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1. Introduction

Heparan sulfate glycosaminoglycans (H/HS)!-?! are
members of the glycosaminoglycan (GAG) family, which
are complex polysaccharides characterised by an alternating
disaccharide unit of uronic acid (either L-iduronic or D-glu-
curonic acid) linked to a D-glucosamine unit (Figure 1). We
use the term H/HS to imply both heparin (H) and heparan
sulfate (HS).

(¢}
Heparin: COO
1doA:GlcA = 9:1 QM
average MW = 13.000
average sulfates 0SOy NHSO;
per disaccharide : 2.7 (OH) (NHAc)
Disaccharide unit (NHy)

in the regular regions: 0-L-1doA(2-OS)-(1— 4)-0-D-GIeNS(6-OS)

0S0;5
Coor (OH)
QO Q

Heparan sulfate: OH o) OH
IdoA:GlcA = 4:6 o) 0
average MW = 29.000
average sulfate OH NHAc
per disaccharide : 1 (08057) (NHSO;)
Disaccharide unit (NHy)

in the regular regions: B-D-GlcA-(1— 4)-0-D-GleNS(6-08)

Figure 1. Disaccharide repeating units of heparin and heparan sul-
fate in the regular regions; possible modifications occurring in the
heterogeneous domains are included in brackets

While HS is ubiquitous and usually found covalently at-
tached to a core protein, H is almost exclusively synthesised
and stored in connective-tissue mast cells and is released in
the extracellular matrix free from the core protein.’1 H/HS
are characterised by linear chains, comprised of 20—200 di-
saccharide repeating units, displaying a helical confor-
mation.! Even though a clear-cut borderline between the
two species hardly can be drawn, they differ in the sulfation
pattern and in the ratio of D-GIcA/L-IdoA. HS is more het-
erogeneous than H, is richer in D-GIcNAc and D-GIcA
units, and contains fewer O-sulfates. The structural com-
plexity of H/HA arises from different modifications of indi-
vidual disaccharides within the polymer, which give rise to
over a million possible saccharide sequences. Usual modifi-
cations include the C-5 configuration at the uronic acid
units (present as both L-IdoA or D-GIcA), N-acetylation or
N-sulfation at the p-GlcN units, and 2-O-sulfation at the L-
IdoA units (Figure 1). The occurrence of the so-called “ra-
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re” components (3-O-sulfate or N-unsubstituted D-GIcN, 2-
O-sulfated D-GIcA units) adds further complexity to this
polymer.

H/HS are present in the cell tissue/organ interface, where
they have been shown to interact with more than a hundred
proteins, often involving divalent cations,[>f! that play cru-
cial regulatory roles in normal physiological processes —
such as embryogenesis, cell adhesion and viral invasion —
as well as in pathophysiological conditions — including the
processes of tumour onset, growth and metastasis.l” ]

The high density of information contained in H/HS
chains that is suggested by the wide range of H/HS-depen-
dent processes relies both on the complexity of their struc-
ture and on their distinct ways of interaction with proteins.
The most prominent type of interaction between H/HS and
proteins is electrostatic in nature,['” and occurs between the
negatively charged groups of the polymer and the basic resi-
dues of the protein. However, a significant contribution is
made by non-ionic interactions, namely hydrogen bonding
and hydrophobic forces. In some cases, the H/HS —protein
interaction seems to be influenced crucially by the flexibility
of one or more L-IdoA units present in the binding site.
Because of the strongly electron-withdrawing effect of the
carboxyl group at C-5, the L-IdoA ring can adopt both 'C,
and *C; chair conformations, as well as a 2S, skew-boat
conformation, depending on the nature of the adjacent resi-
dues (Figure 2).['' =4 The occurrence of a specific L-IdoA
conformer can affect the shape of the carbohydrate helix in
the linkage region, providing a sort of “signature’ associ-
ated with the fit between a unique H/HS sequence and a
given protein. The influence of this conformer has been as-
sessed for the interaction of H/HS with some proteins, such
as growth factors, blood coagulation factors (especially
antithrombin III) and foot-and-mouth disease virus
protein 13171

. 0 on ¢ 0SO;Na
2 .. Na0OC710 NaOOC )
HONI O : 0 AULS

| OSO;Na S o

COONa O OSO;Na

‘¢ 'C, 2SO

Figure 2. Conformational flexibility of the L-IdoA residues in
H/HS

One could argue, therefore, that the nature of the interac-
tion between H/HS and a given protein depends critically
on the fine structure of distinct saccharide domains. Never-
theless, in only a few cases, as in the interaction with
antithrombin, has the specific binding sequence been fully
elucidated. It is widely accepted that the generation of the
consensus sequence(s) towards the distinct proteins (usually
5—15 saccharides per single domain) occurs throughout the
biosynthesis of the GAG, which starts with the formation
of an initial D-GlcA-D-GIcNAc chain anchored to the core
protein through a tetrasaccharide linkage region. During
chain extension, distinct enzymes act in sequence, partially
modifying the monosaccharide residues of the growing
polymer, with each enzyme providing the substrate for the
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following modification. In this way, incomplete N-deacety-
lation/N-sulfation, C-5 epimerization of D-GIcA, and sulf-
ation occur at different positions, giving rise to extremely
different and heterogeneous H/HS compositions. The cen-
tral domains result as the most extensively sulfated regions
(the so-called “regular regions”) with three sulfate units per
disaccharide repeating unit.[!8]

The recognition of the consensus sequences towards dis-
tinct proteins is seriously hampered by the presence of the
regular domains. In fact, most of the proteins, regardless of
the specific epitope they recognise on the polysaccharide,
easily bind H fragments derived from the central, highly
sulfated regions through nonselective, ionic interactions,
concealing the minimal binding sequence. On the other
hand, the scarce availability of the HS polymer, which con-
tains more-sparsely distributed sulfate units, limits the use
of the more selective HS fragments in the binding studies.
A further drawback is the difficulty in obtaining homo-
geneous H/HS oligosaccharide preparations from natural
sources, which causes problems in characterization and de-
tailed sequence definition.

The progress made in analytical methods and in H/HS
chain sequencing,!'®~2!1 as well as the crystallographic
analysis of the complexes between H/HS oligosaccharides
and some proteins, have added important elements to the
understanding of this complex picture.l'417227231 In this
framework, synthetic oligosaccharides provided with tail-
ored and well-defined sequences can greatly help in disclos-
ing the minimal structural requirements for the interaction
between H/HS domains and a cognate protein. On the
other hand, the results of the binding studies provide new
elements for the generation of novel synthetic sequences
that can act as potent activating/inhibiting oligosaccharides.
The early syntheses of H/HS fragments, which have been
reviewed,*®] have focused on the preparation of the sacchar-
ide sequence interacting with antithrombin III and of some
of its analogues. In this review, we present the results of
synthetic efforts made during the last decade that are
mainly devoted to the preparation of a new generation of
H/HS analogues interacting with antithrombin III, as well
as the elucidation of the basic interaction mechanisms be-
tween H/HS chains and other proteins, such as growth fac-
tors and platelet surface proteins.

2. Overview of Synthetic Approaches towards
H/HS Fragments

Total synthesis of complex oligosaccharides is a multistep
process requiring large amounts of monosaccharide blocks
to be connected by stereoselective glycosylation reactions.
Therefore, to gain insights into structure/activity relation-
ships of H/HS fragments, efficient and versatile synthetic
protocols are required for the preparation of oligomers of
variable lengths. In most cases, this requirement translates
into the synthesis of disaccharide building blocks composed
of hexuronic acid and D-glucosamine units, with a protect-
ing-group strategy that allows both selective O-sulfation
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and the assembly into longer structures by deblocking their
reducing or nonreducing termini. In the syntheses of H/HS
fragments, the bottleneck is an efficient gram-scale prep-
aration of L-ido synthons, since L-idose or L-iduronic acid
are not readily accessible from natural sources and their
commercial costs are prohibitive. Therefore, since the early
1980s, several routes have been developed for the synthesis
of L-ido building blocks, with most of them relying on ma-
nipulation of suitable D-gluco monomers.?’~31 Although
some short and efficient strategies have been reported
recently,?¢ 401 the rapid availability of significant amounts
of L-ido building blocks still remains one of the major diffi-
culties encountered in the synthesis of H/HS fragments.

Notwithstanding the method applied for the synthesis of
L-ido sugars, a key issue for the synthesis of complex and
polyfunctional molecules, like glycosaminoglycans, is the
proper and careful choice of the protecting groups, which
should meet the following requirements:

(a) The C-2 hydroxy group of the uronic acid units
should bear participating protecting groups (e.g., acyl
groups) to ensure the installation of 1,2-trans interglycosidic
bonds, whereas the C-2 amino groups on D-GIcN residues
should be masked or protected to allow the difficult intro-
duction of 1,2-cis-linked D-glucosamine units. Typically, the
nonparticipating azido group is used to suppress p-gluco-
side formation.

(b) The hydroxy groups destined to be O-sulfated in the
final product and those that do not need sulfation should
be differentiated by employing two orthogonal sets of tem-
porary and permanent protecting groups, respectively.

(c) The protecting groups should be unaffected under the
reaction conditions selected for the oxidation of the C-6
hydroxy groups in the generation of the uronic acids.

(d) The removal of the permanent protecting groups
should be compatible with the presence of O- and N-sul-
fate functionalities.

A second essential point concerns the glycosylation stra-
tegies adopted in the synthesis of these types of oligosacch-
arides. As is detailed in the next section, the first synthetic
approaches towards H fragments were developed for an ef-
ficient preparation of the pentasaccharide identified as the
binding sequence for Antithrombin III. According to the
state of the art in oligosaccharide synthesis at that time,
the glycosylation reactions were performed using glycosyl
bromides and orthoesters as donors. As new glycosylation
methods were developed, more efficient glycosyl donors
were employed in the synthesis of H/HS fragments, such as
trichloroacetimidates, thioglycosides and vinyl glycosides,
thus avoiding the use of heavy-metal salts as promoters.

The first synthesis of the regular sequence disaccharide
of H was reported in 1994 by Petitou.[*'! Disaccharide 2,
and its 6-O-unsulfated counterpart 3, were obtained from
protected 1 in five and eight steps, respectively (Scheme 1).
As is shown below, small variants of this building block,
with a similar array of protecting groups, have been used
extensively in the synthesis of larger H/HS fragments and
analogues thereof.
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Scheme 1. Synthesis of the regular sequence disaccharides of hep-
arin; Z = benzyloxycarbonyl

An approach to a complementary sequence has been in-
troduced by our group with the synthesis of disaccharides
4 and 5 (Figure 3, a).[4”l These compounds bear the p-glu-
cosamine residue at the nonreducing end, and they allow a
systematic approach to be made for the synthesis of new
kinds of oligomers, such as (GIlcN-HexA),, which have a
reversed sequence with respect to those fragments obtained
by chemical or enzymatic processing of the native polysac-
charides.

a)
MeOQOC MeOOC
OBn OBn
(6] 0 O O
N; OAll N; OAll
B 880 AcO %HO AcO
1! O O
OAc 4 Ph~ /-0 5
b NaOOC NaOOC
OH OH
O O O O,
NaSO;HN OPr NaSO;HN OPr
HO HO
HO d O80;Na HO d  O80;Na
0SONa ¢ OH ;

Figure 3. a) Structures of disaccharide building blocks 4 and 5
with “reversed” sequences; b) disaccharides 6 and 7, the first two
elements of this new series, were obtained from building block 4

A second aim of our work was to determine the biologi-
cal significance of the 6-O-sulfation of D-glucosamine in the
interaction with fibroblast growth factors. Therefore, we de-
signed a synthetic protocol suitable for obtaining all pos-
sible oligosaccharides in which the O-6 position of each D-
glucosamine unit may, or may not, be sulfated. The pattern
of orthogonal protecting groups in building blocks 4 and 5
allowed us to reach this goal, as is demonstrated by the
synthesis of disaccharide 6 and its 6-O-unsulfated counter-
part 7 from building block 4 (Figure 3, b), which are the
first two members of this new series of oligosaccharides.

Boons’ group reported a new modular approach for the
synthesis of H/HS fragments, based on the concept that the
enormous structural heterogeneity typical of these com-
pounds can be reproduced by a proper assembly of nineteen
disaccharide building blocks, resembling the naturally oc-
curring disaccharide units. In a manner that is different
from previous approaches, an important aspect of this strat-
egy is the formation of uronic acids at a late stage of the
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synthesis, which improves the efficiency of the glycosylation
steps with respect to the low glycosyl-donating properties of
uronic acid derivatives. This effect was achieved by selective
oxidation of the C-6 hydroxy groups of the glucosides and
idosides with a catalytic amount of 2,2,6,6-tetramethylpip-
eridin-1-oxyl (TEMPO) and using sodium hypochlorite as
co-oxidant,*3 which is a procedure that is compatible with
the presence of sulfate groups. The synthetic strategy is il-
lustrated schematically in Scheme 2 and is exemplified by
the syntheses of disaccharides 8 and 9 and trisaccharide 10
(Figure 4).4443 First, the oligosaccharide backbone is as-
sembled by combining different modular building blocks
(Scheme 2), and thereafter all the protecting groups are re-
moved, except the ones at C-6 of the D-glucosamine units.
Next, the C-6 hydroxy groups of the glucosides (and/or ido-
sides) are oxidised selectively to carboxylic acids and, fi-
nally, the primary hydroxy groups of D-glucosamine units
are revealed to give the target fragment.

0

0 0
PO P'O/‘/? . PO

J Synthesis of disaccharides J
j buiding blocks J

2 2
0, PIO\'\QP 0, PIO\\ng
p()w O\b\o P()WO\%O

J Assembly of building blocks
into larger oligomers

/
o
O“o AcHN
OH . OMO%
A% S0 g AN o/ OTBDPS
H/SO™ 0
OTBDPS

J 1) Selective oxidation
2) removal of TBDPS ..

O
&I—é AcHN
OS/H ou

COH AcHN
o0
8 O
SO 0

OH

Scheme 2. A modular approach towards H/HS fragments; first, the
oligosaccharide backbone is assembled by combining different
building blocks, and thereafter all the protecting groups are re-
moved, except the ones at C-6 of the D-glucosamine units; next, the
C-6 hydroxy groups of the glucosides (and/or idosides) are oxidised
selectively to carboxylic acids, and finally the primary hydroxy
groups of D-glucosamine units are revealed to give the target frag-
ment; TBDPS = tert-butyldiphenylsilyl

Ho HO-
AcHN| COH Hmoso

0] Q H AcHN
Hmo 0 OMe
os |8 9
COH OH
HO QO o o}
1o HO
OH AcHN| COH
0] O o)
HO
OH 10

Figure 4. Structures of oligosaccharides 8—10
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Another essential feature for the successful application of
this modular approach is the selection of a suitable set of
protecting groups. The TBDPS group was used as a perma-
nent protecting group of the C-6 position of D-glucosa-
mine residues.

The hydroxy groups destined for O-sulfation in the final
product were protected as levulinoyl esters, whereas an acet-
ate or benzoate protecting group was introduced at the C-
2 position to ensure the stereoselective formation of 1,2-
trans-glycosidic linkages. Finally, benzyl ethers were used
to protect the primary hydroxy groups that should remain
unsulfated in the final product. The removal of all protect-
ing groups turned out to be compatible with the presence
of base- and acid-labile sulfate esters.

A different approach leading to disaccharide units of H/
HS was described by Hung et al. and is summarised in
Scheme 3.[4¢]

1l 0
(])—[() 0-L_q 4 steps B0 L
N BzO
0 )/ 0
Y o (53% 0.y.) 12 0
OBz
OBz Bné) 0 0
12 n
BnO O [— N
BnO OTCA " Ivsotr 800 o
N (95%, 0:p = 2.4:1) 14 B0 L
OBz ©
o 1) Ac,0, TFA, 84%
BrO— 2) NHy(g), 78%
N3
[¢] OBz
ACQM&WOH 15
OBn

Scheme 3. Synthesis of disaccharide building block 15 from 1,2:3,5-
di-O-isopropylidene-B-L-idofuranose 11

1,6-Anhydro-B-L-idopyranosyl acceptor 12 was obtained
in four steps from 1,2:3,5-di-O-isopropylidene-B-L-idofur-
anose (11)[*71 and was glycosylated with the trichloroaceti-
midate of 2-azido-6-0-benzoyl-3,4-di-O-benzyl-2-deoxy-D-
glucopyranose (13). Once isolated from its B-isomer, the o-
linked disaccharide 14 was submitted to acetolysis of the
1,6-anhydro ring affording, after selective removal of the
anomeric acetate, building block 15, which was assembled
into larger oligomers. The distribution of the protecting
groups in 15 corresponds to the sulfation pattern of the
regular region of H.

As mentioned above, despite many new achievements re-
ported in this field, the stereocontrolled formation of a-D-
glucosamine linkages during the assembly of H/HS back-
bones still remains a challenging task. Seeberger et al.[8]
argued that the stereoselective installation of a-D-glucosa-
mine linkages can be achieved by locking the 'C, confor-
mation of the uronate acceptor. To test this hypothesis, con-
formationally constrained glucuronate and iduronate ac-
ceptors 17, 18, 20 and 21 were prepared from triols 16 and
19 by introduction of cyclic 1,2-acetals (Scheme 4). These

Eur. J. Org. Chem. 2003, 2999—3024 WWw.eurjoc.org
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CO,Me OBH
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MCOZC‘WOH CSA e0, 1?\7\0
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HO  OH ng P O ¢
19 methoxycyclopentene 20: R = Me, 68%
21: R = -(CH,)y-, 56%
=0 e
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N, R =0CNH(CCl3) or F
17 or 18 20 or 21
77-92% 88-91%
CO,Me
OBn OBn
0 o

Scheme 4. Synthesis of a-linked disaccharides by glycosylation of
conformationally ' C,-constrained uronate acceptors

protecting groups ensure the presence of the 'C4 confor-
mation of the hexuronate monosaccharides.

The coupling reactions of different glucosaminyl donors
with acceptors 17, 18, 20 and 21 invariably led to exclusive
formation of the a-linked disaccharides. Taking advantage
of these results, the authors synthesised a set of key building
blocks (di- and trisaccharides) to be used in a highly conver-
gent modular approach to H/HS oligosaccharides.™’! As a
proof of concept, various tetrasaccharides, and even a hexa-
saccharide, were prepared by assembling these saccharide
modules. The effect of different participating protecting
groups on C-2 of the iduronic acid moieties also has been
explored.

The linear backbone of H/HS oligosaccharides should
make them ideal candidates for the application of solid-
phase methodologies to their synthesis. Quite surprisingly,
only one example has been reported in the literature.>° The
authors used a polyethylene glycol (PEG) supported solu-
tion synthesisl>!-3?! for the preparation of differently O-sul-
fated and O-methylated HS-related oligosaccharides of
various lengths, up to dodecasaccharides.

Chemical synthesis of small subunits of H/HS also can
be an auxiliary means to unravel details of the biosynthetic
pathway of these polysaccharides, by affording helpful
standards for the structural identification of natural “non-
regular” fragments. Our group reported the synthesis of
two disaccharides (Figure 5) containing 2-O- (22) and 3-O-
sulfated (23) D-glucuronic acid residues.[>3]

These compounds were submitted to reductive deamin-
ation and employed as standards to identify the precise lo-
cation of the O-sulfate group in the p-glucuronic acid unit
of disaccharides generated by degradation of HS isolated

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3003
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COoNa COQNa
HO)
u/oéﬁ NaOR0 /éﬁ
0S0;Na

Figure 5. Structure of disaccharides 22 and 23

from the human brain. The comparison by anion-exchange
HPLC definitely revealed the occurrence of 2-O-sulfated D-
glucuronic acid units in natural H/HS molecules.>*

We conclude this section with a general comment on the
expanding synthetic approaches towards H/HS fragments.
Whilst the first pioneer syntheses followed mainly a target-
oriented approach, the modular approaches proposed re-
cently by Boons*4l and Seeberger*®! seem to be the most
suitable ones for reproducing the enormous molecular di-
versity displayed by H/HS chains and to obtain new and
more detailed insights into their recognition phenomena. In
fact, the proper assembly of a number of stereoselectively
constructed building blocks is an extremely promising ap-
proach for future developments, which are expected to cul-
minate in the efficient production of complex, and even un-
precedented, H/HS fragments. Moreover, these approaches
could be applied to a solid-phase methodology. If so, pro-
duction of libraries of biologically significant H/HS frag-
ments are expected in the near future.

3. Synthesis of H/HS Fragments as Putative
Binding Sequences towards Distinct Proteins

3.1 Interaction of H/HS with Blood Coagulation Factors

The first pharmacological use of H, which began in the
1930s, was as an antithrombotic drug in post-operative
treatment. H/HS act as anticoagulants primarily through
their interaction with antithrombin IIT (AT III), which en-
hances AT III mediated inhibition of blood coagulation fac-
tors, such as factor Ila (thrombin) and factor Xa, which
belong to the serine protease family.

As was disclosed later, this activity is ascribed to a
specific pentasaccharide sequence DEFGH (antithrombin

MNow redicing Now redueing

end erd
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7 [b) 2
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0 503 Na NaQOC 0 [¢)

N R 0 HO
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0S E NaOOG
HO O /%>/
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R! OH OH 0SO;Na  OSO;Na
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o
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Figure 6. a) AT III binding domain (ABD) in H/HS; the charged
groups mainly involved in the binding are reported in italics; unit
G is represented in the unusual 2S, form; b) and ¢) some analogues
of the natural ABD sequence

binding domain, ABD, Figure 6, a), which is present only in
one-third of the H/HS chains, that displays a characteristic
“rare” component, namely the 3-O-sulfated D-GICN unit
FB57381 An H/HS fragment containing the sole sequence
DEFGH is able to interact with AT III, which accelerates
the inactivation of factor Xa and other enzymes of the co-
agulation cascade.l'*! Conversely, the AT III mediated inhi-
bition of thrombin requires a minimum length of H/HS

Nem redicing
end

-
I':'} (D
o0
©
"-‘é TATIEH
\ Lemnry mrnplex
‘:} o

QO+

T+ I-I-

* »
Redeing .f-kd.rlng

end end

Figure 7. Heparin-mediated inhibition of thrombin by AT III; a) AT III binds to H through the interaction with the ABD pentasaccharide;
b) binding to H causes a conformational change in AT III that enhances its affinity towards thrombin (T); thrombin is electrostatically
attracted by the regular part of H and approaches AT III by sliding along the chain; ¢) AT III binds to thrombin forming a stable ternary
complex T:AT III:H that inhibits the thrombin-induced coagulation cascade
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chains of 14—20 saccharide units (see section 3.3), where
the ABD is embedded into a long, regularly sulfated region.

Because of its relevant therapeutic implications, the
mechanism for the formation of the H—AT III complex has
been investigated widely. Initial binding of AT III to ABD
(Figure 7, a) causes a conformational change in AT III that
enhances its affinity towards thrombin (Figure 7, b).5%-6%
In turn, thrombin is attracted electrostatically by the regular
regions adjacent to the ABD (the so-called thrombin bind-
ing domain, TBD) and approaches AT III possibly by slid-
ing along the chain through an unspecific, ionic interaction
(Figure 7, b).[61:621 The subsequent binding of AT III with
thrombin leads to the formation of a stable ternary complex
T:AT III:H that inhibits the thrombin-induced coagulation
cascade (Figure 7, c).

The different functional groups present on pentasacchar-
ide DEFGH play distinct roles in this interaction process.
Crystallographic studies have disclosed that mainly six
charged groups are involved in the binding, as is shown in
Figure 6 (a).['1 A number of conformational studies have
been carried out on this sequence and on some synthetic
analogues, such as 25 (Figure 6, b), with the aid of NMR
spectroscopyl®>%4 and force-field calculations.[65¢7]

In particular, NMR spectroscopic data indicate the pres-
ence of the unusual 2S, skew-boat conformation as the
major contributor in the conformational equilibrium of L-
IdoA (unit G) in pentasaccharide 25, especially when bound
to AT HLI415611 Ag is detailed below, activity studies per-
formed on synthetic oligosaccharides revealed that, with re-
spect to the 'C, and *C; conformations, the 2S, confor-
mation is able to interact more effectively with AT III and,
thus, it represents the conformer responsible for the biologi-
cal activity.[14:68]

3.2 Synthesis of Fragments with Exclusive Anti-Factor Xa
Activity

Since its identification as the ABD, in the early 1980s,
many synthetic approaches have been directed towards
pentasaccharide DEFGH, especially the variant in which
the unit D is N-sulfated (24, Figure 6, b).[?%9%701 However,
the simultaneous generation of free amino groups and of
the anomeric hydroxy group during the synthesis of 24 gave
rise to undesired side reactions, such as partial oligomeriz-
ation of the pentasaccharide. Therefore, the corresponding
stable methylglycoside 25 (Figure 6, b) was syn-
thesised.[’!-721 The anti-Xa activity displayed by 25 was
700 U mg~!, and it was used as the “reference pentasac-
charide” in subsequent studies aimed at optimising the
binding affinity for AT III through the synthesis of various
potent analogues.

Various analogues were designed to better define the
structure/activity relationships of “natural” pentasacchar-
ide 25. Their ability toward the activation of AT III was
compared to that of the reference pentasaccharide, and pro-
vided new information on various aspects (sulfation pat-
tern, selectivity, binding requirements) of the interaction be-
tween the pentasaccharide domain of H/HS and AT III.
The results of these studies are summarised as follows:
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(a) The binding sequence DEFGH bears two essential O-
sulfate groups (units D and F), two essential N-sulfate
groups (units F and H), and two essential carboxylate
groups (hexuronic acids £ and G) (Figure 6, a).

(b) The sulfation of the 3-hydroxy group of unit H im-
proves the biological activity, whereas sulfation of other
hydroxy groups leads to a drop in activity, up to the persul-
fated pentasaccharide which is totally inactive.

(c) The orientation of the key charged groups is import-
ant, since epimers show reduced activity.

(d) The type of charge is crucial. The replacement of es-
sential sulfate or carboxylate groups with other charged
groups (e.g., phosphates) leads to a substantial loss of ac-
tivity.

(e) The presence of the pyranosidic rings of the hexuronic
acid moieties is essential for specific recognition and acti-
vation of AT III, since the flexible open-chain analogues
are almost inactive.

After screening the analogues of this class, compound 26
(Figure 6, b) was found to be the most active relative to the
reference pentasaccharide (the measured anti-Xa activity
for 26 was 1250 U mg ™).

For more details on the syntheses of the analogues men-
tioned above, the reader is referred to ref.?*! and references
cited therein.

Although they are attractive as lead compounds for drug
development, the chemical complexity of glycosaminogly-
can analogues, such as those described so far, renders their
large-scale synthesis difficult. Therefore, in the early 1990s,
the synthetic community began to devise the synthesis of
simplified analogues of the “natural” pentasaccharide 25.

A key breakthrough in this field was the design of “non’”-
glycosaminoglycan analogues, in which some N-sulfate
groups are replaced by O-sulfate groups and some free
hydroxy groups are replaced by O-alkyl (mostly O-methyl)
ethers. A first insight in this direction was derived from the
observation that pentasaccharide 27 (Figure 6, b), contain-
ing a D-glucose moiety instead of a b-glucosamine unit, was
as active as analogue 26.

Starting from compound 27, the extent of chemical
modification into putative pentasaccharide AT III ligands
was gradually increased. First, several partially and fully O-
methylated derivatives were synthesised!”?! and they dis-
played very similar AT III affinity in comparison with the
corresponding non-methylated pentasaccharides. Soon
after this finding, various non-glycosaminoglycan ana-
logues, where all the N-sulfate groups are replaced by O-
sulfate groups and all free hydroxy groups are O-alkylated,
were prepared and tested,’™ and these studies demon-
strated that none of these structural modifications de-
creased the biological activity. On the contrary, fully O-
methylated pentasaccharide 2831 (Figure 6, c) even exhib-
ited a somewhat higher anti-Xa activity than the analogue
26 (1323 vs. 1250 U mg ). The synthesis of this type of
analogue is greatly simplified with respect to that of the H/
HS fragments:

(a) The O-methyl ethers are introduced at an early stage
of the synthesis. Therefore, no further differentiation be-

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3005



MICROREVIEW

L. Poletti, L. Lay

tween two orthogonal sets of protecting groups is required
and both acyl esters and benzyl ethers can be used to pro-
tect the hydroxy groups destined to be O-sulfated.

(b) No a-coupled p-glucosamines need to be introduced,
which thus avoids elaborate synthetic routes for the prep-
aration of azide-containing building blocks.

(c) Many more chemical modifications are feasible, which
further simplifies the synthesis (e.g., carboxylates can be
protected as benzyl esters and deprotected in a one-pot pro-
cedure during a hydrogenolysis step).

(d) A selective N-sulfation is not required at the end of
the synthesis.

The surprisingly high anti-Xa activities of O-methylated
non-glycosaminoglycan analogues suggests that neither the
hydroxy groups nor the NH—sulfate groups of the penta-
saccharide act as hydrogen bond donors in the interaction
process with AT III.

A further shortening of the synthetic route towards these
O-methylated non-glycosaminoglycan analogues turned out
to be the synthesis of derivatives with a pseudo-alternating
sequence, i.e. where the disaccharide fragments EF and GH
have the same substitution pattern. The only remaining dif-
ference between the disaccharide moieties is the opposite
configuration at C-5 of the hexuronic acid units. Therefore,
a route was developed to transform a suitably protected di-
saccharide GH into its counterpart EF by base-catalysed
epimerization (Scheme 5).

OBn
G H
Kl R
MeO  [BnO
MeQOC7LQ BnO L e
HO OR
NaOMe| C-‘S )
MeOH | epimerization
; F
oen e
) - Q COOMe
MCOO(/OMCOBE% = 110’%&/0 Q
O BnO MeO- BnO
OMe OR BnOOM
e
HO  OR R =Bn or Me

Scheme 5. Synthesis of derivatives with a pseudo-alternating se-
quence: a suitably protected disaccharide GH is transformed into
its counterpart EF by base-catalysed epimerization

Various pentasaccharide analogues have been synthesised
according to the strategy above [7¢771 (Figure 8).

Compounds 29—31 and 32—34 belong to different series.
Compounds 29—31 (series I) share the same EFGH block
containing both £ and G units that are 2-O-sulfated. Com-
pounds 32—34 also have the same EFGH block, in which
the F and G moieties are 2-O-methylated. Moreover, in each
series the EFGH tetrasaccharide is coupled with three dif-
ferent D units varying in their sulfation/methylation pat-
terns. The AT III binding affinities and anti-Xa activities
of compounds 29—34 were evaluated. Despite the presence
of a 2-O-methyl group instead of an important (albeit
nonessential) 2-O-sulfate group in unit G, series II showed
higher anti-Xa activities than series I. In particular, penta-
saccharide 32, containing the minimal number of O-sulfate
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Figure 8. Structures of two series of pentasaccharides with pseudo-
alternating sequences

groups in the above series, exhibited the highest anti-Xa
activity (1611 U mg~!) and the longest in vivo residence
time in rats (7;,, of elimination: 10.9 h) and it is the most
potent analogue of 25 found so far. To explain these results,
the authors claim that the loss of electrostatic interactions
may be compensated by favourable hydrophobic or van der
Waals interactions between the methylated pentasaccharide
and the apolar surface amino acid residues of AT III.

To acquire as many clues as possible on the structure/
activity relationship and to improve its anticoagulant and
antithrombotic properties, so far more than fifty diverse
analogues of pentasaccharide 25 have been synthesised and
tested. The unique conformational properties of L-iduronic
acid stimulated various studies aimed at determining to
what extent, if any, they influence the molecular recognition
between AT III and the ABD pentasaccharide. The main
goal was to establish whether a precise conformation of L-
iduronic acid is required or, alternatively, whether a confor-
mational switch from one conformer to another might be
necessary for the binding and activation of AT III. This
question was cleverly answered by two different research
groups. They deduced that more precise information on
conformation/activity relationships of ABD pentasacchar-
ide could be acquired by locking the three main confor-
mations of the L-iduronic acid unit. From a synthetic point
of view, this information resulted from the first synthesis of
pentasaccharide 45, where the 'C, conformation of the L-
iduronic acid unit (G) is locked by a covalent bridge be-
tween the C-3 and C-5 atoms.”® The approach towards
pentasaccharide 45 is illustrated in Schemes 6 and 7.

The key disaccharide acceptor 42, containing the confor-
mationally constrained L-iduronate unit, was synthesised
from bromide 35 through radical C-5 C-allylation, followed
by olefin isomerization and coupling with alcohol 38
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Scheme 6. Synthesis of disaccharide intermediate 42
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Scheme 7. Synthesis of pentasaccharide 45 from intermediates 42
and 43

(Scheme 6). Manipulation of the protecting groups gave the
monotosylated derivative 40, which, upon treatment with
aqueous potassium hydroxide at 70—80 °C, was saponified
and intramolecularly substituted to afford, after acety-
lation, the required 3',6’-anhydro-bridged compound 41.
Finally, oxidative cleavage of the C-5" propenyl group, fol-
lowed by esterification and deacetylation, yielded 42. Gly-
cosylation of 42 with donor 43 (Scheme 7) furnished penta-
saccharide 44 with good selectivity. Hydrogenolysis of the
benzyl ethers and saponification, followed by O-sulfation of
the remaining hydroxy groups, eventually gave pentasac-
charide 45 containing the “pure” 'C, conformer of the L-
iduronate residue. Since compound 45 showed very low ac-
tivity of 65 U mg~! in an anti-Xa assay, the authors con-
cluded that the 'C4 conformation of unit G was not the
active one.
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More recently, a systematic approach towards the under-
standing of the conformational effects into the AT III me-
diated anti-Xa activity of H/HS was developed by Petitou,
Sinay et al., who performed the total synthesis of three
pentasaccharides in which the single L-iduronic residue is
conformationally locked, either in the 'C,, *C; or 2S,
form.!”?:80] Pentasaccharide 32 was selected as the reference
model for the biological activity. Conformational locking of
L-iduronate was achieved as shown in Figure 9 (a).

OMe
NAO,C NaOZC = O\f f\ ()X\ﬁvvo\f
MeO u N2O, C OMe
C, 28, ye
o
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Figure 9. a) Locked 'Cy, 2S, and *C; conformers of L-IdoA; b)
structures of E)entasaccharldes 46, 47 and 48 containing the locked
28y, 'C4 and conformers, respectlvely, of L-IdoA

MeO
MeO " COONa

5

O

MeO
OMe

The 'C4 and %S, conformers were locked by covalently
bridging the C-3/C-5 and C-2/C-5 ring atoms, respectively.
The *C, chair was frozen by introducing a methoxymethyl
substituent at C-5. The authors were confident that such
substitution would shift the iduronate ring towards the *C;
conformation, which is the preferred one adopted by non-
constrained monosaccharides bearing a hydrocarbon chain
instead of a hydrogen atom at C-5. This prediction turned
out to be correct at the end of the synthesis. The introduc-
tion of conformationally constrained L-iduronate residues
into pentasaccharide 32 led to mimics 46, 47, and 48 (Fig-
ure 9, b).[7>8% The synthesis of 46 is illustrated in Scheme 8.

In comparison with the previously described synthesis of
45, the introduction of the C-vinyl appendage at C-5 into
the intermediate 51 was achieved more efficiently through
stereoselective addition of vinylmagnesium bromide to ke-
tone 49 under chelation-controlled conditions. Further
elaboration of 51, including the coupling with 38 and the
inversion of the configuration at C-2’ by Swern oxidation
followed by reduction with LiEt;BH, produced the mono-
tosylated intermediate 52, and then a two-atom bridge be-
tween C-2' and C-5' was installed to give 53. Oxidative
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Scheme 8. Synthesis of conformationally constrained pentasacchar-
ide 46

cleavage of the C—C double bond converted 53 into 54,
which was coupled with the imidate 43 to give protected
pentasaccharide 55, and eventually 46.7]

The same strategy was applied to the synthesis of mimic
47 by repeating the reaction sequence described above using
the 3-O-allylated counterpart of ketone 49. Usual chemical
transformations and protecting-group manipulations
eventually afforded pentasaccharide 47.1801

Both syntheses of 46 and 47 were based on key inter-
mediates containing the structural element A (Figure 10)
equipped with an equatorially oriented hydroxymethyl
group and an axially oriented vinyl group.

O
NaO,C O
R
/ 23,
AcO g( ff
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OMe
~ O o COONa
M(e)O %/ ~ f\() 0
NaO (l‘ OMe MeO ) O\;‘J
2~ OMe
Me
i C-5 C-ethyl D-GlcA

Figure 10. Element A as a precursor of conformationally con-
strained L-iduronate moieties

This compound is also a suitable precursor of the frozen
4C, conformer of L-iduronate in the synthesis of mimic 48,
through ozonolysis of the double bond followed by oxi-
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dation of the resulting aldehyde. In addition, an intermedi-
ate such as A can also be converted into a D-glucuronic
acid derivative by hydrogenation of the double bond and
oxidation of the primary alcohol (Figure 10). The versatility
of intermediate A suggested a converging synthesis of
mimic 48, where both the hexuronic acid residues (units £
and G) are obtained from the same precursor. However, the
presence of the ethyl group at C-5 of p-glucuronic acid, in
principle, could influence the interaction between the penta-
saccharide and AT III. To rule out this hypothesis, penta-
saccharide 58, containing an ethyl group at C-5 of unit £
and a flexible L-iduronate residue, was synthesised via di-
saccharide 57 obtained from 56 (Scheme 9) and its anti-Xa
activity was evaluated. Finally, the synthesis of pentasac-
charide 48 was accomplished (Scheme 9) by employing the
same intermediate 57 utilised in the preparation of 58.[80]
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Scheme 9. Synthesis of conformationally constrained pentasacchar-
ide 48 and its flexible counterpart, pentasaccharide 58

The role of the L-iduronic acid conformation in the inter-
action of these H/HS mimetics with AT III was investigated
by comparing their biological activities with that of the ref-
erence 32. Pentasaccharide 46 (containing the 2S, con-
former of unit G) showed high affinity for AT III, strongly
inhibiting the blood coagulation factor Xa (1073 U mg™ ).
In contrast, pentasaccharides 47 (!C, form of unit G) and
48 (*C, form of unit G) exhibited only low activities (43 and
115U mg !, respectively). Finally, compound 58 (flexible
unit G) was found to have anti-Xa activity very close to that
of reference 32 (1345 U mg~!), which thus indicates that
the low activity of 48 results only from a conformational
feature of unit G, and not from the presence of the ethyl
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group at C-5 of unit E. In conclusion, this result was the
first strong indication that the L-iduronic acid unit of ABD
pentasaccharides (like 32) adopts the 2S, conformation
when bound to AT III and this unusual conformer governs
the antithrombotic activity of H/HS.

These results had already been suggested by previous
studies performed on pentasaccharide 61 (Figure 11), the
counterpart of 25 containing a 3-deoxy-L-iduronic acid unit
GBI TH NMR spectroscopic analysis of 61 showed that
this structural modification shifted the conformational
equilibrium towards the 'Cy4 chair. This chair became the
predominant conformer of unit G (65%), with the %S, form
also present, but only in 24% abundance. In contrast, the
2S, conformer contributes to the extent of 64% in 25, which
has a much higher affinity for AT III relative to 61. The
authors concluded that this result was a clear effect of the
predominance of the %S, conformer in the reference com-
pound.
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Figure 11. Structure of pentasaccharide 61 containing a 3-deoxy-
L-iduronic acid unit G

Another kind of analogue of the ABD pentasaccharide
was obtained by replacing the O-glycosidic bond between
units D and E of the highly active mimic 32 with a C-glyco-
sidic linkage.[#>%31 The introduction of the C-interglycosidic
bond to give disaccharide 64 (Scheme 10) was achieved
through a methodology developed by the authors based on
the radical coupling between selenophenyl glycoside 62 and
exo-methylene derivative 63.134
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Scheme 10. Synthesis of pentasaccharide 65 containing a C-glycos-
idic linkage between the D and E units

Elongation of intermediate 64 eventually gave pentasac-
charide 65. The comparison between 65 and 32 did not
show a significant difference in their biological properties,
indicating that the substitution of an O-glycosidic bond by
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a C-glycosidic bond hardly affects the affinity for AT III
and the anti-Xa activity.

3.3 Synthesis of Fragments with the Full Anticoagulant
Properties of Heparin

Many chemical syntheses of various analogues of the
pentasaccharide sequence DEFGH have been reported (see
above), leading to highly potent artificial ABDs endowed
with strong, but exclusive, anti-Xa activities. However, none
of these compounds is able to inhibit thrombin. In contrast
with the interaction of ABD with AT III, thrombin binding
is only a matter of electrostatic interaction between the pro-
tein and the polyanionic chain of H/HS (Figure 7). Indeed,
the interaction of the TBD with thrombin is about three
orders of magnitude weaker than that of ABD with AT III.
As detailed above, thrombin is inhibited through a template
mechanism. The electrostatic attraction leads thrombin to
the collision with H-bound AT III. Therefore, to constitute
the thrombin:AT III:H ternary complex, a longer H chain
is required, comprising between 14 and 20 saccharide units.
Moreover, it has been reported that various side effects are
associated with heparinotherapy, especially when employed
in long-term treatments. The ability of H to interact with a
multitude of different proteins may lead, for example, to
heparin-induced thrombocytopaenia (HIT),® a side effect
occurring in ca. 3% of H-treated patients, which derives
from unwanted interactions with platelet factor 4 (PF4),
and to haemorrhages.[® Therefore, an ideal candidate for
development of more-potent anticoagulant drugs should be
devoid of these side effects.

On these premises, obtaining an antithrombotic molecule
with the full anticoagulant properties of H (i.e., one dis-
playing dual anti-Xa and anti-thrombin activity and at the
same time being free of undesired interactions with blood
and vessel components) is a highly attractive goal. The
mechanistic considerations above suggest that an oligosac-
charide molecule able to mimic the full anticoagulant
properties of H should contain both an ABD and a suitable
TBD, to give a sequence ranging from 14 to 20 saccharide
residues.”) Such an oligosaccharide structure could be ob-
tained by connecting ABD and TBD through a spacer (sac-
charidic or not) that is long enough to accommodate both
AT III and thrombin in a ternary complex. Three main
questions arise for the design of this type of compound: (a)
What is the correct location of the TBD along the oligosac-
charide chain to induce thrombin inhibition? In principle,
there are two possible ways to elongate the ABD with a
TBD (either at the reducing or nonreducing end, see Fig-
ure 12, a, b). (b) What is the nature of the spacer (linear,
flexible or rigid; charged or neutral) required for the con-
nection between ABD and TBD? (c) What are the minimal
structural requirements of the TBD (as those of the ABD
have been previously established)?

To address the first issue, a three-dimensional model of
the ternary complex was constructed®!l to predict the cor-
rect relative orientation of ABD and TBD along the H
chain. The analysis of this model strongly suggested that
the TBD should be attached through the linker at the non-
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Figure 12. Possible relative arrangements of the TBD and ABD;
NRE: nonreducing end; RE: reducing end

reducing end of the ABD (Figure 12, b). The definitive ex-
perimental proof of this assumption came only recently,®®]
and is described below. Additionally, the same model re-
vealed that the saccharidic portion, acting as a linker be-
tween the TBD and the ABD, does not participate in any
interaction with the two proteins. Therefore, a first series of
compounds were synthesised that contain a linear, flexible
and neutral molecular spacer connected at the nonreducing
end of an ABD and bearing a TBD at the opposite side. In
all elements of this series, a neutral oligoethylene glycol type
of spacer was utilised that comprises approximately 50
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atoms (corresponding to a chain of about 8—10 monosac-
charide units). Various high-affinity mimics of pentasac-
charide 25 were included as ABDs, whereas a systematic
investigation was carried out on various types of putative
TBD:s.

The general strategy consists of four key steps (Fig-
ure 13):

(a) A suitably protected glycosyl donor, containing a first
part of the spacer (12 atoms, terminating with a protected
or masked amino group) attached to its nonreducing end
(4-OH), is condensed with a tetrasaccharide acceptor to
give, after unmasking the free amino group, the tethered
ABD pentasaccharide (Figure 13, a).

(b) The linker is elongated by attaching the bifunctional
molecule 66 through the free amino group, giving rise to a
longer spacer terminating with a thioacetyl group (Fig-
ure 13, b).

(c) A second portion of the spacer, containing a terminal
amino group, must be introduced into the selected TBD
(Figure 13, ¢).

(d) Finally, the equipped TBD and ABD moieties are
condensed in two steps through the thiophilic linker sulfos-
uccinimidyl  4-(iodoacetylamino)benzoate  (sulfo-STAB)
(Figure 13 d).

First, a number of differently sulfated saccharidic TBDs
were explored. Because of the nonspecific nature of the in-
teraction between thrombin and H, in principle any nega-
tively charged oligosaccharide could act as a TBD, provided
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Figure 13. Synthesis of heparin-like conjugates with dual antithrombotic activity; a) glycosyl donor D, containing a first part of the
spacer attached to its nonreducing end, is condensed with tetrasaccharide acceptor EFGH to give the ABD pentasaccharide; the protecting
group at the nitrogen atom is then removed; b) the spacer is elongated by attaching bifunctional molecule 66, giving rise to a longer arm
terminating with a thioacetyl group; c) a second portion of the spacer (S, see Table 1), containing a terminal protected NH, functionality,

is connected to the selected TBD (see Table 1); d) the equipped TBD
linker sulfo-SIAB
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and ABD moieties are condensed in two steps through the thiophilic
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Table 1. Conjugates 67—85 containing a flexible spacer bridging the ABD and the TBD and their relative anti-thrombin activities

(see Figure 13)

Spacer Anti-ITa
Entry Compd. TBD (number of sulfates/phosphates) length S ABD  activity
(atoms) (U-mg")
1 67 cellobiose (7-S) 53 32 10
2 68 maltotriose (10-S) 53 32 64
3 69 maltopentaose (16-S) 56 32 330
4 70 maltopentaose (7-S) 54 32 14
5 71 maltopentaose (10-S) 18 32 1
6 72 maltopentaose (10-S) 32 32 15
7 73 wlfated maltopentaose (10-S) 46 \%/\OT\/N; 32 20
8 74 sulated sugars maltopentaose (10-S) 59 5 32 120
9 75 ABD 32 (7-S) 33 32 14
10 76 ABD 34 (9-S) 53 34 36
11 77 ABD 31 (11-S) 53 31 160
12 78 DS tetrasaccharide (4-S) 53 32 2
13 79 DS tetrasaccharide (5-S) 53 32 10
14 80 H tetrasaccharide 53 32 10
15 81 cellobiose (7-P) 53 NHZ 32 22
16 82 phosphoryla[cd sugars cellobiosce (7-P) 53 \VO ) 32 5
17 83 maltotriose (10-P) 53 5 32 167
T 11
18 %4 decathymidil ' i ’ 55 OO N, 5
octadecathymidilate D
Y 0| o-p-0r OH 0 OH
O Miller cap)
19 85 NAPAP (sce Figure 14) 2 - 31 035um®

[al The ICsq value is reported.

it fulfils the minimal requirements for binding the protein.
Therefore, short, persulfated oligosaccharides, such as cello-
biose, maltotriose and maltopentaose were examined!®7-%
(Table 1, Entries 1—3) using pentasaccharide 32 as the
ABD. As expected, the three conjugates 67—69 showed very
similar anti-Xa activities, this property being dependent ex-
clusively on the structure of the ABD, and growing anti-
thrombin activity from 67 (10 U mg ') to 69 (330 U mg ™ ").
These preliminary results show that the rigid and charged
H chain between TBD and ABD is not an essential require-
ment for thrombin inhibition. In addition, through the syn-
thesis of conjugate 70 (Entry 4) containing a heptasulfated
maltopentaosyl TBD, it was demonstrated that the highest
activity of conjugate 69 is due to the number of sulfate
groups rather than the number of monosaccharide units:
compound 70 showed almost the same anti-thrombin ac-
tivity as 67 (14 U mg™ ).

The effect of the spacer length was also examined
(Table 1, Entries 5—8). As anticipated, the minimal distance
between the TBD and the ABD to have a substantial anti-
thrombin activity is around 50 atoms, corresponding to
8—10 saccharidic units. The preparation of symmetric con-
jugates containing the same domain, that are able to bind
both AT III on one end and thrombin on the opposite ter-
minus, is an attractive task. Therefore, the ABD pentasac-
charides 32 (7 sulfates), 34 (9 sulfates) and 31 (11 sulfates)
were tethered to give conjugates 75—77, respectively (En-
tries 9—11). Once more, it was observed that the anti-
thrombin activity increases with the number of sulfate
groups, from 75 to 77. A further demonstration of the as-
pecific nature of the interaction between H and thrombin
was achieved with the synthesis and biological evaluation
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of three new conjugates, namely compounds 78—80, that
include pentasaccharide 32 as the ABD (Table 1, Entries
12—14).°°1 Whereas the TBDs in compounds 78 and 79 are
tetrasaccharides structurally related to dermatan sulfate
(DS), a member of the GAG family containing galactose
instead of hexosamine units, the TBD in 80 is a tetrasac-
charide very close to the “regular region” of H, with 2,6-
di-O-sulfo-p-glucose in place of D-glucosamine. Their anti-
thrombin activity was compared with that of conjugates 67
and 68. Compounds 79 and 80 showed the same activity of
67, much lower than 68, whereas 78 was essentially inactive.
This observation is a confirmation that the negative charge
density, rather than its distribution or the carbohydrate
structure, is the predominant factor in thrombin inhibi-
tory activity.

The effect of the type of charge was also explored by
synthesising conjugates 81—83 containing perphosphoryl-
ated TBDs tethered to the high-affinity ABD 32 (Entries
15—17). Perphosphorylated cellobiose (14 negative charges)
and maltotriose (20 negative charges) were included as
TBDs into conjugates 81 and 83, whereas cellobiose con-
taining seven isopropyl phosphate groups (7 negative
charges) was used in 82.°!1 The obtained TBDs were linked
at the nonreducing end of the ABD using the technique
described above and the thrombin inhibition of the conju-
gates was compared with that of 67 and 68. As expected,
the doubled charge density of 81 (with respect to 67) and
83 (with respect to 68) induced a doubling of their anti-
thrombin activity. On the contrary, conjugate 82 showed
very low activity, probably because of steric hindrance of
the isopropyl groups hampering an appropriate interaction
with thrombin. These results clearly indicate that the struc-
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ture/activity relationships of the TBD and the ABD are
very different. In contrast to the ABD—AT III interaction,
the type of charge is not a crucial factor, provided that a
sufficiently high charge density is reached. Furthermore,
whereas in the ABD—AT III interaction the introduction
of alkyl groups led to a strong enhancement of the binding
affinity (see O-methylated analogues of pentasaccharide
25), the presence of the isopropyl groups in conjugate 82
caused a drop in its biological activity.

Two examples of non-carbohydrate TBDs were also re-
ported. In the first one, an oligonucleotide, the readily ac-
cessible octadecathymidylate 84, was used as a TBD (Entry
18).21 Compound 84 was prepared using an automated
DNA synthesizer and contained at its 3’-position an 2-[(3-
aminopropyl)(2-hydroxyethyl)amino]ethyl phosphate moi-
ety (the “Miller cap”)®¥ as an arm for the connection,
through sulfo-STAB, to the spacer-endowed ABD (penta-
saccharide 31 was used in this case). The obtained conju-
gate 84 displayed only a very low anti-thrombin activity
(5 U mg "), probably because of the modest charge density
of the oligonucleotide.

In another experiment, a derivative of [N-(2-naphthyl-
sulfonyl)glycyl-(D)-{4-[amino(imino)methyl]phenyl}
alanyl]piperidine(NAPAP) was conjugated as a TBD to the
ABD pentasaccharide 31, giving compound 85 (Figure 14
and Entry 19 in Table 1).°1 NAPAP is known as a potent
inhibitor of thrombin that acts directly on its active site.
Because of this unique feature, the authors hoped that con-
jugate 85 could exhibit dual anti-Xa and anti-thrombin ac-
tivity through a different mechanism, where the binding
and inhibition of the two blood coagulation factors are two
independent events (in other words, the inhibition of throm-
bin is not mediated by activated AT III). Actually, conju-
gate 85 elicited both high anti-thrombin and AT III-me-
diated anti-Xa activity. It is noteworthy that experiments in
vivo showed that there is a kind of synergy between the
TBD (NAPAP) and the ABD, since compound 85 is a
stronger inhibitor than a combination of the free pentasac-
charide 31 and NAPAP.

All glycoconjugates falling in the class described so far,
sharing a flexible polyethylene glycol type of spacer bridg-
ing the AT III and thrombin binding domains, elicited full
anticoagulant H activity. However, they also possess some
typical drawbacks of H, such as neutralization by PF4. It

SIAB

Figure 14. Structure of non-carbohydrate TBD conjugate 85
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has been established that the interaction of H and PF4 de-
pends on two parameters: neutralization is enhanced upon
increasing the size and the charge density of the sulfated
oligosaccharide. In addition, the flexibility of the sugar
chain also has been suggested as a possible cause of this
undesired interaction. As already mentioned, the absence of
side effects is a prerequisite for an antithrombotic molecule
candidate for drug development. Therefore, a second class
of synthetic ABD—TBD conjugates was developed contain-
ing rigid saccharidic spacers.[°” In a first approach towards
these molecules, sulfated oligosaccharides were proposed
composing of a continuum of ABDs, ranging from 10 to 20
sugar units.”! Such a sequence was designed on the basis
of the following considerations:

(a) Since the interaction of H and thrombin is merely
electrostatic, a negatively charged ABD could also serve as
a TBD, and this feature should simplify the synthetic route.

(b) The problem of the relative position of the two do-
mains could be circumvented, since a continuum of ABDs
would necessarily display their appropriate relative orien-
tations (Figure 12, c).

Moreover, another point must be taken into account in
designing these types of molecules. As mentioned above, the
AT TII-ABD binding affinity is much stronger than that
of thrombin—TBD. Therefore, a continuum of ABDs
would bind AT IIT with high affinity and prevent the ef-
ficient interaction of the saccharidic chain with thrombin.
To achieve the desired dual anti-Xa and anti-thrombin ac-
tivities, a fine-tuning of the two distinct binding events is
required, i.e., the affinities of the complexes AT III-ABD
and thrombin—TBD must have the same order of magni-
tude. This requirement could be accomplished by selecting
ABDs with reduced affinity for AT III, i.e., those falling in
the same micromolar range reported for thrombin and H.
The authors envisaged that these ABDs with relatively low
affinity for AT III could be obtained by removing some of
the essential structural features of high-affinity compounds,
leading to a simplified synthetic strategy. Taking the high-
affinity pentasaccharide 32 as the reference compound, they
argued that hexasaccharides composed of a single repeated
disaccharide unit should display a lower, but still signifi-
cant, affinity for AT III, possibly in the micromolar range.
In particular, hexasaccharides 86—88 (Figure 15) were
selected as targets: compound 86 to assess the effect of a
third trisulfated D-glucose unit added at the nonreducing
end of the reference pentasaccharide, and symmetric com-
pounds 87 and 88, containing only D-glucuronic and L-idu-
ronic acid, respectively, to test the influence of the introduc-
tion of only one type of hexuronic acid residue. A great
advantage in the synthesis of all three hexasaccharides is
the use of a converging strategy where disaccharide building
blocks were prepared first and then repeatedly condensed
with each other by the imidate glycosylation procedure.[*°]
This approach turned out to be very convenient, especially
in view of the preparation of larger homologous fragments.
After deprotection and sulfation, the affinity of compounds
86—88 for AT III was determined and compared with that
of the reference pentasaccharide 32. Whereas hexasacchar-
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Figure 15. Structures of hexasaccharides 86—88

ide 86 still preserved a high affinity for AT IIT (demonstrat-
ing that the addition of a third trisulfated D-glucose unit
has only a slight effect on the recognition of AT III), com-
pound 87, containing only D-glucuronic acid, showed a dra-
matic loss of affinity.

In contrast, compound 88, with only L-iduronic acid, ex-
hibited the ideal binding properties, since its affinity for AT
IIT (K4 = 0.35 = 0.01 uMm) was very close to that reported
for H and thrombin (1 um). Moreover, 88 also displayed a
significant anti-Xa activity.

Having identified hexasaccharide 88 as a suitable ABD,
the challenge of synthesising larger homologous fragments
was faced by iterating the strategy employed to prepare 88
(Scheme 11).°71 Thus, glycosyl donor 89 was coupled with
the new glycosyl acceptor derived from cleavage of the levu-
linoyl group of the oligosaccharide obtained at the preced-
ing step. This stepwise addition of one disaccharide unit
was reiterated until a series of fragments, ranging from de-
ca- to eicosamer, was obtained. Each single oligomer was
deprotected and sulfated, providing oligosaccharides
90—95.

As expected, all the fragments showed very similar anti-
Xa activities. However, the 6-, 10-, 12-, and 14-mers, 88,
90—-92, respectively, were inactive in the thrombin inhi-
bition assay (because they were too short), whereas frag-
ments containing from 16 to 20 saccharide units elicited
anti-thrombin activity in a size-dependent manner (the
eicosamer 95 was half as potent as standard H).
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Scheme 11. Iterative synthesis of oligomers 90—95 from donor 89

An important outcome of this study was to establish that
H fragments shorter than 15—16 saccharide units are un-
able to display dual anti-Xa and anti-thrombin activity.
However, compounds 93—95 cross-reacted with PF4 and
they activated platelets in the presence of plasma from HIT
patients. Therefore, new classes of related molecules, pos-
sessing two distinct binding domains, were explored.

A first improvement was achieved with the synthesis of
hexadecasaccharide 96,81 which was synthesised according
to strategy A (Figure 16), leading to molecules composed
of three distinct domains. The D-glucose derivative (unit D)
at the nonreducing end was embedded into the selected mo-
lecular spacer and added during the glycosylation step with
the EFGH portion of the ABD. Next, a suitably protected
sugar chain was attached to the nonreducing end of the
molecular spacer to act, after deprotection and O-sulfation,
as a TBD. The assembly of compound 96 was achieved by
using a permethylated polymaltose chain as a neutral mo-
lecular spacer and persulfated maltotriose as the TBD.
Moreover, the AT III binding domain of 96 was closely re-
lated to pentasaccharide 32, except for the 6-OMe groups
in units F and H in place of sulfate groups. The analysis of
the biological properties of compound 96 allowed import-
ant information to be gathered. First, the replacement of
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the flexible polyethylene glycol spacer (used in conjugates
67—85) with a rigid polymethylated polyglucose spacer en-
hanced the anti-thrombin activity, as expected. Moreover,
thanks to the lower charge density and to the rigidity of the
spacer, the neutralization by PF4 of 96 was considerably
reduced, by a factor of 20 in comparison with standard H.
In two subsequent papers, Petitou et al. reported the syn-
thesis of new oligosaccharides composed of an odd number
of saccharide units. First, the preparation of pentadeca-
(98a), heptadeca- (98b) and nonadecasaccharides (98c) was
described®%°1 according to strategy B of Figure 16. Ac-
cording to this approach, the final molecule contains only
two distinct blocks: an ABD pentasaccharide and a hom-
ologous sugar chain including both the TBD and the mo-
lecular spacer. The two blocks are assembled in two steps.
First, a portion of the sugar chain terminating with unit D
at the reducing end is condensed with EFGH tetrasacchar-
ide, completing the AT III binding domain. Next, the TBD/
spacer chain is elongated up to the desired length. Com-
pounds 98a—c contained pentasaccharide 32 as the ABD,
elongated at its nonreducing terminus by oligomers of 3-O-
methyl-2,6-di-O-sulfo-D-glucose with alternating o- and f-
(1—4) linkages. This sequence was chosen to mimic the
charge density of the regular region of H (it bears two nega-
tive charges per saccharide unit), but at the same time it
allowed a great simplification of the chemistry. Addition-
ally, the definitive experimental proof of the correct orien-
tation of the AT III and thrombin binding domains was
obtained only by a direct comparison between H mimetics
having the same ABD and TBD, but differing for their rela-
tive arrangements. Therefore, also octadecasaccharide 99,
containing the TBD linked at the reducing end of the ABD,
was synthesised by applying the same strategy described for
compounds 98a—c.

The affinity for AT III and anti-Xa activity were very
similar for compounds 98a—c and 99. Moreover, 98a—c in-
hibited thrombin in a size-dependent manner (98¢ was as
potent as the most active fraction isolated from standard
H), but they were also neutralised by PF4. In contrast,
mimic 99 was shown to be a very poor inhibitor of throm-
bin, confirming that the TBD must be located at the nonre-
ducing end of the ABD to obtain efficient inhibition of
both thrombin and factor Xa. This work allowed also the
definitive establishment that the minimal H sequence to ob-
serve both thrombin and factor Xa inhibition must include
fifteen saccharide units (see 98a). However, since pentade-
casaccharide 98a, which is the smallest fragment able to dis-
play the full anticoagulant properties of H, still interacts
with PF4, the only remaining possibility to avoid this side
effect is to reduce the charge of the molecule, the second
parameter governing nonspecific interactions of H. There-
fore, heptadecasaccharide 97 (Figure 16) was syn-
thesised,!'%! according to strategy A, with the following fea-
tures: (a) the usual high-affinity pentasaccharide 32 was in-
cluded as the ABD; (b) the ABD was first elongated by
a neutral hexasaccharide comprising alternating a- and B-
(1—4)-linked 2,3,6-tri-O-methyl-D-glucose residues; (c) fi-
nally, a TBD comprising six units of 3-O-methyl-2,6-di-O-
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sulfo-D-glucose with alternating a- and B-(1—4) interglyco-
sidic bonds was anchored at the nonreducing end of this
molecular spacer. The biological activity of 97 was com-
pared with that of compound 98b to assess the effect of the
diminished charge density. Saccharide 97 was shown to be
an extremely potent anticoagulant molecule, inhibiting both
factor Xa and thrombin. Most importantly, compound 97
was not neutralised by PF4, even when added at a very
large concentration (100 pg mL~"). However, the synthesis
of molecules like 97 still requires a great number of elabor-
ate steps, hampering an efficient scale-up for further drug
development. Therefore, the possibility of uniformly
decreasing the charge density along the chain was investi-
gated by using a lowly sulfated sequence composed of a
repetition of a-linked 2,3-di-O-methyl-6-O-sulfo-D-glucose
residues as the TBD. This approach led to the preparation
of three compounds, hexadecasaccharide 100a, octadecas-
accharide 100b, and eicosasaccharide 100c (Figure 16).[101]
In the TBD of compounds 100a—c, the single sulfate group
was located at the primary position of each D-glucose unit,
because it is easier to differentiate. The biological activities
of compounds 100a—c were determined: as expected, only
small differences in the affinity for AT III and in the inhi-
bition of factor Xa were observed for 100a—c. All three
oligomers are anticoagulants that are less potent than
standard H, but they showed a size-dependent thrombin
inhibition profile. Even more importantly, none of the syn-
thetic compounds was neutralised by PF4.

3.4 Synthesis of Fragments Involved in the Interaction with
Fibroblast Growth Factors

Another class of biologically relevant H/HS ligands in
the extracellular matrix are the fibroblast growth factors
(FGFs),l1921 3 family of potent growth-promoting and cell-
differentiating proteins!!®*l comprising 21 members, the
most studied of which are acidic FGF (FGF1) and basic
FGF (FGF2). Their low-affinity binding with H/HS is
thought to sequester them in the extracellular matrix, cre-
ating a reservoir of inactive FGFs that are released in an
active form when required.['%+193] More importantly, H/HS
also modulate the binding of FGFs with their high-affinity
receptors (the tyrosine kinase membrane receptors,
FGFRs) in the presence of divalent cations,!!l through a
mechanism whose elucidation is still under debate.!!%]

Experimental data suggest that FGF1 and FGF2 exhibit
different modes of activation and structural requirements
for the binding site on the H/HS chain.['97-198] In this area
of research, two main issues are controversial:

(a) The binding stoichiometry among H/HS chain, FGF
and FGFR. It seems widely accepted that FGFR activation
requires its dimerization, and this process is conceivably in-
duced by H-mediated cross-linking of FGFs.['9%119] Two
distinct kinds of FGF oligomers have been hypothesised: a
trans, sandwich-type dimer, with the H chain positioned at
the interface between two protomers (Figure 17,
a);[16:23.24. L1213 cjg oligomer, where two proteins are posi-
tioned side-by-side along two contiguous domains on the
H/HS chain (Figure 17, b).[113:1141 The two modes of associ-
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ation may depend on the length of the fragment, which is a
major determinant for the biological activity.[!'>] However,
the abundant experimental data have not yet provided con-
vincing evidence favouring either of the proposed models.
(b) The minimal binding domain, i.e. the minimal sulf-
ation pattern and the epitope length. It has been discovered
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that the specific binding motif towards FGF1 implicates the
trisaccharide IdoA(2-OS)-GIcNS(6-OS)-1doA(2-OS), which
is abundant in the regular regions, included in a longer frag-
ment.l''%1 However, determining the sulfation patterns re-
mains an open issue. Ornitz et al. reported contradictory
data that suggested that even the non-sulfated trisaccharide
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Figure 17. Distinct modes of H/HS-induced FGF oligomerization;
a) two FGF molecules are positioned trans with respect to the H/
HS chain, without contact between the two protomers; this kind
of dimer engages short H/HS domains, which are involved in the
binding of two sets of sulfate/carboxylate groups from opposite
sides of the helix; b) two FGF molecules are positioned cis with
respect to the H/HS chain; this dimer requires longer H/HS do-
mains, but engages the sulfate/carboxylate groups only from one
side of the helix; some amino acids of the two protomers are in-
volved in protein—protein contacts

GlcA-GIcNAc-GlcA-OMe is able to bind FGF1,['!7l while
Casu et al. showed that partially sulfated fragments, as
short as a tetrasaccharide, interact with FGF1.U''8] The
structural requirements of FGF2 are relatively simpler to
assess. It is well established that while 2-OS units are neces-
sary for the binding, 6-OS units are not, but they are re-
quired for the biological activity that is displayed only by
long fragments (deca/dodecasaccharides).[!'®~122] In 1993,
Lindahl et al. reported the pentasaccharide HexA-GIcNS-
HexA-GIcNS-IdoA(2-0OS) as the minimal sequence that is
able to bind FGF2.[123-1241 While the identity of the HexA
units still remained uncertain, the IdoA(2-OS) unit at the
reducing end of the domain was believed to be crucial for
the interaction. Other authors suggested that, in order to
exhibit an efficient binding towards FGF2, all the uronic
acid units of this sequence must be present as L-
IdoA [125.126]

The binding studies reported so far have relied almost
exclusively on H/HS fragments derived from the regular re-
gions of the polymer. On the other hand, as has been al-
ready mentioned, the availability of differently sulfated frag-
ments greatly aids in disclosing the specific sulfation pat-
terns of the epitopes. Very recently the biosynthetic genera-
tion of oligosaccharide libraries for the identification of
protein-binding motifs has been reported,['>”! while only a
moderate number of chemical syntheses of differently se-
quenced oligosaccharides as putative ligands towards FGFs
have appeared in the literature. The first fragments were
synthesised by Westman et al., who reported a series of sul-
fated and non-sulfated di-, tri- and tetrasaccharides, with
sequences that are widely occurring in HS domains, with
the aim of testing their binding abilities towards FGFs. The
synthesis started from disaccharide intermediates 101 and
102 (Scheme 12).[128]

Disaccharide 101 was coupled with both acceptor 103
and alcohol 102 providing, after removal of the protecting
groups and selective acetylation/N-sulfation, final com-
pounds 104—106.'>! According to a similar block pro-
cedure, disaccharides 107—110, 111a and 111p and trisac-
charide 112 were synthesised (Figure 18).

The biological tests performed on these fragments re-
vealed, surprisingly, that both trisaccharides 104 and 112
were able to bind FGF2 in a competitive manner with iodi-
nated H, and additionally they showed an even higher affin-
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Figure 18. Structures of disaccharides 107—111 and trisaccharide
112

ity in binding to FGF1. Also disaccharides 109 and 110 can
compete with H in the binding with FGF2, although less
efficiently. These results suggest that non-sulfated HS do-
mains also are able to interact, to a certain extent, with
these proteins.['13-117]

After these preliminary results were reported, the efforts
of other research groups have been directed mainly at the
development of synthetic approaches suitable for the prep-
aration of entire families of H/HS fragments, whose mem-
bers differ in some structural feature (e.g., in the configura-
tion of the uronic acid or in the sulfation pattern). In this
way, comparisons of the binding ability and/or the biologi-
cal activity displayed by the different members of each
series have allowed the elucidation of some structural re-
quirements for the binding motifs.

A modular approach mainly has been applied for this
purpose and various building blocks have been designed to
allow the preparation of the following oligosaccharide
series:

(a) Oligosaccharides differing in the configuration of the
HexA units (L-IdoA/D-GIcA).

(b) Oligosaccharides differing in the sulfation pattern.

(c) Oligosaccharides, belonging to the H regular regions,
differing only in fragment length.
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A family of type (a) was synthesised by Sinay et al.
Shortly after identifying the sequence HexA-GIcNS-HexA-
GIcNS-IdoA(2-OS) as a putative binding site towards
FGF2,[123:124 they began a project aimed at elucidating the
exact nature of the HexA units by performing the total
syntheses of the four possible pentasaccharide isomers
113—116 (Table 2).[130-131]

Table 2. Structures of pentasaccharides 113—116

R‘ ( oo
OH Ol OH

NHSO - OH NHso3 080,

113 H COO~ H COO~ IdoA-IdoA-IdoA
114 COO~ H H COO~  GlcA-IdoA-IdoA
115 H COO~ COO~ H IdoA-GlcA-IdoA
116 COO~ H COO~ H GlcA-GIcA-IdoA

The synthesis was performed using the five building
blocks 117—121 (Scheme 13). In the protecting group strat-
egy, the allyl group was used to mask the unique hydroxy
group that would be sulfated in the final products and the
levulinoyl ester was chosen to block position 4 of the HexA
units to allow the elongation from the nonreducing end of
the chain. Thus, acceptor 117 was coupled with donor 118,
providing trisaccharide intermediate 122. After removal of
its levulinoyl group, 122 was engaged in the condensation
with trichloroacetimidate donors 119 and 121 yielding,
after deprotection and 2-O-sulfation of the reducing L-IdoA
unit, target compounds 113 and 114. Likewise, pentasac-
charides 115 and 116 were obtained by applying the same
procedure to acceptor 117 and donor 120.

OAc

OMe
OBn O O
MeOOC7 1O OBn | BnO OTCA
MeOOC7_LO N3
117 HO OAll RO O 118: R = Lev
119: R = Ac
OR? OR? | R' R R®
R*O 0 .
R‘O-W%B%OTCA 120 [Lev Bz Bn
MeOOC N; 121 | Ac Ac Ac
OAc
Q
7 11 B0 ()Bnoﬁ)éﬁ AllO
MeOQOC7 1O Ns
O 40" “oMe
LevO QAc MeQOC O
removal of the levulinoyl 122
group (96%)
119, 5 steps 121, 5 steps
(31% o.y.) 25%0.y.)

pentasaccharide 113
IdoA-IdoA-IdoA

pentasaccharide 114
GleA-1doA-IdoA

Scheme 13. Synthesis of pentasaccharides 113—114
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Conformational analysis of the pentasaccharides revealed
that the L-IdoA conformation depends strictly on the posi-
tion it occupies in the pentasaccharide. Thus, while the non-
reducing end L-IdoA moiety (when present) is mainly in the
4C, form, the 'C4 conformer predominates in the central
unit, with 25% of the 2S,, form. Finally, the L-IdoA unit at
the reducing end is present almost exclusively as the 2S,
conformer. Biacore® analysis!!?®13% and in vivo tests per-
formed on these compounds showed that they are able to
antagonize iodinated H—FGF2 binding and to inhibit pro-
liferation of FGF2-induced human aortic smooth-muscle
cells (HASMC), with pentasaccharide 113 being the most
potent. These results confirmed previous findings suggest-
ing that the L-IdoA unit is the uronic acid mainly involved
in the interaction between FGF2 and HS.[125:126]

Soon after this report appeared, the same group investi-
gated a synthetic methodology that was still based on the
assembly of building blocks and applied it to the prep-
aration of tetra- and larger oligosaccharides corresponding
to the regular regions of H [oligosaccharides of type (c)].
Disaccharides 123—125 were chosen as the capping block,
the elongating block and the seeding block of the synthesis,
respectively (Scheme 14).[133] After the preparation of key
intermediate 126, derived from disaccharides 124 and 125,
in principle three options were possible: (a) a stopping step,
reprotecting the 4-OH group of the nonreducing L-IdoA
unit with a PMB group and applying the deprotection/sulf-
ation sequence leading to tetrasaccharide 127; (b) a termin-
ating step, coupling 126 with donor 123, eventually yielding
hexasaccharide 128; (c¢) a coupling with donor 124 for
further elongation of the chain. Binding and inhibition tests
performed on compounds 127 and 128 revealed that the
hexasaccharide efficiently antagonised iodinated H—FGF2
binding to HASMC and it was able to inhibit FGF-induced
proliferation of HASMC, with H as the reference com-
pound. Tetrasaccharide 127, although still active, exhibited
a markedly weaker efficiency. Once more, the length of the
fragment appeared to be the determinant for the efficiency
of the biological activity.

Our group was the first to devise two disaccharide build-
ing blocks (compounds 4 and 5, Figure 3) for the prep-
aration of a family of type (b), with the aim of ascertaining
the role of the 6-0O sulfate group of the D-GIcNS unit in the
binding with FGFs.42]

The first two members of the series, disaccharides 6 and
7 (Figure 3), were first prepared to validate the synthetic
procedure. These two H-like fragments, although unable to
bind FGFs, could be helpful standards for conformational
analysis. They have also been reported as the minimal H
motif recognised by platelets.!*¥ Building block 4 was then
manipulated to afford donor 129, while disaccharide 5 pro-
vided donor 130 and acceptors 131 and 132
(Scheme 15).1133]

Coupling between glycosyl acceptor 131 and donors 129
and 130 gave fully protected tetrasaccharides that, after
sulfation and removal of the protecting groups, yielded tar-
get oligosaccharides 133 and 134, respectively (Scheme 16).
Likewise, donor 130 was coupled with acceptor 132 to
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124 + 125 Building-blocks: OAc OAc
. 0 0 0 0
1) glycosylation OBn | BnO OTCA OBn | BrO
2) removal of MeOOC7]0 N MeOOC-7 0 Ny
levulinoyl group (82% o.y.) X OMe
RO OAc  123:R=PMB HO OAc 125
OAc 124: R = Lev
Q .
0B B0 ACO _ o
MeOOC-70 N, ¢ OAc stop[ﬂ?mg 1‘7race:s:s , o o
0 o 0O 1) protection th PMB (86%) OH jHO 0s os
HO  OAc ‘ OBn B0 2) 4 steps (84% 0.y.)  NaOOC 71O SHNS
McOOC N o
126 OMe H()
NaOOC MIN
Lo 127
i elongating terminaling
1 process process . o8
, 124(81%) D123 (80%)  NaOOC

larger ohgomcrs 2)4 steps (46% 0.y.)

Scheme 14. Synthesis of oligosaccharides of the regular region of heparin

MeOOC
> OBn
2 steps O OTCA
4 ————e= BnO
(59% o0.y.) BnO O AcO 29
MeOOC
()Bn
M OTCA
2 steps ?
—— Ph~/- ﬂ 130
84% o0.y.)
MeOOC
5 — OBn
O__OAll
BnOM
2 steps HO AcO

131: R = Ac (85% 0.y.)

OR " 132:R=Bn(52% o0.y.)

Scheme 15. Synthesis of donors 129 and 130 and acceptors 131
and 132 from building blocks 4 and 5

glycosidation deprotection/sulfation

129 + 131 133
(50%) (90% 0.y.)
130 + 131 134
(63%) (93% 0.y.)
130 + 132 135
(62%) (86% 0.y.)
NaOOC
NaOOC O OH
0 O]l OSH 0 OPropyl
a0,SHN
07\4 7\0 0SONa | g g
HO~L7<d{ 0SO;Na
. 133 | SO;Na SO;Na
OR 34| H  SONa
135] H H

Scheme 16. Preparation of tetrasaccharides 133—135 from inter-
mediates 129—132

eventually provide compound 135.1'3% The binding activity
of these H-like fragments towards FGF1 was tested by Bi-
acore® analysis, NMR spectroscopy binding experiments
and MALDI-TOF mass spectrometry of the
oligosaccharide—protein complexes.l'!'8l Interestingly, both
compounds 133 and 134 contain the recently identified HS
binding  sequence  IdoA(2-OS)-GIcNS(6-OS)-IdoA(2-

3018 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0S).['161 Moreover, whereas the strong interaction of 133
primarly involves the GIcNS(6-OS)-IdoA(2-OS) disacchar-
ide moiety at its nonreducing end, all the residues appeared
to be involved in the weaker complex of compound 134.
Together, these results suggest that H/HS-induced dimeris-
ation of FGFI1 requires only one 6-OS unit per tetrasac-
charide. Actually, compound 135 revealed negligible ac-
tivity, while tetrasaccharides 133 and 134 interacted signifi-
cantly with FGF1. MALDI mass spectra revealed that both
compounds 133 and 134 induce oligomerisation of this pro-
tein, forming 2:1 FGF1—tetrasaccharide complexes.
Larger oligosaccharides containing the same sequence
and belonging to fully sulfated H domains were synthesised
by the group of Martin-Lomas, who applied the same
building block strategy following an n+2 convergent block
approach. The synthesis started from disaccharide precur-
sors 136—138, available from D-glucosamine and D-glucu-
rono-6,3-lactone (Figure 19).['3¢1 These compounds rep-
resent, respectively, the nonreducing end, the inner disac-
charide and the reducing end of the final oligosaccharides.
The assembly of these three building blocks and the follow-
ing deprotection/sulfation procedure provided hexasacchar-
ide 139 and octasaccharide 140. Conformational analysis of
hexasaccharide 139 revealed that it displays a helical con-
formation and that its L-IdoA units exist in fast equilibrium
between ' C, (slightly preferred) and 2S,, conformers, regard-
less of their position in the chain. Interestingly, these results,
when compared to those reported by Sinay et al. on penta-
saccharides 113—116 (Table 2), suggest that the sequence
of H fragments (L-IdoA-D-GIcN vs. D-GIcN-L-IdoA) can
strongly affect the conformational equilibrium of the L-
IdoA units. Also, the binding of Ca®* cations to this hexa-
saccharide was investigated, since the interaction of H with
several proteins, including FGFs and their receptors, is me-
diated by this cation.l"®19%1371 The results indicate that
specific Ca?* binding exists in the H chain without affect-
ing its overall helical structure, yet it affects the flexibility
of the oligosaccharide backbone.['3® The specific binding
site was revealed by further studies performed on disacchar-
ide model 141, which is readily available from 136, that
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showed that the Ca?>" coordinates the COO~, 2-OSO;~ and
HNSO;~ groups of the interglycosidic and iduronate ring
oxygen atoms and an apical water molecule.l'*1 Com-
pounds 139 and 140 were then tested for their activation
properties towards FGF1.l%9 While octasaccharide 140
gave results equivalent to those of H in activating the my-
togenic signal, hexasaccharide 139 was less efficient. Quite
surprisingly, sedimentation experiments showed that the ac-
tive form of FGF1 is a monomer, suggesting that FGF1
dimerisation is not a prerequisite for FGFI-induced sig-
naling.

MeOOC

o > OBn MeOOC OB
N, 0 "
BnO H/Xﬁ B 07\u) 0., i
R'O—£7~0 OTDS O Ly PivO
JZOR_ ph 027 O ‘
R R2 138 (reducing end)
136 Bn Ac  (non reducing end)
137 | CHPh CHPh (inner regions)
COONa
o SHNOX OHO SHNO
SO
09
NaOOC.
OH
N ‘o
HO
Ho\j*o OiPr 141 (7 steps from 136)

Figure 19. Synthesis of oligosaccharides 152—154 from building
blocks 149—151; iPr = isopropyl; TDS = thexyl dimethylsilyl;
Piv = pivaloyl

To validate this hypothesis, partially sulfated fragments
142 and 143 were synthesised from disaccharide precursor
137 (Scheme 17).[141 These two fragments were designed to
display the charged groups only on one side of their helical
structure and, in principle, they should give only a mono-
meric complex with FGF1. Preliminary results indicated
that hexasaccharide 142 displays significant biological ac-
tivity and, thus, demonstrates that even a 1:1 complex be-
tween FGF1 and an H fragment can induce mitogenesis.

3.5 Synthesis of Fragments Involved in the Interaction with
Platelet Cells

As mentioned above, there are a number of undesired
side effects related to the administration of H as an antico-
agulant. Among them, H-mediated platelet aggregation
causes an increasing of the binding of fibrinogen to plate-
lets, with paradoxical, pro-thrombotic effects as a conse-
quence. This change of the platelet function is due to the
binding of H to platelet-surface integrin oypPs.['*?! This
binding is saturable, specific and reversible, as determined
by inhibition studies,['43! and bears many of the character-
istics of an integrin-dependent process. Moreover, it has
been shown that the pro-thrombotic effect is independent
of the interaction of H with platelet-secreted H-binding
proteins, such as fibronectin, thrombospondin or PF4. To
develop more efficient and safer H-related anticoagulant
drugs, the molecular basis of these interactions must be bet-
ter defined. During the last decade, Suda et al. pursued a
program in this direction.!* Preliminary studies per-
formed on partially depolymerised H suggested that the in-
teraction with platelets is molecular weight dependent. The
binding is mainly ionic in nature and it seems not to involve
a specific sequence on the H chain, even if pentasaccharide
DEFGH is able to interact with platelets. More importantly,
the same studies suggested that the disaccharides GIcNS(6-
0OS)-IdoA(2-0S) and GIcNS-IdoA(2-OS) appear to be cru-
cial for the binding to the platelet surface.['*" The authors
observed that the binding potency is related to the number
and frequency of these fragments along the H chain, and
claimed the existence of a clustering effect on binding. The
first prediction was confirmed through the chemical syn-
thesis of the model disaccharide 144 (Figure 20),1'*3! which
showed decreased platelet-binding affinity when compared
to commercial H, but exhibited higher affinity than com-
pound 145, which contains the same charge density and is
obtained from H digestion with heparinase I. This feature

NaOOC o OyNa
NaSO, N OMe  NaOOC OX/“\;
HO >\O NaSO;HN opf
()S();Na
0903Na OSONa 145

Figure 20. Structures of disaccharides 144 and 145

NaOOC NaOOC NaOOC
Building block 19 steps HO o o R o o
—— SHN IIN
137 HO 0 o HN 0iPr
\o \0 \o
\ 23 steps oH 0s OH
NaOOC NaOOC NaOOC NaOOC
O gNO OH ) 0 1O 0 HO 0 O
SHN \ HO—._ SHN IIN
HO >\47/ O o 0 o “N OiPr
?\0 HO \0 \ \‘)
os OH os oIl

Scheme 17. Synthesis and structure of oligosaccharides 142 and 143

Eur. J. Org. Chem. 2003, 2999—3024 WWw.eurjoc.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3019



MICROREVIEW

L. Poletti, L. Lay

is a clear indication that the unique disaccharide sequence
of 144 is involved in specific H-platelet interactions.

The presumed clustering effect was next examined with
the synthesis of compounds 147, 148 and 150
(Scheme 18).1461 Compounds 147 and 148 contain two and
three units of the key disaccharide, respectively, connected
in a tail-to-tail orientation, whereas in 150 the same two
units are connected head-to-tail. Disaccharide 146 was the
key precursor of 147 and 148. Two units of 146 were cou-
pled with ethylenediamine, eventually providing 147. Like-
wise, three units of 146 were coupled with diethylenetriam-
ine to afford 148. Finally, compound 150 was prepared
from disaccharide 149 equipped with an ethanolamine
spacer. The coupling of 149 with 146, followed by sulfation
and deprotection, gave the head-to-tail oligomer.

MeOOC
OBn
0”7\
BnO 2 X/OW
1
HO,CCH,0 o OAc
OAc 146
\ FLN[(CH,NHI,H - n=1,2
\ 6 steps
NaOOC -
_OH BN
NaSO;HNG  \OU _ome Gt
HO
NH—OCCH,0 d 0SO;Na or /N
0SO;Na |
« H?)? (C{-Iz)z
IIN—- @ HN— R )
147: n =1 148: n =2
(35% o0.y.) (25% 0.y.)
MeOOC
O(CH,),NH
Bno /i ( 7)7 2
MeO O OAc
steps
OAc \146
NaOOC

OH

. 0" N¢
O &mcm)zm«@
MeO 0 080;N

0SO;Na 150 (20% o.y.)

Scheme 18. Synthesis of conjugates 147, 148 and 150

The platelet-binding activities of compounds 147, 148
and 150 were compared with those of commercial H and
synthetic disaccharide 144. All the oligomers showed a sub-
stantial binding affinity for platelets, although weaker than
H. Interestingly, compound 148 exhibited a higher binding
activity than 147, which, thus, indicates the role of the clus-
tering effect. Moreover, the relative arrangement of the two
disaccharide units has a great influence on the binding
properties, since compound 150 is significantly more active
than 147.

In the approach described above, the synthesis of each
individual oligomer required first the preparation of the
suitably protected disaccharide, followed by the assembly
step and finally by sulfation and deprotection to give the

3020 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

target compounds. In view of the preparation of more com-
plex oligomeric compounds, a new and more flexible strat-
egy was highly desirable for assembling “pre”’-formed sul-
fated and deprotected oligosaccharides. With this purpose
in mind, an efficient method was developed for the as-
sembly of functionalised oligosaccharides by reductive am-
ination with diverse linkers containing aromatic amino
groups!'47! and it was applied to the synthesis of com-
pounds 154, 155 and 157.1'48] The first compound prepared
was the sulfated trisaccharide 151 (Scheme 19), which con-
tains an additional p-glucose moiety at the reducing end of
disaccharide 144.

This trisaccharide provides the aldehyde function for the
reductive amination step, and it also acts as the hydrophilic
spacer in the conjugated molecule. The conjugation of 151
with the amino linkers was accomplished as illustrated in
Scheme 19. Compound 151 was incubated with divalent lin-
kers 152 and 153 at 37 °C (pH = 3) in the presence of
NaBH;CN to afford dimers 154 and 1585, respectively. Like-
wise, the incubation of 151 with the trivalent linker 156 gen-
erated the trimeric compound 157. The platelet-binding ac-
tivities of 151, 154, 155 and 157 were assessed in a competi-
tive binding assay in comparison with commercial H. An
enhancement in the binding affinity was observed with re-
spect to the number of GIcNS(6-OS)-IdoA(2-OS) residues.
As a matter of fact, trisaccharide 151 was almost inactive,
whereas the trimeric conjugate 157 showed the highest ac-
tivity, which, thus, confirms that a multivalent effect is in
operation.

As mentioned above, synthetic pentasaccharide 25 (the
ABD in H) binds efficiently to platelets, although it does
not contain the key fragment GIcNS(6-OS)-IdoA(2-OS).
This finding stimulated the synthesis of various fragments
of this pentasaccharide aimed at identifying putative novel
sequences responsible for the platelet-binding activity. Pre-
vious studies had shown that a tetrasaccharide containing
the nonreducing portion DEF of 25 was unable to bind
platelets. Therefore, the synthesis was focused on the reduc-
ing end FGH trisaccharide 159, on its partially desulfated
derivatives 160 and 161, and on its disaccharidic compo-
nents 158 (FG) and 162 (GH, Figure 21).1!4°]

To obtain the desired sulfation pattern in the final com-
pounds, specific protection was required at position 6 of
unit A and position 3 of unit ¥ Among the synthesised
fragments, only trisaccharide 159 exhibited a distinct bind-
ing activity towards platelets in a competitive assay using
commercial H and pentasaccharide 25 as reference com-
pounds. This finding led to the conclusion that the sequence
FGH of 25 is a high-affinity domain for platelets, and sug-
gests that of this fragment, combined with a clustering ef-
fect of GIcNS(6-OS)-IdoA(2-0S), is responsible for the
binding of H to platelets.

3.6 Synthesis of Fragments Involved in the Interaction with
Lipoprotein Lipase

Besides the anticoagulant and antithrombotic activity,
heparin also exerts a lipolytic activity through its interac-
tion with lipoprotein lipase (LpL). This enzyme catalyses
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Scheme 19. Synthesis of conjugates 154, 155 and 157
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Figure 21. Structures of di- and trisaccharides structurally related to the FGH portion of pentasaccharide 25

the hydrolysis of triacylglycerols in circulating lipoproteins.
It is located in the vascular endothelium, noncovalently
bound to cell-membrane HS, and it is displaced and re-
leased in circulation by H. H is not only able to release
LpL, but also epathic lipase, causing an increase in choles-
terol levels as a side effect in H-treated patients.!>% The
lipase-releasing activity is correlated to the molecular
weight and the charge density of the polysaccharide
chain,['31-1521 and a regularly sulfated H/HS decasaccharide
sequence has been reported as the shortest fragment able to
bind LpL strongly.'>31 Exploiting the synthetic method-
ologies developed in the preparation of H analogues with

Eur. J. Org. Chem. 2003, 2999—3024 WWw.eurjoc.org

antithrombotic activity, Petitou et al. synthesised decasac-
charide 163 (Scheme 20) to investigate whether a well-de-
fined synthetic mimic could release this enzyme from its
endothelium compartment,!>¥ since it maintains the charge
density and the correct conformation of the natural decas-
accharide fragment.

Its synthesis was performed starting from disaccharide
164,74 through an n+2 block strategy and applying stand-
ard deprotection/sulfation protocols. Decasaccharide 163 is
able to release lipase activity, although with less efficiency
than H. The synthesis of the H mimic 163 provided a suit-
able approach to study the H—lipase interaction through
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Scheme 20. Retrosynthesis of an H mimic, decasaccharide 163

well-defined fragments, and allowed elucidation of the
structural features (length, number and position of the sul-
fates) for the lipase-releasing activity of H.

4. Summary and Outlook

H/HS are biologically relevant biopolymers, able to inter-
act with a multitude of proteins, with a degree of specificity
ranging from merely ionic to extremely specific in nature.
Actually, the only case of a highly specific interaction that
is clearly defined, and which is the most deeply studied so
far, is with blood coagulation factors, but the importance
of the recognition of other proteins is strongly emerging.
The chemical synthesis of H/HS oligomers plays a dual cru-
cial role. First, it is an important tool in revealing the sites
in chains of natural H/HS that are responsible for the recog-
nition of proteins. In addition, only synthesis allows for the
specific modifications to be made that are required to
modulate the biological activity of the distinct domains.
The arsenal of synthetic methodologies in carbohydrate
chemistry has increased significantly in recent decades and
it enables the preparation of new biologically active H/HS
fragments, but the high degree of functionalization, coupled
with the heterogeneity of these polymers, continues to make
H/HS fragments challenging synthetic targets. However, the
enormous interest raised by the multifaceted biological
function of these polymers is stimulating the development
of new and versatile synthetic approaches towards these
complex molecules. Preliminary reports on some innovative
methodologies are described in this review, and their suc-
cessful application to the synthesis of tailored sulfated frag-
ments is expected in the near future.

Abbreviations: GIcN = D-glucosamine, HexA = unspeci-
fied hexuronic acid, GlcA = p-glucuronic acid, IdoA = L-
iduronic acid, S = SO;sNa*, TCA = CNHCCI; (trichlo-
roacetimidate), Ac = acetyl, All = allyl, Bn = benzyl, Bz =
benzoyl, Lev = levulinoyl.
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