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Heparin as a polyelectrolyte may exhibit cation-territorial or
site-specific binding, depending on the counterion. Thus,
while Ca?* binds specifically, Na* or Mg?* do so territorially.
We have explored the utility of computational methods that
combine the calculation of the interaction energy potential
with molecular dynamics simulation for the study of the cat-
ion interaction with 1. The computational procedure was de-
signed in order to provide an accurate calculation of the in-
teraction energy and to account simultaneously for the flex-
ibility of the charged heparin side chains. This procedure
was able to reproduce the behaviour of Na*, Ca?*, and Mg?*
suggesting that it was the combination of charge and size in

Ca?* that was responsible for its site-specific binding. Other
known characteristics of this interaction were also repro-
duced, as was the displacement of the iduronate conforma-
tional equilibrium. The interaction potential results allowed
the Ca?* binding site between consecutive glucosamine and
iduronate residues to be identified. A model disaccharide 2
was synthesised and its behaviour in the presence of Ca%*
was studied by NMR spectroscopy, confirming the location
of the cation binding site within the glucosamine—iduronate
disaccharide.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Heparin and heparan sulfate are sulfated glycosamino-
glycans (GAGs)["?! basically constituted of disaccharide re-
peating units of L-iduronic acid and D-glucosamine linked
by a-1—4-glycosidic linkages and typically containing sulf-
ate groups at positions 2 of the L-iduronic acid units and 2
and 6 of the D-glucosamine units. Heparin and heparan
sulfate interact with a number of extracellular proteins,
modulating their activity.! 7> These include the fibroblast
growth factors (FGFs), a family of signalling proteins that
activate a membrane receptor (fibroblast growth factor re-
ceptor or FGFR) by interacting with heparin and promote
intracellular signalling.>~3! Several of these heparin or
heparan sulfate protein interactions involve cations.[®”]
Both heparin and heparan sulfate are ionic polysaccharides
with specific physicochemical properties, due to their poly-
electrolyte nature.l®! It has been proposed that counterions
bind to polyelectrolytes either territorially or site-
specifically. Territorial binding involves long-range electro-
static interactions with the solvated counterion, which
becomes delocalised within a certain volume around the
polyion. Site-specific binding implies replacement of the
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counterion solvent coordination shell by the charged groups
of the polyion, yielding a spatially defined complex.¥! 'H
chemical shift, 2*Na relaxation, and NOE NMR spectro-
scopic data have shown that Na™, Ca?*, and Mg?" interact
with the low-pH carboxylic form of heparin through de-
localised, long-range electrostatic interactions. At higher
pH values, however, Na* and Mg>* continue to interact in
the same manner, but there is a site-specific contribution to
the binding of Ca?*.Pl These observations can be inter-
preted in terms of the existence of specific calcium binding
sites in the structure of these GAGs.
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Because of its physiological relevance, we have previously
investigated the interaction between Ca®>* and heparin with
the aid of the model synthetic hexasaccharide 1.'%! We ob-
served that the presence of Ca>* caused significant changes

1434—193X/02/0714—2367 $ 20.00+.50/0 2367



FULL PAPER

F. Chevalier, J. Angulo, R. Lucas, P. M. Nieto, M. Martin-Lomas

in some signals of the '"H NMR spectrum of 1, thus sug-
gesting some selectivity in the Ca?*—hexasaccharide 1 in-
teraction. The behaviour of 1 and Ca?" was explored by
molecular dynamics, and these calculations predicted that
some regions of the surface of 1 should interact specifically
with Ca?* but not with Na™. On this basis we proposed
three possible heparin Ca>*-binding sites, arranged within
a network of sulfate and carboxylate groups.['”) We have
extended these investigations and now report a quantitative
method based on the calculation of the cation interaction
potential for study of the cation—1 interaction.['!-!?] By this
method we have been able to improve the definition of the
main heparin calcium-binding site. Additionally, and in or-
der to provide additional experimental support for the
theoretical predictions, we have synthesised the disacchar-
ide GlcN-IdoA 2, containing just one of the three Ca®*-
binding sites proposed for 1 and incapable of displaying
polyionic properties, due to its reduced size. The effects of
the presence of Ca?>* on 2 were monitored by NMR, and
the cation interaction was modelled and compared with
that of 1. The changes in coupling constants observed upon
addition of Ca®" indicated that the disaccharide had an ap-
preciable affinity for this cation, detectable as a con-
sequence of an induced conformational change in the idu-
ronate ring.

Results and Discussion

The main interactions between heparin and ions are elec-
trostatic in nature and take place through the charged sac-
charide groups. These groups are located mainly on flexible
side chains, and the local shape of the surface therefore
changes dramatically with the orientation of these groups.
The plasticity of this system should therefore be carefully
considered. Bearing this problem in mind, we have previ-
ously used molecular dynamics as a “flexible” docking
technique that allowed the side chain conformational space
of 1 to be explored and its interaction with cations to be
evaluated.l' This approach, in spite of its simplifications,
was able to predict a stronger interaction for Ca®" than for
Na™ and to support experimental NMR spectroscopic data
such as chemical shift and line shape.'®) These results
prompted us to propose a preferred Ca>* binding site and
two secondary binding sites.'! This method, however, im-
plied the evaluation of the binding sites in terms of occu-
pancy along a MD trajectory, and it was difficult to quant-
ify the strength of the interaction for comparisons. Further-
more, it needed a careful adjustment of the dielectric con-
stant. We have now explored the utility of rigid body
docking methods, as implemented in the program GRID,!!]
to deal with this problem. Since these methods do not con-
sider the full flexibility of the partners, we used an ensemble
of structures obtained from MD simulations, which should
take account of the system flexibility.

The influence of the side chain conformation of 1 on the
interactions with Ca?>* and Na™ was explored first. The
representative ensemble used was composed of 32 struc-
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tures, which were constructed by combination of all the
possible values for significant torsion angles found in 1. The
choice of these critical angles and their values was based on
current knowledge of the heparin structure as well as on
our previous structural study of 1.1:13:14 It is well estab-
lished that iduronate residues in heparin exist in a con-
formational equilibrium between a chair 'C, and a skew-
boat %S form.['% Both 'C4 and 2S¢ iduronate conformers
were thus considered. On the other hand, the adiabatic en-
ergy maps of the glycosidic linkages between IdoA and
GIcN residues showed two subminima that were also pre-
dicted by molecular dynamics simulations,[!*!31 and so four
more possible conformers were also considered. The GlcN
o rotamer was fixed to gg, as we had previously deter-
mined, on the basis of coupling constants and NOEs, that
this was the more populated rotamer for 1.['%13 The rest of
the torsion angles that might influence the arrangement of
the charged groups were analysed by molecular dy-
namics.['¥] Since the torsion angles of the GlcN 6-O-sulfate
groups changed significantly in MD simulation, two differ-
ent orientations were also considered for them. The values
of the angles defining the IdoA-GIcN glycosidic linkages
and the orientations of GIlcN 6-O-sulfate groups (see Fig-
ure 1) were both taken from the more frequently visited tor-
sion angles in a previous MD simulation in the absence of
counterions."3!

The results were first analysed in terms of the most fa-
vourable interaction energy with Ca>* (Table 1), and it was
conclusively shown that GRID correctly predicted a higher
affinity of Ca?* for the iduronate !C4 conformer than for
the iduronate >Sg one. This is a well-known Ca?*-binding
effect on the iduronate conformational equilibrium assessed
by NMR.['Y] Regarding the influence of the glycosidic and
side-chain torsion angles, the higher interaction energy con-
formers had the same value of the x4 angle (Table 1, Entries
1, 5, 25, 29). This group of four conformers also had the
highest energy for the interaction with Na*. We interpreted
this observation as an indication of the importance of the
flexibility of the sulfate side chains on the interaction.

The interaction of 1 with Na* was then studied in order
to examine the NMR evidence mentioned abovel regard-
ing the different binding of this counterion as compared
with Ca?*. The interaction with Na* was extensively scre-
ened by the same ensemble as for Ca®* (Table 1). Although
the conformers with higher interaction energies had the
same geometries as with Ca®*, the differences in interaction
energy between them and the rest of the structures were
smaller than those found for Ca?" (Table 1). The standard
deviations of the interaction energies of the conformers un-
der consideration were 8.5 for Ca?" and 4.7 kcal-mol ! for
Na™. This smaller dispersion of the interaction energies
within the ensemble with Na™ was interpretable as a con-
sequence of better organization of the binding site for Ca>"
than for Na*. Thus, Ca?* achieved additional stabilization
due to a better complementarity, while the behaviour of
Na™ may reflect an unspecific electrostatic interaction.

Experimental evidence has shown that Mg?™, similarly to
Na™ and unlike Ca?", is territorially bound to heparin.[”l
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Figure 1. Torsion angles considered for the construction of the ensemble of structures used in the calculation of the cation interaction

energy and the values used

This observation suggested that the combination of cation
charge and size was responsible for the site-specific binding
to heparin. The interaction potentials for Na*, Ca?*, and
Mg>" were thus calculated in order to study this feature.
The calculations were carried out with only one model of 1
for each of the 'C, and %S, conformers. These models were
constructed by relaxation in the presence of the correspond-
ing cation, using as the starting geometry that correspond-
ing with the best interacting conformers of 1 (Table 1, Entry
5 for 'C,4 conformer and Entry 6 for 2S, conformer). The
more favourable interaction energies for the '!C, and %S,
forms are given in Table 2. The interaction energies were
more favourable for Ca’>" than for either Na® or Mg>",
according to the experimental evidence.l’? All three cations
showed a preference for the 'C, form, but this was larger
for Ca?" than for Na* or Mg?>*. It is worth noting that
these results indicated that Mg?" was more similar to Na*
than to Ca" in spite of its charge. This agreed with those
experimental data that had been interpreted in terms of a
territorial type of binding for Na* and Mg?>* and a site-
specific binding for Ca>* !

Finally, the topologies of the regions displaying better in-
teractions with Ca?" were analysed. The topology re-
sembled that proposed on the basis of molecular dynamics
and NMR spectroscopic data for hexasaccharide 1 (Fig-
ure 2).['% The main sites for all three cations studied were
located between consecutive GIcN;, ;—IdoA; residues and
involved the 5-COO~ and 2-OSO;~ groups of iduronate
and the 2-NHSO;~ of glucosamine. The specificity of the
interaction was also evaluated by computing the volume of
the region of stronger interaction energy within an energy
window of 25 kcal'mol ! from the lowest interaction energy
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(Table 2).1'?1 Although the favourable interaction regions
were similar, the volume for Ca?* was smaller than those
for Na* or Mg?", which again were similar to each other
(Figure 3, Table 2). These results, like the dispersions of en-
ergy values among the conformers, pointed to stricter geo-
metrical requirements and higher specificity for Ca’>* bind-
ing than for that of Na* or Mg?*. This finding reproduced
the previous result from MD, in which, in a mixed experi-
ment, Ca?* ions were more localised than Na™ along the
trajectory in this type of site (Figure 2).['%

In summary, the calculations predicted that Ca®", in
comparison with Na* and Mg>", would have the highest
interaction energy with hexasaccharide 1, located in the
smallest volume, and would be more sensitive to conforma-
tional changes. These observations were in agreement with
a defined Ca?"-binding site suitable for both its charge
and volume.

In an attempt to gain additional experimental support for
the predictions from the above calculations, we synthesised
disaccharide 2 and investigated its Ca>"-binding properties
by NMR spectroscopy. Disaccharide 2 contained the min-
imum structural requirements for the main site-specific
binding previously proposed by us.['l The synthesis of 2
was carried out from 6-0-acetyl-2-azido-2,6-di-O-benzyl-2-
deoxy-D-glucopyranosyl trichloroacetimidate (3) and
methyl-3-0-benzyl-1-O-dimethylthexylsilyl-pB-L-ido-
pyranuronate (4), as indicated in Scheme 1. Glycosylation
of 4 with 3 took place regio- and stereoselectivelyl!*] to give
the corresponding al—4-linked disaccharide, which after
conventional benzoylation afforded compound 5 (70%, two
steps). The anomeric position of 1 was deprotected (85%)
and activated as the corresponding trichloroacetimidate 7
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Table 1. Maximum interaction energies [kcal-mol™!] calculated by
GRID for 1 conformers; some of the considered conformers has
severe steric interactions and were disregarded

Interaction energy Conformer
[kcal mol™!] [°]

Entry Ca?* Na* Iduronate ¥, W, %6 4

1 —86 —46 1C, —-35 —45 180 —100
2 —83 —45 So —-35 —45 180 —100
3 —-76 —40 1C, —-35 —45 180 100
4 —68 -37 So —-35 —45 180 100
5 —87 —47 1C, =35 =45 90 -100
6 —84 —46 So =35 =45 90 -100
7 —-76 —41 1C, =35 —=45 90 100
8 —68 —-37 So =35 —=45 90 100
9 — - 1C, 0 15 180 —100
10 —=77 —42 So 0 15 180 —100
11 —-75 —41 c, 0 15 180 100
12 —68 -37 So 0 15 180 100
13 — - 1c, 0 15 90 —100
14 — - So 0 15 90 -100
15 —-76 —41 1c, 0 15 90 100
16 —68 —-37 So 0 15 90 100
17 — - 1C, —-35 —45 180 -—100
18 — - 2So —-35 —45 180 —100
19 -75 —41 1c, —-35 —45 180 100
20 —68 —-37 2So —-35 —45 180 100
21 — - 1C, —-35 —45 90 -100
22 — - 2So -35 =45 90 -100
23 —-76 —41 1c, =35 —45 90 100
24 —68 —-37 2So =35 =45 90 100
25 -85 —46 1C, 0 15 180 —100
26 —83 —45 2So 0 15 180 —100
27 =77 —41 1C, 0 15 180 100
28 —68 -37 2So 0 15 180 100
29 —86 —46 1C, 0 15 90 -—100
30 -84 —46 2So 0 15 90 —-100
31 =77 —41 1C, 0 15 90 100
32 —68 -37 2So 0 15 90 100

Table 2. Most favourable interaction energies calculated for
minimised 1 with all iduronate residues in the 'C, and 2S¢ con-
formations, in kcal'mol™!; the volumes of the regions with the
highest interaction energies, up to 25 kcal'mol~! above the op-
timum, are given between brackets as percentages of the total vol-
ume considered around the hexasaccharide

Metal cation 1C, S,

Ca?t -954) —80 (4)
Na* —52 (23) —43 (76)
Mg+ ~50 (32) —45 (57)

(90%). The isopropyl glycoside 8 was then prepared (60%)
by treatment of 7 with isopropyl alcohol. Debenzoylation
of 8, followed by O-sulfation, afforded 10, which was cata-
lytically hydrogenated and N-sulfated to yield 2 (80%). The
interactions between 2 and the counterions were first invest-
igated by use of the calculation approach described above.
Two models, with the iduronate ring in the 'C4 and in the
2So conformations, respectively, were constructed with the
geometries that had given the optimum energy values in the
case of 1, and were further relaxed. The calculated most
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Figure 2. Most favourable Ca>" interaction regions in 1 (25 kcal
mol~! above the minimum) (top) and gositions of calcium cations
along a 9 ns MD trajectory (bottom)!"!

Figure 3. Structure of hexasaccharide 1 used for the calculation of
the cation interaction energy and the volumes of the regions of the
interaction potential within 15 kcal'‘mol~! above the lowest values
for: a) Ca®>*, b) Na*, and c) Mg>*+

favourable interaction energies with Ca®>", Na™, and Mg>"
are given in Table 3. Trends similar to those seen for 1 were
observed, Ca>" showing the strongest interaction energy.
Secondly, the more favourable region was located between
the glucosamine and iduronate residues, the same charged
groups were involved in the interaction, and the interaction
volumes were smaller for Ca®>* than for Na* (Figure 4).
The !C4 conformer again showed the highest cation affinity.
Comparison between the better results of 1 and 2 indicated
that calcium interacted more strongly with the hexasacchar-
ide. This could be explained in terms of the contribution of
medium- and long-range electrostatics present in the case
of 1, which may stabilise the complex.

Eur. J Org. Chem. 2002, 2367—2376
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Table 3. Most favourable interaction energies calculated for
minimised 2 with all iduronate residues in the 'C, and 2S¢ con-
formations (in kcal'-mol~')

Metal cation 1C, 2So
Ca’™" —60 =51
Na™* —33 —28
Mg?>* —33 -

The influence of Ca>" on the structure of the disacchar-
ide 2 was then investigated by NMR spectroscopy. Both
chemical shifts and coupling constants of the iduronate ring
were monitored in a Ca®" acetate titration of the sodium
salt of 2. In order to determine whether the observed shifts
were due to salt effects rather than to Ca?*-specific effects,
a parallel titration with sodium acetate was performed un-
der the same conditions. Sodium acetate, even in excess (15
mol-equiv.), did not produce any change greater than ex-
perimental uncertainty either in chemical shifts or in coup-
ling constants (Figure 5). Calcium acetate, in contrast, in-
duced changes in both chemical shifts and coupling con-
stants. Therefore, these changes should be attributed specif-
ically to Ca®>* binding rather than to changes in the ionic
strength. As these changes were small, their values were

Eur. J. Org. Chem. 2002, 2367—2376

Figure 4. Structures of disaccharide 1 used for the calculation of
the cation interaction energy and the volumes of the regions of the
interaction potential within 15 kcal'mol ™! above the lowest value
for calcium (right) and sodium (left) for 'Cy4 (top) and 2S¢ (bottom)

carefully calculated by full line-shape analysis of the spectra
(Table 4 and Figure 5).

The chemical shifts observed in the spectrum of the so-
dium salt of 2 and those of the corresponding units (A and
F units, Figure 1) in the sodium salt of 1 presented similar
values. The differences between the chemical shifts of the
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Table 4. "H chemical shifts for 1 and 2 as sodium salts and after addition of 12 mol-equiv. (for 1) and 5 mol-equiv. (for 2) of calcium in
D0 at 25 °C referenced to acetone; data for 1 are given for the three disaccharide units

2 Na 1 AB Na 1 CD Na 1 EF Na 2 Ca 1 AB Ca 1CD Ca 1 EF Ca
IdoA H-1 5.26 5.26 5.28 5.22 5.30 5.38 5.48 5.39
IdoA H-2 4.19 4.18 4.34 4.33 4.20 4.24 4.42 4.39
IdoA H-3 4.21 4.20 4.21 4.20 4.22 4.24 4.31 4.28
IdoA H-4 4.04 4.04 4.09 4.10 4.05 4.07 4.12 4.14
IdoA H-5 4.54 4.54 4.86 4.83 4.57 4.63 4.98 4.92
GIcN H-1 5.33 5.34 5.41 5.44 5.32 5.32 5.37 5.43
GIcN H-2 3.24 3.27 3.27 3.23 3.25 3.30 3.32 3.29
GIcN H-3 3.67 3.70 3.66 3.63 3.68 3.83 3.78 3.68
GIcN H-4 3.57 3.79 3.78 3.56 3.58 3.88 3.88 3.62
GIcN H-5 3.96 4.00 4.03 3.99 3.96 4.06 4.10 4.02
| A 3.55
Nﬂ H J\& M “ ' 4.501 3.50
W'JUL/ /NJLWM u V\M~ _,JUUL_JJLL . Jmu., 4.45 3.45
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Chemical Shift (ppm)

Figure 5. '"H NMR spectra (D0, 25 °C, pH* = 7.4, 500 MHz) of:
a) 2 in the presence of 5 mol-equiv. of calcium acetate; b) in the
presence of 15 mol-equiv. of sodium acetate, and c) 2 sodium salt

iduronate ring of 2 and those of unit A in 1 were smaller
than 0.01 ppm. The values for the glucosamine ring of 2
and those of unit F in 1 were also almost identical, with
the exception of H-1, which was closer to H-1 of unit B in
the spectrum of 1. The largest displacements on addition of
Ca?* were represented by H1 and H5 in the iduronate unit,
which were shifted downfield (0.04 and 0.03 ppm, respect-
ively). These were also the more perturbed protons in the
case of 1,1 although the observed downfield shifts were
larger (0.17—0.10 ppm for IdoA HI and 0.09-0.07 for
IdoA HS5) for the hexasaccharide.'! Also in common with
the hexasaccharide, the signal of the anomeric proton of
the glucosamine ring was shifted upfield. The chemical shift
vs. Ca?" concentration curves of 2 did not reach a plateau
even at 5 mol-equiv. of salt, and so it was not possible to
determine any binding constant. The behaviour of the
coupling constants J, ; and J; 4 for the iduronate unit upon
calcium titration corresponded to a neat titration curve
(Figure 6). This change in the coupling constant values,
which had been reported previously,!'-'#l was due to changes
in the population balance of the two conformational forms
of the iduronate ring towards the 'C, form.!'¥I The equival-
ence points for the curves were 1.2+0.7 and 1.23+0.03 Hz
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Figure 6. Variation of the significant 3Jy; j; coupling constants with
addition of calcium in Hz; solid line and left scale: 2-H/3-H, and
dashed line, right scale: 3-H/4-H

for Jy-p3 and Jyps.pg, respectively. From these values a dis-
sociation constant of 8.0 mM was calculated.

NOESY experiments were recorded both for the sodium
salt and in the presence of 5 equiv. of Ca®*, as well as at
certain points of the Ca®>"* or Na™ titrations. Several mixing
times were recorded and oNOF values for 2 sodium salt were
calculated from the growth rates of normalized cross-peaks.
These results were also similar to those found for the hexa-
saccharide 1, with the obvious exception that no contribu-
tion of anisotropy was observed. This was due to the spher-
ical molecular shape of 2, in contrast to the top rotor form
of 1.131 The changes observed in the presence of Ca’* were
mainly due to the displacement of the conformational equi-
librium of the iduronate ring, a decrease being observed in
the relative intensity of the NOE between the 2-H/5-H pro-
tons of this residue. The internal motion due to the iduron-
ate conformational equilibrium precluded quantification of
the distance of the NOE around the glycosidic linkage.

The ability of disaccharide 2 to interact with Ca’* cor-
roborated the main proposal for the binding site for hexa-
saccharide 1.1'% The differences in affinity between 1 and 2
could be attributed to the lower total charge of the disacch-

Eur. J. Org. Chem. 2002, 2367—2376
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aride. This was also manifested by the calculated interaction
energy, which was more favourable for 1.

Conclusion

Modelling techniques can provide valuable information
on cation binding properties of GAGs, by combining dy-
namic information together with accurate evaluation of the
interaction energy defining the most favourable binding re-
gions. The combination of MD simulations with cation in-
teraction potential calculations is able to reproduce some
known features of heparin—cation interaction, such as the
Ca?* preference for the 'C4 iduronate form['¥ as well as
the similarities between Na™ and Mg?* behaviour and their
difference from that of Ca’*.’! The site-binding observed
for Ca®>" might therefore reflect the existence of a specific
binding site suitable for both Ca>" size and charge, but not
for Na™ charge nor for Mg?" size. This binding site is con-
tained within the GlcN-IdoA disaccharide, in agreement
with the previously proposed Ca?" main binding site.['"]

The NMR study with 2 indicated that this model was
able to bind Ca>" and to reproduce some features of the
heparin—Ca?* complex, including the increase in the idu-
ronate 'C, conformer population. It should be noted that
the size of 2 prevented the occurrence of polyionic territor-
ial binding.®! However, the disaccharide interaction was
weaker than that of the larger homologue 1. This difference
may be explained by the loss of medium- and long-range
electrostatic interactions in the case of 2, or by entropic
contribution from a network of binding sites.[!"]

The reported modelling and NMR results, together with
the previous study of the hexasaccharide 1, strongly suggest
the presence of a Ca’>" binding site in heparin. The exist-
ence of this site might also be deduced from heparin devi-
ations from Manning polyelectrolyte “two-variable’ theory
in the presence of Ca?".39 According to our results, this
site should be located between adjacent GIcN;, | and IdoA;
residues corresponding to the optimum computed interac-
tion energy regions. This site is able to match the Ca*>* co-
ordinating shell through coordination of the COO~ and
OSO;~ groups of the iduronate residues and the HNSO;™
moiety in the glucosamine unit with the glycosidic and idu-
ronate ring oxygen atoms and an apical water molecule.
This square-bipyramid geometry involving an NH group
and a water molecule has already been found in protein
calcium complexes.['®) Finally, it should be stressed that
these results do not contradict possible Ca’>* delocalisation
among the binding sites through a charged groups net-
work.[1%]

Experimental Section

Computational Methods: The interaction energy surfaces were cal-
culated by using GRIDI!'!I and the corresponding cation as the
probe.'2l The spacings between the calculated points were 0.33 A,
the dielectric constants used were 20 for the ligand and 80 for the
water.  Three enthalpic components were considered:
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Lennard—Jones potential, hydrogen bond, and electrostatic poten-
tial. The calculated surfaces were analysed by using SYBYL,!']
representing the volume above the best interaction energy. The
structures used for calculation of the energy surface with the cat-
ions were constructed on the basis of previous MD results.['*l The
values of significant torsion angles were taken from the MD by
analysis of their distributions along the trajectory. Two subminima
were considered for the two IdoA-GlcN glycosidic linkages, to-
gether with three rotamers for the sulfate groups, as well as the two
iduronate conformers 'C4 and 2Sq. These values were introduced
into a previously minimised structure and used without further mo-
dification. Seven of the 32 initially constructed structures were dis-
carded due to high steric hindrance, and 25 rotamers were then
considered. The structures used for comparison of the interaction
energies with calcium, sodium, and magnesium were constructed
by relaxation of the adequate conformer by AMBER!8! 5.0 with
GLYCAM! carbohydrate parameters in the case of 1 without cat-
ions, or SYBYL!"7] and PIM[?% parameters in the other cases, by
500 cycles of steepest descent followed by 5000 of conjugate gradi-
ents or until lower than 1-1074,

NMR Measurements: The disaccharide 2 (4.5 mg) was carefully de-
salted, and the counterion was completely exchanged for Na™* with
DOWEX-Na exchange resin and dissolved in D,O (500 pL), with
traces of acetone serving as internal reference (5 = 2.225 ppm).
The '"H NMR spectrum was assigned with the aid of COSY-dqf,?!
TOCSY,??l and NOESY?3] experiments. The sample was titrated
by addition of small aliquots from a solution of calcium acetate at
pH* = 7.4 and the relative concentrations were checked by integra-
tion of the methyl signal of the acetate. The same procedure was
used for the sodium acetate titration. The chemical shifts and coup-
ling constants were calculated from full line-shape simulation of
the collected 'H spectra by gNMR.?* NOESY experiments for the
calculation of NOE cross relaxation rates were collected at several
mixing times (100—500 ms), and the relaxation rates were calcu-
lated from the intensity of the NOE peaks growth rate.[’

Synthesis

General Procedures: TLC analysis was performed on 60 F,s, silica
gel precoated on aluminium plates (Merck) and the compounds
were detected by staining with sulfuric acid/ethanol (1:9, v/v) or
with anisaldehyde solution (25 mL of anisaldehyde with 25 mL of
sulfuric acid, 450 mL of ethanol, and 1 mL of acetic acid) followed
by heating at 200 °C. Column chromatography was carried out on
60 silica gel (0.2—0.5mm; 0.2—0.063 mm; 0.040—0.015 mm;
Merck). Optical rotations were determined with a Perkin—Elmer
341 polarimeter. '"H and '3C NMR spectra were acquired with
Bruker DPX 300, DRX 400, and DRX 500 spectrometers, and
chemical shifts are given in ppm relative to TMS as indirect refer-
ence or relative to D,O. Elemental analyses were performed with a
Leco CHNS-932 apparatus, after drying of analytical samples over
phosphorus pentoxide for 24 h. Gel filtration (Sephadex LH-20
and G-25; Pharmacia) and ion-exchange chromatography (Dowex
50WX4 Na™; Fluka) were used to achieve the purification of the
final products. MALDI-TOF mass spectra were recorded with a
MALDI-TOF GSG System spectrometer.

Starting Materials: 6-0-Acetyl-2-azido-3.4-di-O-benzyl-2-deoxy-
a,B-D-glucopyranosyl  trichloroacetimidate (3)?%! and methyl
(dimethylthexylsilyl 3-O-benzyl-p-L-idopyranosyl)uronate (4)>7-2%]
were prepared according to literature procedures.
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Methyl [Dimethylthexylsilyl — 4-O-(6-O-acetyl-2-azido-3,4-di-O-
benzyl-2-deoxy-a-D-glucopyranosyl)-2-O-benzoyl-3-O-benzyl-f-L-
idopyranosyl] Uronate (5): TMSOTT (39 pL, 0.216 mmol) was ad-
ded under argon to a cooled (0 °C) solution of 3 (1.90 g,
4.32 mmol) in dry CH,Cl, (100 mL). While the reaction mixture
was stirred, a solution of 4 (2.48 g, 4.32 mmol) in dry CH,Cl,
(25 mL) was added dropwise. After 30 min, the mixture was neut-
ralised with saturated NaHCO; solution, and CH,Cl, (400 mL)
was then added at room temp. The suspension was washed with
H,O (250 mL). The organic layer was dried with MgSO, and con-
centrated under vacuum, the residue was purified by flash chroma-
tography (12:1, toluene/ethyl acetate) to obtain unchanged acceptor
(363 mg, 19%), and the disaccharide was directly dissolved in Py
(15 mL). Benzoyl chloride (4.1 mL, 35.21 mmol) was added, and
the solution was stirred at room temp. After 24 h, the mixture was
diluted with CH,Cl, (400 mL), washed with H,O (300 mL), dried
with MgSO,, and concentrated under vacuum. The residue was
purified by flash chromatography [toluene/ethyl acetate (12:1)] to
yield 5 (2.115 g, 51%). [a]fy = +18.0 (¢ = 1, CHCly); TLC [toluene/
ethyl acetate (12:1)]: Ry = 0.26. '"H NMR (500 MHz, CDCl5): § =
8.11—-7.22 (m, 20 H, Ph), 5.17 (br. s, 1 H, H'), 5.07 (br. s, 1 H,
H?), 4.84—4.74 (2 d, Jyem = 11.7Hz, 2 H, CH,Ph), 4.72 (d, J,/ > =
3.4Hz, 1 H, HY), 4.67-4.49 (2 d, Jyem = 10.7Hz, 2 H, CH,Ph),
448 (br.s, 1 H, H%), 4.38 (dd, Js ¢, = 1.8 Hz, Jg a6, = 12.4 Hz,
1 H, H®%), 4.30 (dd, Js ¢, = 2.3 Hz, 1 H, H®®), 4.23 (m, 1 H, H?),
4.07 (m, 1 H, H%), 4.01 (br. s, 1 H, H*), 3.96-3.87 (2d, Jgem =
10.7 Hz, 2 H, CH,Ph), 3.75 (s, 3 H, COOCHj;), 3.53—3.43 (m, 2
H, H¥, H*), 3.12 (dd, J,53 = 10.1Hz, 1 H, H*), 1.99 (s, 3 H,
OCOCH;), 1.56 [m, 1 H, CH(CH;),], 0.79-0.75 [4 s, 12 H,
C(CH3),, CH(CHj3),5], 0.25-0.13 [2 s, 6 H, Si(CH3),] ppm. 13C
NMR (125 MHz, CDCly): 8 = 170.6, 168.6, 166.5 (C=0),
137.8—127.7 (Ph), 99.6 (C'), 93.9 (CY), 79.8, 77.3, 75.6, 75.0, 74.8,
74.6, 73.4, 73.0, 70.0, 68.7, 63.72, 62.29, 52.2 (COOCH3), 33.9
[CH(CHs;),], 24.7 [C(CH3),], 20.8 (OCOCH3;), 20.1—18.3 [C(CH3),
and CH(CHs),], —1.9, —3.3 [Si(CH3),] ppm. MS-FAB: m/z = 976
[M + Na™]. C5;Hg3N3045Si (954.2): caled. C 64.20, H 6.66, N 4.40;
found C 64.47, H 6.64, N 4.24.

Methyl 4-0-(6-0-Acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-o-D-
glucopyranosyl)-2-O-benzoyl-3- O-benzyl-a,p-L-idopyranosuronate
(6): An excess of (HF),-Py complex (3.1 mL) was added to a cooled
(=10 °C) solution of 5 (1.067 g, 1.116 mmol) in dry THF (30 mL).
The mixture was then allowed to warm to 0 °C and stirred under
argon. After 24 h, CH,Cl, (200 mL) was added, and the mixture
was washed with H,O (2 X 100 mL) and saturated NaHCOj; solu-
tion (50 mL) until neutralisation. The organic layer was finally
dried (MgSO,) and concentrated in vacuo. Purification of the res-
idue by flash chromatography [hexane/EA (2:1)] gave 5 (800 mg,
88%) as a a/f mixture. TLC [hexane/ethyl acetate (2:1)]: Ry = 0.25.
'"H NMR (500 MHz, CDCls): § = 8.14—7.06 (m, 20 H, Ph), 5.45
(br. d, Jigon = 84 Hz, 0.5 H, H'%), 5.21 (br. d, Jigon = 9.0 Hz,
0.5 H, H'®), 5.06 (br. s, 1 H, H? @ and B), 4.91 (br. s, 0.5 H, H%),
491—-4.85 (m, 1 H, CH,Ph), 480—4.74 (2 d, Jg,= 11.5Hz, J =
11.7 Hz, 1 H, CH,Ph), 4.66—4.62 (m, 2 H, H",CH,Ph), 4.59 (br.
s, 0.5 H, HP), 4.47 (m, 1 H, CH,Ph), 4.37 (m, 1 H, H®#), 4.31 (m,
1 H, H?), 4.25—4.19 (m, 1.5 H, H®®, OHa), 4.01—3.82 (m, 4 H,
H¥, H*, CH,Ph), 3.64 (m, 0.5 H, OHB), 3.79 (s, 3 H, COOCHj; «
and B), 3.41 (m, 2 H, H¥, H*), 3.19 (dd, J,, = 3.7Hz, Jo3 =
9.2 Hz, 1 H, H%), 2.00 (s, 3 H, OCOCHj a and B) ppm. MS-FAB:
mlz = 834 [M + Na™]. C43HysN;Oy3 (811.8): caled. C 63.62, H
5.59, N 5.18; found C 63.22, H 5.95, N 4.94.

O-|Methyl  4-0-(6-O-acetyl-2-azido-3,4-di- O-benzyl-2-deoxy-a-D-
glucopyranosyl)-2-O-benzoyl-3-O-benzyl-a,B-L-idopyranosyluronate]
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Trichloroacetimidate (7):!'3 CI;CCN (593 pL, 5.90 mmol) and
K,COj3 (55 mg, 0.39 mmol) were added to a solution of 6 (320 mg,
0.39 mmol) in dry CH,Cl, (4 mL). After stirring at room temp. for
4 h, the mixture was filtered off and concentrated in vacuo, and the
residue was purified on a short silica gel column [hexane/ethyl acet-
ate (2:1)] to yield 6 (357 mg, 95%) as an o/} mixture. TLC [hexane/
ethyl acetate (2:1)]: R = 0.53 and 0.38 (B and «). 'H NMR
(500 MHz, CDCl3): 6 = 8.67 (s, 0.6 H, NHp), 8.64 (s, 0.4 H, NHa,),
8.13—7.10 (m, 20 H, Ph), 6.55 (br. s, 0.6 H, H'?), 6.29 (d, 0.4 H,
Ji, = 1.8 Hz, H'%), 5.43 (m, 0.4 H, H?%), 5.33 (br. s, 0.6 H, H?P),
5.00 (br. s, 0.4 H, H3%), 4.93—4.88 (m, 1 H, 1xX CH,Ph), 4.79—4.65
(m, 3.6 H, H>®, H", 1X CH,Ph), 4.52—4.46 (m, 1 H, 1X CH,Ph),
4.38—4.35 (m, 1.4 H, HS%, H3), 4.25-4.23 (m, 1.6 H, HS'>, H#),
4.15 (br. s, 0.4 H, H*), 4.03—3.88 (m, 3.6 H, H¥, H*, CH,Ph),
3.79—3.78 (2's, 3 H, COOCHj; o and B), 3.51—3.41 (m, 2 H, H¥,
H*), 3.23—3.19 (m, 1 H, H?), 1.99 (s, 3 H, OCOCHj; a and B)
ppm. C4sHysCIsN4Op3 (956.2): caled. C 56.52, H 4.74, N 5.86;
found C 56.17, H 4.98, N 5.79.

Methyl [Isopropyl 4-O-(6-O-acetyl-2-azido-3,4-di-O-benzyl-2-deoxy-
a-D-glucopyranosyl)-2-O-benzoyl-3-O-benzyl-a-L-idopyranosyl]
Uronate (8): Isopropyl alcohol (46 pL, 0.75 mmol) and TMSOTf
(50 uL of a 0.18 m solution in dry CH,Cl,) were added under argon
to a cooled (0 °C) solution of 7 (242 mg, 0.25 mmol) in dry CH,Cl,
(3mL). After 5 min, the mixture was neutralised with saturated
NaHCOs solution and diluted with CH,Cl, (100 mL). The suspen-
sion was washed with H,O (100 mL), and the organic layer was
dried (MgSO,) and concentrated in vacuo. The residue was purified
by flash chromatography [hexane/ethyl acetate (6:1)] to yield the a
anomer 7 (140 mg, 65%) and the B anomer (50 mg, 23%): [o]i =
+22.5 (¢ = 1.1, CHCI3). TLC [hexane/EA (3:1)]: Ry = 0.37. 'H
NMR (500 MHz, CDCl): 6 = 8.25—7.20 (m, 20 H, Ph), 5.28 (s, 1
H, HY), 5.12(s, 1 H, H?), 4.97 (d, 1 H, 1X CH,Ph), 4.89 (d, Js4 =
2.5Hz, 1 H, H%), 477 (d, J;,»» = 3.5Hz, 1 H, H"), 472 (m, 2 H,
CH,Ph), 437 (d, 1 H, 1X CH,Ph), 436 (dd, Js ¢, = 2Hz,
Jeaw = 12.5Hz, 1 H, H®?), 4.26 (dd, Js ¢ = 3Hz, Joaep =
12.0 Hz, 1 H, H®?), 414 (t, J3, = J34 = 2.5 Hz, 1 H, H?), 4.09
(m, 2 H, H% 1x CH,Ph), 4.00 [m, 3 H, 1xX CH,Ph, H%,
CH(CHs),], 3.77 (s, 3 H, COOCH3), 3.55 (t, 1 H, H?), 3.45 (t,
Jysy = Jys = 10Hz, 1 H, H¥), 3.19 (dd, Jy 3 = 3.5 Hz, J,3 =
10.0 Hz, 1 H, H?), 2.05(s, 3 H, OCOCHj;), 1.25—1.15 [m, 6 H,
CH(CH3),] ppm. 3C NMR (125 MHz, CDCly): & = 170.63,
169.90, 165.61 (C=0), 137.00—127.0 (Ph), 99.62 (C"), 97.29 (C"),
80.15 (C¥), 76.36 (C*), 74.86, 74.74 (CH,Ph), 73.38 (C%), 72.16
(C3), 70.48 (C%), 70.08 (CH,Ph), 68.27(C?), 67.46 (C>'), 63.73 (C®),
62.38 (C?), 52.39 (COOCHj;), 23.35 (OCOCH;) 21.47, 20.91
[CH(CH3),] ppm. MALDI-TOF MS: m/z = 876 [M + Na*], 892
[M + K*]. C46HsN303 (853.9): caled. C 64.77, H 5.97, N 4.92;
found C 64.06, H 6.12; N 5.04.

Isopropyl 4-0-(2-Azido-3,4-di-O-benzyl-2-deoxy-a-D-gluco-
pyranosyl)-3-O-benzyl-o-L-idopyranosiduronic Acid Sodium Salt (9):
A solution of 8 (84 mg, 0.09 mmol) in THF (9.2 mL) was treated
at 0 °C with hydrogen peroxide (30 wt% solution in water, 1.8 mL)
and LiOH (1.0 m, 2.35 mL), and the mixture was stirred for 6 h at
room temp. and was then cooled to 0 °C. MeOH (7.0 mL) and
NaOH (4 N, 2.35 mL) were then added, and the mixture was stirred
for 16 h and was treated with Amberlite IR-120 (H™") resin until
neutralisation, filtered, and concentrated under reduced pressure.
The residue was eluted through Sephadex LH-20 chromatography
column with CH,Cl,/MeOH (1:1) to afford 8 (60.4 mg, 89%).
[a]liy- = —0.6 (¢ = 0.5, MeOH). TLC [CH,Cl,/MeOH (10:1)]: Ry =
0.46. "TH NMR (500 MHz, [D4Jmethanol): § = 7.38—7.12 (m, 15
H, Ph), 530 (s, 1 H, HY), 5.03(s, 1 H, H"), 1.12 [m, 6 H,

Eur. J. Org. Chem. 2002, 2367—2376



The Heparin—Ca?" Interaction: Structure of the Ca®>* Binding Site

FULL PAPER

CH(CH,),]. MALDI-TOF MS: m/z = 716 [M + Na*], 732 [M +
K*]. C36Ha3N30,, (693.7): caled. C 62.33, H 6.20, N 6.06; found
C 61.93, H 6.38, N 6.17.

Isopropyl-0-(2-azido-3,4-di- O-benzyl-2-deoxy-6-O-sulfo-a-D-
glucopyranosyl)-3-0-benzyl-2-O-sulfo-a-L-idopyranosiduronic Acid)
Trisodium Salt (10): A mixture of 9 (53 mg, 0.07 mmol) and SO5-Py
complex (121.6 mg, 0.76 mmol) in dry Py (2 mL) was stirred under
argon. After 1 h, the mixture was cooled and MeOH (2 mL) and
CH,Cl, (1 mL) were added. The solution was eluted through Se-
phadex LH-20 with CH,Cl,/MeOH (1:1). Fractions containing the
disaccharide were concentrated and passed through Dowex
50WX4-Na* with MeOH/H,O (2:1), to yield 10 (56.8 mg, 82%).
o]y = —4.2 (¢ = 0.57, MeOH). TLC [EtOAc/Py/H,0/AcOH
(15:5:3:1)]: Re = 0.5. '"H NMR (500 MHz, [D4]methanol): & =
7.42—7.20 (m, 15 H, Ph), 5.26 (s, 1 H, H'), 5.08 (d, J;-»» = 3.5 Hz,
1 H, H"),4.80 (d, Js4 = 2.5Hz, 1 H, H%), 4.78 (m, 4 H, 2 CH,Ph),
4.62 (d, 1 H, 1X CH,Ph), 443 (s, 1 H, H?), 431 (dd, Js ¢, =
2.5Hz, Jga6 = 10.5Hz, 1 H, H®®), 4.14 (t, 1 H, H?), 4.18 (dd,
Js 6w = 0.5Hz, Jo,6b = 9Hz, 1 H, H®?), 4.08 (s, 1 H, H*), 3.92
[m, 1 H, CH(CHs),], 3.87 (m, 2 H, H¥, H¥), 3.64 (t, Jy 5 = Jy .5 =
9.5Hz, 1 H, H*), 3.41 (dd, Jy 3 = 3.5Hz, J,5 = 10.0Hz, 1 H,
H?), 1.24—1.19 [m, 6 H, CH(CH3),] ppm. '*C NMR (125 MHz,
[D4lmethanol): § = 172.5 (C=0), 138.00—127.2 (Ph), 97.63 (C!),
95.31 (C"), 80.24 (C*), 77.60 (C*), 74.84 (CH,Ph), 74.55 (C3),
71.46 (CH,Ph), 70.85 (C2, C3, C%), 70.26 [C>, CH(CH,),], 65.57
(C%), 63.76 (C?), 22.23, 20.53 [CH(CH3),] ppm. MALDI-TOF
MS: miz = 941.7 [M + Na*], 957.8 [M + K*]. C34H4oN3Na30,5S,
(919.8): caled. C47.0, H 4.35, N 4.57; found C 47.2, H4.72, N 4.31.

Isopropyl-O-(2-deoxy-2-sulfamino-6- O-sulfo-a-D-glucopyranosyl)-2-
O-sulfo-a-L-idopyranosiduronic Acid) Tetrasodium Salt (2): A solu-
tion of 10 (47 mg, 0.05 mmol) in MeOH/H,O (9:1; 1.5mL) was
hydrogenated in the presence of 10% Pd/C. After 24 h, the suspen-
sion was filtered and concentrated to give the desired product,
which was homogeneous by TLC analysis with EtOAc/Py/H,O/
AcOH (8:5:3:1) as eluent (R; = 0.26). No aromatic signal was de-
tected by NMR spectroscopy. This compound was directly used for
the N-sulfation. The hydrogenated disaccharide {TLC [EtOAc/Py/
H,O/AcOH (6:5:3:1)]: Ry = 0.6; 'TH NMR (500 MHz, D,0): § =
5.17 (d, 1 H, HY), 5.12 (s, 1 H, H'), 4.55 (s, 1 H, H?), 4.28 (d, 1
H, H®®?), 4.18 (s, 1 H, H*), 4.11 (m, 2 H, H®®, H%), 4.01 (s, 1 H,
H3), 3.94 [m, 1 H, CH(CH3),], 3.86 (d, Js»» = 9Hz, 1 H, HY),
3.65(t, Jy o = Jy g = 95Hz, 1 H, H¥), 345 (t, Jy5 = Jy3 =
9.5 Hz, 1 H, H*), 2.92 (dd, 1 H, H%), 1.13 [m, 6 H, CH(CH),]
ppm; 3C NMR (125 MHz, [D4]Jmethanol): 8 = 173.1 (C=0), 96.2
(C1), 93.8 (C), 72.9 (C3), 71.1 (C*), 71.0 [CH(CH3),], 70.9 (C3),
69.7(C%"), 68.3 (C*), 65.9 (C?), 65.8 (C*), 63.3 (C*), 54.1 (C?), 21.8,
20.2 [CH(CHs;),]} was dissolved in H,O (1 mL) and the pH of the
solution was adjusted to 9.5 with NaOH solution (1 N. SO5-Py
complex (30 mg, 5 equiv.) was added in three portions over 1 h and
the pH was maintained at 9.5 by subsequent addition of 1 N NaOH
solution. A fourth, fifth, and sixth portion of pyridine—sulfur tri-
oxide complex were added after 2, 4, and 6 h of stirring, respect-
ively. After 24 h, the mixture was neutralised to pH = 7 with 0.1 N
HCl solution and then chromatographed on a column of Sephadex
G-25 with 0.9% NaCl solution. The appropriate fractions were
pooled and passed through a Dowex 50WX4-Na* column with 0.5
M NaCl solution and then a Sephadex G-25 column with H,O/
EtOH (9:1). The fractions, which contained the final disaccharide
2, were lyophilised to give (23 mg, 80%). Before NMR studies, it
was useful to perform a final elution on a Dowex 50WX4-Na*
column in order to avoid the formation of calcium salts instead of
sodium salts and to obtain better resolution in the spectra. Disacch-
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aride 2: TLC [EtOAc/Py/H,O/AcOH (4:5:3:1)]: Ry = 0.55. 'H
NMR (500 MHz, D,0): § = 5.15 (m, 2 H, H",H"), 4.60 (s, 1 H,
H?), 4.16 (m, 2 H, H®, H?), 4.03 (m, 2 H, H2, H°®), 3.89 (s, 1 H,
H*), 3.83 [m, 1 H, CH(CHy),], 3.68 (d, Js.4 = 9.5Hz, 1 H, H),
346 (t, Jyp = Jy 4 = 10Hz, | H, H¥), 340 (t, Jy5 = Jy3 =
10 Hz, 1 H, H*), 3.06 (dd, J>; = 3Hz, J» 3 = 10.0Hz, 1 H,
H?), 1.02 [m, 6 H, CH(CH3),] ppm. '*C NMR (125 MHz, [D4]me-
thanol): & = 168.1 (C=0), 98.2 (C"), 97.1 (C"), 76.2 (C>), 74.0
(C*), 71.5 [CH(CHj3),], 70.0 (C3), 69.9(C>), 68.6 (C*), 66.3 (C?),
65.9 (C%,C%), 57.5 (C?), 21.8, 20.2 [CH(CH}3),]. MALDI-TOF MS:
milz = 748.2 [M + Na™], 764.8 [M + K*].
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