
coated with P-selectin reconstituted in a lipid bi-
layer.2%8 Dissociation rate constants were recorded
(1 s™1). The authors conclude that fast on and off
rates observed and strength of the P-selectin—
PSGL-1 interaction are necessary for rolling to occur.
Continuing these investigations Finger et al. reported
that unlike P- and E-selectin, a minimal value of
shear is required for neutrophil accumulation on
monolayers incorporating CD34.2° The authors
point out that requiring a minimal shear may be
biologically important: neutrophils, which express
L-selectin ligands as well as L-selectin, might be
prone to clump together during the times when the
bulk flow through the vasculature is zero, or in places
where flow rates are greatly reduced. Finger et al.
also note that shear in blood vessels is highest near
the capillary wall and approaches zero in the center
of capillary. The mechanism by which one lympho-
cyte nucleates rolling of circulating lymphocytes is
also being addressed.?1°

Small molecules designed to inhibit rolling either
through the prevention of selectin display or their
subsequent shedding via the action of metallopro-
tease(s) are beginning to be reported. These mol-
ecules are typically leukotrienes (for display)?'* and
metalloprotease inhibitors (for shedding).?®® The
necessity that selectins be shed from the cell surface
has led many to investigate the physiological roles
of these soluble derivatives: these molecules have
been shown to be cytokines and to induce angiogen-
esis.?t?

D. Inhibition of Biosynthesis. Fucosyltransferase
and Sialyltransferase Inhibitors

Many have begun to investigate the biosynthetic
pathways of sLeX (Scheme 10). Most efforts focus on
fucosyl- and sialyltransferases. A number of different
fucosyltransferases have been identified, and one,
FucT VII (perhaps also FucT V) appears to be
important in the biosynthesis of selectin ligand.?*4
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Small molecules designed to inhibit specifically this
enzyme are the targets of many groups.®® The
strategies developed for the inhibition of FucT 111715
and FucT V2% perhaps can be applied to these two
fucosyltransferases.
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