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To my Mother



By convention there is sweet, by
convention there is Dbitterness, by
convention hot and cold, by convention
color; but in reality there are only
atoms and the void.

Democritus



1.0 Introduction

“ - Dr. Howell, I have discovered antithrombin! - He smiled and said, - Antithrombin is
a protein, and you are working with phosphatides. Are you sure that salt is not
contaminating your substance? - | told him | was not sure of that, but it was a
powerful anticoagulant ”.

It was 1916 and Jay McLean, a second year medical student, accidentally discovered
the Heparin! The name was derived from cuorin (a cephalin isolated from heart) and
heparphosphatide (a cephalin isolated from liver).

The discovery of heparin was not followed by immediate practical use and only
twenty years later its clinical utility in the treatment of post traumatic venous
thrombosis of the lower extremities was recognized, by the Canadians Charles Best
and Gordon Murray. Jay McLean expired in 1957, dismayed and depressed with the
indifference devoted by the scientific community to its discovery and only several
years later the fact was recognized in a simple ceremony to testify its participation in
the discovery of a drug that promoted the progress and development of vascular and
cardiac surgery, the extracorporeal circulation, the haemodialysis, the organ
transplantation, the treatment and prevention of arterial and venous

thromboembolism and has been critical in more other fields in the modern medicine.
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1.1 Heparin

Heparin is a sulfated polysaccharide belonging to the family of glycosaminoglycans
(GAG) (1). The structure of heparin has been extensively investigated for more than
50 years, with the particular aim of unravelling the features associated with its potent
anticoagulant activity (2). The emerging interest in no anticoagulant properties of
heparin (3) and their therapeutic applications (4) has extended these studies in an
attempt to gain an understanding of the molecular basis and possible interplay of
different sequences. The present knowledge of structure and structure—activity
relationships of heparin has emerged steadily over the years. The regular sequences
in the prevalent product of heparin biosynthesis that constitute the majority of the
sequences of beef lung heparins used in several structural studies has long been
thought to be exclusively responsible for the anticoagulant activity. The discovery that
this activity is mainly dependent on an antithrombin (AT)-binding domain which is
present in only about one third of pharmaceutical grade heparin chains, and that this
domain is a specific pentasaccharide sequence, has led to the reappraisal of the role
of minor sequences in determining specificities of biological interactions of heparin.
Such a reappraisal has, in turn, been stimulated by an increasing interest in heparan
sulfate (HS), a structural analogue of heparin that plays important roles in a number
of physiological and pathological processes. Heparin thus accompanied HS into the
world of “new biology”, with the perception that distinct domains of both GAGs
preferentially bind proteins that modulate a number of physiological and pathological
processes (6).

A deeper elucidation of the structure and information on biological interactions of
both heparin and HS was made possible by the availability of structurally well-defined
heparin oligosaccharides obtained by chemical synthesis (7) and by developments of
methods for sequencing heparin/HS fragments (8). Developments in understanding
the structure—activity relationships of heparin are covered in several reviews (5,9-

13).
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1.1.1 Monosaccharide Residues

Like most of the GAGs, heparin is a linear polysaccharide constituted by alternating
disaccharide sequences of a uronic acid and an aminosugar. The uronic acid
residues of heparin are L-iduronic acid (IdoA) and D-glucuronic acid (GIcA), and its
only aminosugar is D-glucosamine (GIcN). Indeed, IdoA, GIcA and GIcN, together
with the minor components D-galactose (Gal) and D-xylose (Xyl) belonging to the
terminal of GAG chains linked to the peptide core of the original peptidoglycan, are
the only monosaccharide residues identified in purified heparins (2).

Whereas both |doA and GIcN residues are linked a-1,4 to the next residue in the
chain, GIcA is linked B-1,4. GIcN is prevalently N-sulfated in heparin, and N-
acetylated in minor sequences. Both the uronic acid (especially IdoA) and the
aminosugar bear O-sulfate groups in position 2 and 6 respectively. The formulas of

the most represented monosaccharide residues in heparin are shown in figure 1.

Major Residues
CH,0S07 (H)
oH*
S
0S07; (H) NHSOF **
ldoASOF GIcNSO;
Minor Residues
CO, CHLOH (S07)
0
_KoH Yo OH 0
OH (807 ) NHAG
GlcA GlcNAc

Fig 1 Monosaccharide components of heparin. Forms in parenthesis occur less frequently. Minor GIcN residues

bear a SO3 substituent (*), or a free NH2 group instead of a NHSO3 group (**) (see text).
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Heparin chains are made up of various combinations of these building blocks. As
schematized in figure 2, different sulfation patterns are unevenly distributed along the
heparin/HS chains, with less charged sequences mostly concentrated towards the
reducing side of the chains (R) and the most charged ones towards the non-reducing
side (NR), with mixed domains (NA/NS) in between the two regions.

The relative proportion of the different domains and the actual composition within the
same domains of heparins vary depending on the animal and organ source and, to
some extent, also on the purification procedures (14). Some of the heparin chains
terminate, at the R end, with the “linkage region” (LR) reminiscent sequence of the
attachment, through a serine (Ser) residue, to the peptide core of the original
proteoglycan (2). As a result of the limited cleavage by B-d-glucuronidases of GIcA—
GIcN linkages in the last step of biosynthetic modification of carbohydrate chains of
the heparin proteoglycan, the terminal residue on the NR end of heparin chains is
usually a GIcN (5). Depending on the extent of this latter modification and on its
possible erosion during manufacturing/purification processes, heparins from different

origins widely differ in their content in LR (see later).
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Fig 2 Schematic representation of a heparin chain constituted of N-acetylated (NA), N-ulfated (NS), and mixed
NA/NS domains also containing an antithrombin-binding domain (AT-bd). The chain is conventionally represented
as extending from its reducing (R) to its “nonreducing” end. In fact, its biosynthesis starts from the LR. Formulas
of major disaccharidic sequences within NS, NA/NS and NA domains and of the LR originally linked to the Gly-

Ser polypeptide core, are shown.

1.1.2 Major disaccharide Units

The composition of heparin is usually expressed in terms of their content in different
disaccharide units. As illustrated in figure 2, the major disaccharide repeating
sequences of heparin are those of the trisulfated disaccharide (TSD) IdoA2SOs -
GIcNSOs6S0s, which are concentrated in NS domains, where glucosamine residues
are prevalently N-sulfated. TSD units represent up to 60-75% of heparins obtained
from pig mucosa and up to 85% of heparins from beef lung (15,16). These relatively
long segments of “fully sulfated” (i.e., N-, 2-O-, and 6-Osulfated) disaccharide units
along the heparin chains are often referred to as constituting “regular regions” and
are the major contributors to the polyelectrolytic properties of heparin. Also 2-O-

sulfated GIcA residues have been identified in fully sulfated regions of heparin (17).
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Although rare components [less than 0.5% (w/w)], these residues may play important
functions (10,17).

As segments of a macromolecule, NS regions of heparin exclusively constituted by
TSD sequences should not be defined as copolymers of repeating disaccharide
units. In fact, the a-l configuration of IdoA residues involves a trans orientation of
pairs of TSD units and heparin should thus be referred to as a copolymer of
hexasulfated tetrasaccharide (HST) units, featuring arrays of three sulfate groups

(NSOs,2-0-S0s, and 6-0O-S0:s) that alternate on both sides of the chains, as shown in

figure 3.
HST
— —"'-Ah"'— —
o N
D
-~ s ~
/’ _
[ CH,050, NHSCZ}:3 080,
0
CD_
0 2 OND,
| NHSO% 05803 CH 0803
N Al

[GIcNSO4650; - 1doA2S0, - GIeNSO4650; - [doA20S0, Iy

Fig 3 Heparin as a poly-tetrasaccharide: major sequences in the NS region

The length of repeating TSD units along the heparin chains has been assessed only
in statistical terms and for a limited number of heparin types, mainly through size
profiling of oligosaccharides generated by cleavage of heparins oxidized with
periodate at the level of nonsulfated uronic acids (18,19). Without isolation and

sequencing of individual oligosaccharides, this analytical approach quantify only
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sequences made up of 2-O-sulfated disaccharide units and does not take into
account occasional 6-O-desulfated glucosamine residues. The length of repeating
“TSD” sequences in pig mucosal heparin corresponds to 4—12 disaccharide units
(18), with an average size of eight disaccharide units (19). As illustrated in Fig. 4, the
2-O-sulfated sequences are separated from each other by GlIcA-containing (less

frequently by IdoA-containing) sequences (see later) (18).

[TSD],_1p~ ~GlcA-GIENSO4-[TSD],_15~ ~IdoA-GIENSO5- [TSD],_{o-
(IdoA)

(GleA-GlcNAC)y_4 (GleA-GlcNACc), _y

Fig 4 Proposed distribution of disaccharide units along an average heparin chain (18). TSD, trisulfated
disaccharide. For simplicity, possible AT-binding and linkage regions are omitted. Arrows indicate possible

insertion of GlcA-containing units.

1.1.3 Undersulfated Sequences

As schematically illustrated in figure 2, minor undersulfated repeating units (such as
the monosulfated disaccharide (MSD) GIcA-GIcNSO3) are part of mixed N-
sulfated/N-acetylated, GlcA-containing NA/NS domains. The NA domain close to the
linkage region LR is prevalently constituted of nonsulfated disaccharide (NSD) GIcA—
GIcNAc repeating units. However, NA/NS regions may incorporate 2-O-sulfated IdoA
and 6-O-sulfated GIcNSOs/NAc residues, and some GIcN residues in the NA
domains are 6-O-sulfated. Heparins from different animal species and/or organs
significantly differ from each other in their degrees of heterogeneity as revealed by
disaccharide analysis (14) or NMR analysis of their sulfation patterns (20). The

relative contents of non-6-Osulfated glucosamine and non-2-O-sulfated iduronic acid
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of pig mucosal heparins are consistently different from those of beef mucosal
heparins (14,16,20). Also the extent of undersulfation associated with occurrence of
nonsulfated GIcA residues widely varies among different types of heparin, ranging
from a few percent of total uronic acids for beef lung heparins to up to 20% of pig
mucosal heparins (16,20). As illustrated in figure 2, nonsulfated GIcA (together with
N-acetylated GIcN) residues are prevalently (though not exclusively) concentrated in
NA and NA/NS regions. However, 2-O-desulfation of iduronic acid residues and 6-O-
desulfation of glucosamine residues is spaced out along the heparin chains (21).
Figure 5 schematically illustrates the concept that sulfation gaps associated with O-
undersulfation in the NS/NA and NS regions of heparin separate fully sulfated
sequences of different lengths. Due to the different requirements in terms of size of
fully sulfated sequences as effective ligands for most of the heparin-binding proteins
(5,10,12), different frequencies of sulfation gaps conceivably modulate the protein-
binding properties of heparins and heparin fractions.

A large number of heparin oligosaccharide fragments arising from the irregular
regions of heparin are listed in Ref. 5. The number of identified heparin/HS
oligosaccharides is steadily increasing (22-24). Recurrent patterns, such as the
trisulfated hexasaccharide IdoA(GIcA)2S0s -GlIcNSOs—IdoA—-GIcNAc—GIcA—-GIcNSOs,
have been identified in the low sulfated irregular region of pig mucosal heparin, the
underlined trisaccharide sequence being shared by a number of the isolated

oligosaccharides (25).
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Structure and Active Domains of Heparin

Fig 5 Idealized representation of heparin NS chains with 6-O- and 2-O-sulfation gaps (indicated by arrows)
spaced out along the chains. For simplicity, AT-binding sequences are not shown. Sulfation gaps determine the
length of “fully sulfated” segments made up of TDS sequences and modulate protein-binding and associated

biological properties of heparin.

1.1.4 Specific sequences

As illustrated in figure 2, some of the heparin chains contain a specific sequence
constituting the antithrombin binding domain (AT-bd). This sequence is the
pentasaccharide AGA*IA shown in figure 6, where the red star denotes a rare 3-O-
sulfated GIcNSOs residue. The figure also indicates the three sulfate groups that are
essential for high-affinity binding for AT (red rhombus), and underlines the fact that
the GIcA residue is also essential (half moon). The IdoA residue preceding the
pentasaccharide shown in the formula (yellow), though invariably present in natural
AT binding domains, does not contribute to the affinity for AT. Some natural variants
compatible with high affinity for AT (i.e., N-sulfation instead of N-acetylation of the
first aminosugar residue and 6-O-sulfation of the 3-O-sulfated residue) are also

shown (5).
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CH,080;
O Yo (oH
Non-Red IdoA OH 0 Red
080, NKSO,,
I A

Fig 6 Pentasaccharidic antithrombin-binding sequence AGA*IA (where A is either GICNAc6SO3 or GIcNSO36S0s3;
A*, GIcNSO33,6S0s3; G, GIcA; |, IdoA2S03). The red star marks the typical 3-O-sulfated glucosamine residue. The
circled sulfate groups are either essential (red rhombus) or marginally essential (green rhombus) for high affinity.
The “half moon” below GIcA indicates that this residue is also essential. The IdoA residue preceding the
pentasaccharide (yellow) is not essential for AT binding, but invariably occurs in natural AT-binding domains of

heparin and HS.

The information summarized in figure 6 has been obtained since the unexpected
finding (made independently by three research groups) that only about one third of
the chains constituting heparin currently used in therapy bind to AT and that most of
the anticoagulant activity of heparin is attributable to species with high affinity (HA)
for AT (26-28). The discovery that the rare 3-O-sulfated glucosamine residue is an
essential component of the AT-bd (29) was followed by full elucidation of the
structure of this active domain (30) and by chemical synthesis of heparin
oligosaccharides, finally leading to a synthetic pentasaccharide exactly reproducing
the structure of the natural one (7).

The location of the AT-bd along the heparin chain is still uncertain. Whereas an early
study suggested that this domain was located prevalently towards the NR end of the
molecule (32), another study suggested a more random distribution (33).

On the other hand, the observation that the NMR signals typical for the “linkage
region” concentrated exclusively in the heparin fraction with no affinity for AT (34) is

in favour of the first hypothesis. Several oligosaccharides obtained by controlled

10
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depolymerization of heparin fractions with high affinity for AT contributed to defining
structural features around the AT-bd (35-38). As illustrated in figure 2, the linkage
region is another well-characterized sequence common to heparin and HS, as well to
other GAGs (2,39). It consists of a trisaccharide $1,3-linked to the last GIcA residue
of the glycosaminoglycan chain and is constituted by three neutral residues: one D-
galactose (Gal) residue 3-1,3 linked to a second Gal, which is -1,4-linked to a D-
xylose (Xyl) residue B-1,0linked to Ser (39). The content of LR in heparins varies
widely depending on the origin of heparin [i.e., it is lower than 1% in beef lung
heparins and up to 5% in pig mucosal heparins (39,40)]. Depending on treatments for
purification and bleaching during the manufacturing process, heparin may lose the
terminal Ser of the LR and most of the LR as well. Though potentially implicated in
antiangiogenic properties of heparin/HS (41), the sequence of the LR is commonly
regarded as a biologically inactive component of heparin.

The AGA*IA pentasaccharide is not the only specific sequence present within the
heparin chains responsible for the binding toward a protein, since most of the
principal biological effects of the heparin are sequence mediated. In table 1 the

principals minimal binding sequences of the heparin chains are summarized.

Tab 1 Principals binding sequences existing within the heparin chains and interaction who are mediated.

Interaction Minimal binding sequence
Heparin — AT Anses - G - Ansszes - los - Ansss
Heparin -- Heparin cofactor |l I2s - Anses - los - Anses - las - Anses
Heparin -- Fibroblast growth factor 2 Ans - l2s - Ans - s
Heparin -- Fibroblast growth factor 1 Ansgs - las - Anses - los
Heparin -- Heparanase ls - Anses - G - Anses

11
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1.1.5 Molecular conformation of heparin residues and

sequences

The molecular conformation of GAGs, especially of those containing IdoA such as
heparin, HS and dermatan sulfate, has long been a matter of controversy (42).
Modelling of 3D structures of polysaccharides in solution involves the assumption of
the conformation of individual residues and building up the polymer chains with these
residues in a way that minimizes the overall conformational energy. Molecular
models must then be experimentally validated, usually by NMR spectroscopy.

The assumption and experimental validation of the conformation of heparin
components such as GIcN and GIcA is unproblematic. Whereas energy calculations
and NMR parameters indicate a classic chair (*C4) conformation for both residues,
apparently anomalous experimental data has long made the conformation of IdoA
(and IdoA2S0:s) elusive (43).

The availability of a number of synthetic heparin oligosaccharides (7) has permitted
extensive studies on the conformation of IdoA (and |doA2S0Os) in different
sequences, leading to the finding that IdoA pyranose rings may assume one of three
equienergetic conformations (the chairs *C4 and 'C4, and the skew-boat 2Sy). In fact,
the shape of the IdoA residues flips from one to at least another of these
conformations in rapid dynamic equilibrium (44). The relative population of two (or
three) conformers depends on sulfation on the same residue (i.e., Id0ASOs vs IdoA)
and on adjacent GIcN residues (44, 45). Whereas |doA2S0O:s residues in the NS
domains of heparin are about 60% in the 'C,4 and 40% in the 2S, conformation, 3-O-
sulfation of GIcCNSOs as in the AT-binding domain reverses to 40:60 the population of
these conformers (44,46). Such a proportion further varies in different heparin/HS
oligosaccharides (45-49) as a function of sequence. Also, the 'C4form contributes to
the conformational equilibrium of IdoA and IdoA2SO:s residues in terminal positions
(45). Conformer populations are also affected by extrinsic factors, such as the type of

counter ions (45,47).

12
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The capability of iduronate residues to assume more than one conformation confers
on IdoA-containing chains a peculiar local flexibility (“plasticity”), with important
bearing on binding and associated biological properties (50). This concept is
illustrated in figure 7.

Molecular modeling studies on heparin sequences in the regular region generated
helices, as shown in A and B for chain built-up with IdoA2SOs residues in the 'C4and
%S, conformations, respectively (51). Both A and B helices feature arrays of three
sulfate groups (ANS, 12S, and A6S) on alternate sides of the chain, as expected from
configurational considerations on the primary structure (Fig. 2). However, the
orientation in space of different substituent groups (including the anionic ones SOj3
and COQ) is widely different in the two helices and involves different spacings
between the sulfate groups within each cluster. By contrast, the conformation of N-
acetyl heparosan, taken as representative conformation in the NA domains of
heparin/HS (fig. 7C), is essentially invariant due to the stable *C+ conformation taken
up by B-linked GIcA residues (43,52). Apart from affecting the relative conformer
populations, sulfation gaps along the heparin chains do not involve substantial

changes in the conformation of each type of helix (53).

13
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Fig 7 Molecular conformation of heparin NS chains (A, B) and NA chains (these latter represented by the
biosynthetic precursor N-acetyl heparosan, C), illustrating the dramatic influence of changes (from 'Csto 2So) in
the conformation of IdoA2SOs3 residues of heparin on spacing of sulfate groups along and across the chains (52).
The rigid (4C1) conformation of GIcA residues in N-acetyl heparosan does not involve significant changes from the
chain conformation shown in C, even when some of the OH groups are sulfated (M. Guerrini and M. Hricovini,
unpublished). Structures A and B are redrawn from Ref. 51. The figure also shows that the three conformations of
uronic acid residues are characterized by different dihedral angles between vicinal C-H bonds and distances

between nonbonded atoms (i.e., between H5 and H2), typically measurable by NMR spectroscopy (44).

14
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1.1.6 Biosynthesis of heparin and HS

Heparin, heparan sulfafate (HS), dermatan sulfate (DS) and condroitin sulphate (CS)
contain the common GAG-protein linkage tetrasaccharide, GIcAR1-3Galp1-3Galp1-
4XylB1-O-Ser. After the translation of the core protein, xylosilation of a Ser residue of
the core protein is initiated by xylosyltranferase (XylT) in the endoplasimic reticulum
(ER) and the cis-Golgi (54,55). XyIT catalyzes the transfer of a Xyl residue through a
B-linkage from UDP-Xyl to a Ser residue in the core protein substrates (fig 8), the
amino acid sequences of which are conserved as Ser-Gly-X-Gly (where Gly and X
stand for glycine and any amino acid, respectively) as revealed by comparison with
the GAG attachment sites in the core proteins (56).

In Human and rats two different B-XylTs have been cloned (57), but the catalytic role
of the second one has not been shown and its biological function remain unclear.
Subsequently, two Gals are attached to the Xyl residue by galactosyltransferase-|
and galactosyltransferase-ll (GalT-lI and GalT-Il) (fig 8). GalT-l is one of the seven
B1-4GalT family members, which appears to have exclusive specificity for the donor
substrate UDP-Gal. On the other hand GalT-II wich transfers Gal from UDP-Gal to a
B-linked Gal residue is one of the six B1-3GalT family members (58).

Finally the linkage region is completed by the transfers of a GIcA through a B1-3
linkage from UDP-GIcA to GalB1-3GalB1-4Xyl31-O-Ser (fig 8), which is catalyzed by
glucuronyltransferase-l (GICAT-1) (59, 60).

Chain polymerization of the repeating disaccharide region in heparin and HS is
evoked by the transfer of the aGIcNAc residue from UDP-GIcNAc to the linkage
region tetrasaccharide, which is mediated by GIcNAcT-I (fig 8). On the other hand the
addition of (1-4-linked GalNAc to the linkage region by [B1-4N-
acetylgalactosaminyltranferase-l (GalNAcT-I) initiates the formation of the repeating

disaccharide in CS and DS.

15
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EXT1/EXT2
EXT1, EXT2
EXTL1, EXTL3

Fig 8 Scheme of the assembly of the heparin/HS backbones by various glycosyltranfereses. Each enzyme shown
in an oval requires UDP-sugar as donor substrate, and then transfers a sugar residue to the nonreducing terminal
sugar of an acceptor substrate. EXT1/EXT2 indicates a heterodimeric complex. XyIT, xylosyltransferase; GalT-I,
galactosyltransferase-I; GalT-ll, galactosyltransferase-Il; GIcAT-l, glucroonyltransferase-I; GIcNAcCT-I, N-
acetylglucosaminyltransferase-I; GIcNACT-II, N-acetylglucosaminyltransferase-Ii; HS-GICAT-II, HS-

glucuronyltransferase-Il; GlcA/GlcNacT, GlcA and GlcNAc transferase.
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N-Deacetylation and N-sulfation of GIcNAc residues in heparin and HS are initial
modifications of precursor chains and essential for all the subsequent modifications

(ig 9). Both reactions are catalyzed by bifuncional enzymes, GIcNAc N-

deacetylase/N-sulfotranseferase (NDSTSs).

-GlcA-GlcNAc-GlcA-GlcNAc-GicA-GlcNAc-GIcA-GlcNAc-GlcA-GleNAc-GleA-[GlcNAc-GicA] -GlcNAc-GicA-Gal-Gal-Xyl-

GlcNAc N-deacetylase/
N-sulfotransterases 1-4

-GicA-GleN-GlcA-GicN-GlcA-GleN-GleA-GleN-GlcA-GleNAc-GlcA-[GlcNAc-GicA] -GlcNAc-GlcA-Gal-Gal-Xyl-

[HS GlcA C5-epimerase J ¢

-GlcA-GleN-GlcA-GleN-idoA-GleN-ldoA-GleN-GlcA-GlcNAc-GlcA-[GIcNAc-GicA] -GlcNAc-GlcA-Gal-Gal-Xyl-

[HS 2-O-sulfotransferase J ¢

-ldoA-GlcN-IdoA-GleN-GicA-GleNAc-GIcA-{GIcNAc-GlcA] -GlcNAc-GicA-Gal-Gal-Xyl-

‘ HS 6-O-sulfotransferases
cN- ch GleN-GlcA-GlcNAc-GlcA-[GIcNAc-GlIcA) -GIcNAc-GlcA-Gal-Gal-Xyl-

HS 3-0- sulfotransferase
, , 1,2,3A, 3B,4,5,6

-GleN-1doA-Gle N-GlcA-GleNAC-GlcA-[GlcNAc-GicA] -GleNAc-GlcA-Gal-Gal-Xyl-

Sulfatases 1,2

&

GlcN-IdoA-GlcN-IdoA-GlcN-GleA-GleNAc-GleA-[GlcNAc-GleA] -GlcNAc-GlcA-Gal-Gal-Xyl-
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Fig 9 Pathways of biosynthetic modifications of heparin and HS chains. Following synthesis of the backbone of
heparin or HS polymerases belonging to the EXT gene family, modifications of the precursos heparin/HS chains

are conducted by various sulfotranserases and a single epimerase.
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1.1.7 Nuclear Magnetic Resonance for Structural Analysis

of Heparin and Heparan Sulfate

The presence of unnatural residues in LMWHSs preparations, generated by certain
depolymerization or chemical modification procedures, causes signal overlapping in
monodimensional NMR spectra, preventing in many cases their use for quantitative
analyses. By resolving signals hidden in the monodimensional spectra, 'H-">C
correlation NMR spectroscopy (HSQC) permits identification of the constituent
monosaccharides of LMWHs. However, HSQC experiments cannot be
straightforwardly applied for quantitative analysis since the measured “volume”
response of signals is also dependent on the one-bond proton—carbon coupling
constant ('Jc_y) values and relaxation effects. Luckily, for heparin and other GAGs
with similar hydrogen/carbon atoms such as H2/ C2 in differently substituted GIcN
residues, differences in both 'Jc_ coupling and relaxation times are small, with
consequently small effects on the volume of the corresponding signals..On the other
hand, variations of 'Jc_ between o anomers of L-IdoA and R anomers of D-GIcA,
which can induce significant changes on the corresponding signal volume intensities,
should also be taken into account (193). Integration of HSQC signals has been
recently used for quantitative analysis of urinary GAGs from patients with different
mucopolysaccharidoses and the same method has been used to compare the
relative amounts of GIcA in low-molecular-weight heparins obtained by
depolymerization by y-ray irradiation(194-195) .

However, none of these quantitative applications of 2DNMR have taken into account
the influence of differences in the *Jc_y values of the integrated cross-peak signals.
Recently, a quantitative method, of general applicability for obtaining 'H-">C
correlation NMR spectra by suppression of 'Jc_1 dependence, has been reported.
However, the pulse sequence used in that work reduces the sensitivity of HSQC

spectra by about 25%, making it useless for detection of minor peaks using the
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common NMR instruments with medium magnetic field intensities (400-500 MHz)
(196).

On the base of these observations, it was demonstrated that standard HSQC
experiments can be used for quantitative analysis of GAG samples by proper
selection of magnetically comparable signals, where the impact of differences in "Jc_n
coupling is minimized. The method was validated using two different pig mucosal
heparin preparations and applied to profile the substitution patterns chemically
modified K5-PS derivatives (186).

This NMR method was also applied to analyse LMWHs samples. Together with a
detailed analysis of the structural peculiarities of LMWHSs (tab 2), typical of each
manufacturing process, variation in the heparin monosaccharidic composition among

the analyzed samples was found (189).
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Tab 2 Most important chemical shifts of terminal residues (reducing and non reducing) and signals of the LR

(Linkage Region), obtained through HSQC spectra recorded at 35°C with Bruker Avance 600 spectrometer

equipped with high sensitivity TCI probe (189).

H1

Ansreda
Ans-redp 4.1
Anacreda 2
Mnsreda
1,6-an.M 5%
1,6-an.A 83
bsredw
I25-redp 4.99
Unknown °71°
AUys 553
AU 5.18
3.67/

AM.oles 559

AM.ol  Nd

(LR)Gal+G 46°
(LR)Gal 4®°
(LR)Xyl 455

Cl H2 C2 H3 C3 H4 CA4

93.9

986 3.02 60.7
93.5
95.6

3.63 60.3

103.9 349 55.0

104.3 3.22 58.6

95.6
94.8
94.5
100.1 6.01

103.9 5.83

654 4.01 86.0 414 782 4.15

Nd 3.93 855 nd nd 4.20
106.5

104.2

106.3

108.7

110.4

88.0

88.7

H5 C5 H6 C6
4.24
4.84 76.2 67.5
3.79*
4.22
4.84 76.2 68.1
3.82*
4.29 82.4
4.08 84.3
4.69 74.5
4.15
66.0
3.42*
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Tab 3 Most important chemical shifts of residues of LMWHs samples, obtained through HSQC spectra recorded

at 35°C with Bruker Avance 600 spectrometer equipped with high sensitivity TCI probe.

H1I C1 H2 C2 H3 C3 H4 C4 H5 C5 H6 C6
A* 552 989 3.46 59.4
Aes 2o0 690
AsoH ~3,80* 62.0
Ans -G 5.58 100.4
Ans-1 535 983
Ans- l2s
541 99.4
+ Anac-G
Ans 3.35 61.0
AnNac 3.97 57.0
Gos 475 102.8 4.17 97.582.4
G-Ans 461 1046
G-AnNac 4.51 105.0
G-A* 462 103.8
los 5.22 102.0 469 745
I-Aes 5.01 104.8
I-Agon  4.94 104.6
ls-1,6an 5.38 101.5
Gnr 3.54 78.1 3.55 74.8
Epoxide 5.42 98.9 2:3421 gi:g
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1.2 Low Molecular Weight Heparins

LMWHs are defined as salts of sulphated GAGs having an average Mw of less than
8000 Da and for which at least 60% of all molecules have a Mw of less than 8000 Da
(61). As the minimum Mw for anti-lla activity is about 5,000, the anti-lla specific
activity of LMWH is drastically reduced. The ratio of anti-Xa to anti-lla activity is
greater than 1 and, like the Mw distribution, is a defining characteristic of each
separate LMWH product (see Table 2). LMWH may in principle be prepared by
fractionation of UFH or by its depolymerization. None of the current LMWH products
are prepared by fractionation, though early work on LMWH used fractions rather than
depolymerised fragments (62). About 20-30% of LMWHs components are already
present in the UFH. Almost all of these agents are produced by chemical or
enzymatic depolymerization of porcine mucosal heparin, which specifically introduce
structural changes in each of the LMWH products. Thus, depending on the patented
depolymerization procedure, differents products are formed and each one has to be
regarded as a distinct drug entity.

Early studies of the relationship between anticoagulant activity and Mw revealed a
puzzling anomaly, in that the activity in the traditional activated partial thromboplastin
time (APTT) assay decreased with decreasing Mw, but when measured by the newer
anti-Xa assay the activity was maintained or even increased in the lower Mw fractions
(63). Subsequent studies using purified antithrombin confirmed these trends, and it
became clear that acceleration of inhibition of thrombin and FXa by heparin had
different Mw requirements (64, 65). This difference was emphasized in studies by
Holmer (66) and Barrowcliffe (67,68); high-affinity (for antithrombin) oligosaccharides
with chain lengths mostly below 16 units, had very high anti-Xa activity, over 1,000
IU/mg, but their activity in thrombin inhibition and APTT assays was less than 10
IU/mg. While the anticoagulant effect are initially present at dosages that are
antithrombotic, these agents have been found to produce sustained antithrombotic

effects without any detectable ex vivo anticoagulant actions. These evidences,
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particularly the possibility to induce a response non-trombin mediated with molecules
with low Mw (safer, see next session, 1.3) were the starting point to the development
of LMWHSs as anticoagulant drugs. Whether various LMWHSs can replace heparin for

all its indications remains unclear at this time.
1.2.1 Therapeutic applications of LMWHSs

The LMWHs are now globally regarded as drugs of choice for postsurgical
prophylaxis of deep venous thrombosis (DVT) and the management of acute
coronary syndromes. Recently, these agents have also been approved for the
treatment of thrombotic disorders. Several products are currently available for clinical
use worldwide. Because of manufacturing differences, each LMWH exhibits distinct
pharmacologic and biomedical profiles (69). The specific activity of these agents in
the anticoagulant assays ranges from 35 to 45 anti-lla U/mg, whereas the specific
activity in terms of anti-Xa units is designed as 80-120 antiXa U/mg. The LMWHSs are
capable of producing product-specific dose and time-dependent antithrombotic
effects in animal models of thrombosis.

In experimental animal models and various clinical trials, these agents have been
found to release tissue factor pathway inhibitor (TFPI) after both intravenous (V) and
subcutaneous (SC) administration (70). Repeated administration of LMWHSs
produces progressively stronger antithrombotic effects. However, the hemorrhagic
responses vary and are largely dependent on products. The release of TFPI following
IV and SC administration in humans has demonstrated the product individuality and
relevance of this inhibitor to the actions of LMWHs (71). Antithrombotic and
hemorrhagic studies are reported that compare the pharmacologic profile of some of
the available LMWHSs. Product individuality in terms of relative potency in different
assays and the failure of standardization protocols to provide any guidelines for
product substitutions and prediction of the clinical effects has remained a major

consideration (72).
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Initially, the clinical batches of LMWHSs were prepared by ethanolic fractionation of
heparin. Although the depolymerization process results in LMWHs products (Mw 4-8
kDa), these products exhibit differences in both their molecular, structural, and
functional properties. Safety and efficacy comparison of these agents in well-
designed clinical trials to demonstrate clinical differences in each of the individual
products have only become available recently. Initial attempts to standardize LMWHs
on the basis of their biologic actions, such as anti-Xa potency, have failed. A potency
designation on the basis of the anti-Xa actions only represents one of the several
properties of these agents. Furthermore, this assay only measures the AT affinity
based actions of some of the components of these agents. Many of the
pharmacologic actions of LMWHs are based on the non-AT affinity components of
the drugs. These include the release of TFPI, t-PA, inhibition of adhesion molecule
release, decrease in the circulating von Willebrand factor and modulation of blood
flow. Most of these effects are not measurable by using conventional methods to
assay heparin, such as the anti-Xa, anti-lla, and global anticoagulant tests. Despite
the clinical effectiveness of the LMWHSs in various indications, the mechanism of
action of these agents is not completely understood.

It has been suggested that endogenous release of a Kunitz-type inhibitor, TFPI, may
be a contributing factor to the mediation of the antithrombotic actions of these agents.
It is interesting to note that most of the studies on LMWH have alluded to the
relevance of the anti-Xa effect with the antithrombotic action of these agents.
However, after subcutaneous administration of these agents, circulating anti-Xa
activity is not detectable in samples collected 12 h after the administration of
prophylactic dosages. Despite this, the patients remain in an antithrombotic state.
Thus, additional mechanisms, such as the release of TFPI, may contribute to the
overall action of these agents. LMWHs are also known to produce endothelial
modulation and may release fibrinolytic activators, such as t-PA and antiplatelet
substances, such as prostacyclin and nitric oxide. Endothelial dysfunction, platelet

activation, white cell activation, and plasmatic process contribute to this process.
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Since LMWHSs are polycomponent drugs with multiple sites of action, these agents
are capable of controlling of thrombogenesis at several target sites.

Unfortunately, most of the clinical trials have been designed to determine the clinical
outcome with these drugs and very little is known of the pharmacologic mechanisms
involved in the mediation of their action.

Pharmacologic differences and non-equivalence of these agents have been reported
previously (69,70). Recent clinical trial results also show that each of these drugs
produces its own product-specific therapeutic index. Thus, unlike unfractionated
heparin, these drugs are not interchangeable on the potency-adjusted dosage.
Anticoagulant potency of unfractionated heparin is usually measured in terms of USP
U/mg. This method, however, is not applicable to the LMWHs because of their
relatively weaker and varied effect on the coagulation process. However, since
LMWHSs exhibit anticoagulant action at higher concentrations (>5.0 pg/mL), their
anticoagulant actions can be compared in this assay. The anti-Xa activity of various
LMWHSs is now considered to be of limited importance in the potency evaluation and
marketing of these agents. Similarly, the anti-Xa/lla ratio is only of pharmaceutical
value and may not have any clinical meaning. The relative anti-Xa anti-lla ratio also
changes after the administration of these agents and is dependent on several factors.
The first clinical trial on LMWH for the prophylaxis of post surgical DVT was
published in 1986 (73). The initial clinical development of LMWHs remained
restricted to the European continent for the first few years. Almost 10 years later,
these drugs were introduced in the US. In the initial stages of the development of
these drugs, only nadroparin, dalteparin, and enoxaparin were used. Subsequently,
several other LMWHSs, such as ardeparin, tinzaparin, reviparin, and parnaparin were
introduced. Today, some eight LMWHs constitute a group of important medications
with total sales reaching nearly 2.5 billion dollars with expanded indications reaching
far beyond the initial indications for the prophylaxis of post- surgical DVT. Only two of

the LMWHSs identified have been approved for multiple indications.
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In addition to the currently approved indications, these drugs are also used in several
off-label indications, as depicted in figure 10. Moreover LMWHSs are currently being
evaluated for anticoagulant use in percutaneous interventions and surgical

procedures.

Ischemic and
thrombotic
stroke

Atrial fibrillation

Transplantation

Inflammatory
bowel
disease

Fig 10 There is a wide range of indication for the potential use of LMWHSs.

Clinical trials have clearly demonstrated the safety and efficacy of some of the
LMWHs in the outpatient prophylaxis and treatment of thromboembolic diseases (74-
76). In addition, these drugs have also been used for the management of acute
coronary syndrome. Additional clinical evidence has also provided supportive

evidence for the efficacy of these agents in such patient groups as thrombotic and
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vascular stroke, peripheral arterial diseases, cancer, thrombotic process associated
with pregnancy, old age, and inflammatory disorders (76-81).

While the clinical studies have only been performed on a select number of LMWHs, it
is likely that different products at individually optimized dosages may prove to be
effective. In this regard, product individuality and the available clinical trial data
should be considered a priority to a recommendation being made for a given LMWH.
This poses a challenge to the clinicians and requires a clear decision on the selection
of a given product for single or multiple indications. Since the pharmacologic profile
of each of these drugs is different and some of the comparative data have shown
varying clinical performance, it is likely that the optimized dosage for these agents
may be significantly different, requiring individual dosing recommendations. Thus, it
is of crucial importance to consider each of these products as different drugs, and
make each of these different agents available for specific indications.

Dose adjustments, optimization of drug combinations, and assurance of the safety of
combined drugs are areas where clinical trials will be very helpful. Despite the
expanded use of LMWHSs in thrombotic and cardiovascular indications, several
issues remain unresolved.

Although these agents are used in high dosages for anticoagulation purpose, at this
time it is no available any antidote (82). In addition, there are no guidelines available
for the management of bleeding with these agents with the exception of the use of
protamine sulfate. The adjustment of dosage in weight compromised patients, such
as in paediatrics and geriatric patients remains unclear. Furthermore, the guidelines
for the monitoring of the effect of these agents especially in drug combinations are
not available.

In the coming years, the role of LMWHs will be expanded in both thrombotic and
nonthrombotic indications. A greater emphasis is currently placed on the non-
anticoagulant properties of these agents. Some of the clinical effects of many of
these products are not explainable in terms of anticoagulant effects. Newer

formulations, drug combinations, extended use, and long-term effects of these drugs
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will be important in the optimization of these drugs. Pharmacoeconomics will play a
key role in the expanded usage of these drugs and the optimization in years to come.
Identification of products for specific indications and knowledge of individual LMWHs

will be extremely helpful in the proper usage of these agents.
1.2.2 Different depolymerization methods

LMWH is currently obtained from UFH by different chemical and enzymatic
depolymerization processes, most of which introduce special structural modifications
at the site of cleavage, generating novel end-chain residues (Fig. 12). Both
heparinase digestion of unmodified heparin and B-eliminative cleavage by alkaline
treatment of heparin benzyl esters introduce unsaturated uronic acid at the non
reducing end (83-85), whereas deaminative cleavage (with nitrous acid or isoamyl
nitrite) produces an anhydromannose residue at the reducing terminus (86). In the -
eliminative cleavage through an enzymatic method with heparinise | and Il (fig 11)
the cleavage takes place only at the 2-O-sulfoiduronic acid residue. In the pB-
eliminative cleavage by alkaline treatment the cleavage occurs specifically at iduronic
acid without preference for the presence or absence of a 2-O-sulfo group. Heparin
can also be oxidatively cleaved via hydrogen peroxide, which, by generating hydroxyl
radicals, cleaves glycosidic bonds without modifying the end residues on both sides
of the point of attack (87). As a consequence of strong acidic or basic treatments,
other structural alterations, such as N- or O-desulfation, may sometimes occur along
the heparin sequences (88,89).

In addition, also the AT binding site could be partially modified by some of the
depolymerization reactions, with a consequent decrease of AT-mediated activity (90).
In fact, while a mild nitrous acid treatment preserve the structural integrity pf AT-BR,
strong reaction conditions can generate a fragment ending with a trisulfated
anhydromannose residue (91). Also the enzymatic treatment with a heparinase | and
Il has been recently demonstrated to be able to cleave the AT binding site leaving the

An 365 as reducing terminal residue (92,93) (fig 11).
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Fig 11 Site of cleavage of Heparinese |, 11, Il1.

At present, no data are available on the possible specialty of action of both B-
elimination and hydrogen peroxide. Moreover, none of the above degradative

processes result in an accurate control of the degree of depolymerization of heparin

chains.
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Fig 12 Typical residues of LMWHs compared to natural residues of the end terminus of heparin chains.
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More recently, a physical method based on controlled gamma irradiation of heparin

has been developed to produce a LMWH (94). A correlation between the amount of

irradiation to which heparin is exposed and the reduction of the average size of

fragments, as well as a good correlation between USP potency and extent of

irradiation, were observed. In table 4 all the LMWHSs actually available worldwide and

the depolymerization methods used to obtain each product are reported (95).

Tab 4 Names and Properties of LMWHSs Available Worldwide

Average Anti
Name Manufacturer Trade Depolymerization Molecular Xalla
Names Method Weight "
Ratio
(Daltons)
. Normiflo
Ard(e;parm Wyeth-Ayerst RD 11885 Peroxidation treatment 5500-6500 1.8:1
sodium WY-90493-RD
Alphaparin
: Mono-Embolex
Certg_parln Novartis NM Amyl nitrate treatment 6000 2:1
sodium Sandoparin
Troparin
Fragmin
) Boxol
D:(I;[gﬁj an;ln Pharmacia KZE 2??55 Nitrous acid treatment 5600-6400 2:1
Low Liquemine
Tedelparin
Lovenox
Clexane
Decipar
E ] Enoxaparine B lat 4 alkall
noxaparin . Pharmuka enzylation and alkaline .
sodium Aventis 10169 treatment 5000 2.7:1
PK-10169
Plaucina
RP-54563
Thrombenox
CY-216
: 3 Fraxiparin
Nad:’o_parln Vs.a?ﬁﬁ Fraxiparina Nitrous acid treatment 4300 3.2:1
calcium inthrop Freiparine
Seleparina
. Alpha LMWH . .
Parnaparin Aventis Fluxum Cupric acid and hydrogen | 454 5009 | 3.1
sodium Minidalton peroxide treatment
— Clivari
Rseo\/é?frrr:n Knoll m ;\gﬂ p Nitrous acid treatment 4150 3.5:1
. . Innohep
Tlnzg_parln FE))#Pont Logiparin Enzymatic degradation 8000 1.9:1
sodium arma Novo LAN 1
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1.2.3 Synthetic Heparin Polysaccharides

The generation of the synthetic heparin pentasaccharide reproducing the At-bd (fig
13) has addressed an important issue in the pharmacology of heparin: it greatly
helped to understand the contribution of the inhibition of factor Xa in the mediation of
the antithrombotic effect of LMWHSs and heparin oligosaccharides. The first studies
using heparin derived oligosaccharides failed to demonstrate a functional relevance
of the inhibition of factor Xa to an antithrombotic effect in experimental animal
models. It was suggested that inactivation of thrombin was required for inhibition of
thrombosis and that agents with predominantly anti-factor Xa activity were weakly
effective antithrombotic agents. Those studies were inconclusive, however, since the
agents used were heterogeneous in structure and relatively low potency. It remained
questionable whether a highly active anti-factor Xa agent could be antithrombotic in
vivo.

Pentasaccharide is a synthetic heparin-related agent representing the minimum
saccharidic sequence of critical structure required for the high affinity binding of
heparin to the AT molecule and eliciting solely a high inhibitory action against factor
Xa (opposed to the multiple antithrombotic mechanism of heparin). Since
pentasaccharide is synthetic, it is known to be homogeneous in molecular size and
structure, thus representing an optimal tool for studies related to antithrombotic
agents expressing sole anti-factor Xa activity. Pentasaccharide proved that sole
factor Xa inhibition elicits an antithrombotic affect by decreasing the generation of

thrombin, resulting in a controlled and selective modulation of coagulation.
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Fig 13 Fondaparinux (Arixtra®; GlaxoSmithKline) has been approved for prophylaxis and treatment of DVT and

PE in certain clinical interactions. It continues to undergo clinical development.

The "™C-NMR spectroscopy of the synthesized product revealed the anticipated
spectral characteristics consistent with a pentasaccharide structure containing the
desired sulphate, carboxyl and amino groups (96). Antithrombin affinity analysis
demonstrated a high affinity (3 x 10® M) (97). Anti-protease activities of 2800 anti-
factor Xa U/mg in human plasma by a clotting method and 4000 anti-factor Xa U/mg
in human plasma by an amidolytic method were demonstrated (98). Pharmacologic
studies confirmed that this pentasaccharide was biologically active in vivo (99).

Due to the hypothesized critical nature of the 3-O-sulfate group (A*) of this
pentasaccharide for eliciting high affinity to AT, anti-factor Xa activity and thus
antithrombotic effect, a structurally modified pentasaccharide devoid of the A* group

was synthesized (fig 14) (100,101).

HHE-G:; OH !-.:'l--lﬁ.-lj:i ElSEIn I"-IHE-DJ

Fig 14 Structure of 3-O-desulfated pentasaccharide. Removal of A* group (replaced by a hydroxyl group)

abolishes binding of the pentasaccharide to AT.

Biochemical studies did not show the extra signal in the ">*C-NMR spectrum that was
previously speculated to result from A* residue. This material did not possess high

affinity for AT (5 x 10* M) (102), nor did posses detectable anti-factor Xa activity
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(102). Moreover both tetrasaccharides contained within the pentasaccharide (units
AGA*I- and -GA*IA) exhibited decreased affinity to AT and decreased anti-factor Xa
activity (99,102), thus demonstrating that not only A* residue was critical for the

desired properties of this pentasaccharide.

Tab 5 Comparison of the properties of Fondaparinux, LMWH and Heparin

Fondaparinux LMWH Heparin
Molecular weight 1.728 Da ~5000 Da ~15000 Da
. . Porcine mucosa, Porcine mucosa,
Source Chemically synthesized ; .
bovine lung bovine lung
Dispersity Homogeneous 4000 — 9000 Da 3000 — 30000 Da
i o Xa and some lla Inhibit most
Protease specificity Xa inhibition L )
inhibition coagulation protease
AT-mediated activity Xa inhibition Xa>lla inhibition Inhibit most
coagulation protease
HC-Il mediated activity Only at hlgh Weak |nh|b|_t|on of Moderate |nh|_b|t|on of
concentration thrombin thrombin
TFP release None Strong Strong
HIT response Not known Cross_-rgact w.h.en Positive
heparin is positive
Bioavailability ~100 % 280% <30%
Half-life Long when bound to AT Longer than heparin Relatively short

Recently Idraparinux an O-sulfated O-methylated pentasaccharide derivative of
fondaparinux was synthesized (fig 15) (103). Due to the increased sulfation, this
agent exhibits a 30-fold higher binding affinity to AT than fondaparinux, and a higher
anti-factor Xa potency. Idraparinux exhibits a significantly longer elimination half-life
of about 120 h, which allows for once-weekly dosing (104). It has 100%

subcutaneous bioavailability (104).

0805 Co0o~
0 (o) —0
OMe OMe s
MeO (o] o 0 OMe
Me OMe 0805 OMe 080,

Fig 15 Chemical structure of idraparinux. This 2-O-Sulfated, O-metylated pentasaccharide exhibits higher affinity
to AT compared to the native pentasaccharide, a higher anti-factor Xa potency and a longer elimination half-life.

Idraparinux (Sanofi-Aventis).
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1.3 Heparin vs low molecular weight heparins

In contrast to unfractionated heparin (UFH), low molecular weight heparins (LMWHSs)
have a lower binding affinity toward plasma proteins, endothelial cells (ECs), and
macrophages. Since difference in binding profile explains the pharmacokinetic
differences observed between LMWHs and UFH. The binding of UFH to plasma
proteins reduces its anticoagulant activity, which combined with the variations in
plasma concentrations of heparin-bindings proteins, explains its unpredictable
anticoagulant response.

LMWHSs exhibit improved subcutaneous bioavailability; lower protein binding; longer
half-life; variable number of ATIII binding sites; variable glycosaminoglycan contents;
variable anti-serine protease activities (anti-Xa, anti lla, anti-Xa/anti-lla ratio, and
other anti-coagulation factors); variable potency in releasing tissue factor pathway
inhibitor (TFPI); and variable levels of vascular EC binding kinetics (105-108). For
these reasons (Tab. 6), over the last decade LMWHSs have increasingly replaced
UFH in the prevention and treatment of venous thromboembolic disorders (VTE).
Randomized clinical trials have demonstrated that individual LMWHs used at
optimized dosages are at least as effective as and probably safer than UFH. The
convenient once or twice daily subcutaneous (SC) dosing regimen without the need
for monitoring has encouraged the wide use of LMWHs.

It is well established that different LMWHs vary in their physical and chemical
properties due to the differences in their methods of manufacturing. These
differences translate into differences in their pharmacodynamic and pharmacokinetic
characteristics (106). The world health organization (WHO) and USA FDA regard
LMWHs as individual drugs that cannot be used interchangeably (106).

Bioavailability of LMWHs after intravenous (IV) or SC administration is greater than
for UFH and was determined to be between =87% and =98%. UFH, by contrast, has
a bioavailability of 15-25% after SC administration. LMWHs have biological halflife

(t,) (based on anti-Xa clearance) nearly double that of UFH. The t,, of the most
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commercial clinically used LMWHs (enoxaparin, dalteparin, tinzaparin and others)
has been documented to be between =100 and 360 min, depending on whether the
administration of LMWH was IV or SC. The anti-Xa activity persists longer than
antithrombin activity, which reflects the faster clearance of longer heparin chains
(109). LMWH, in doses based on patient weight, needs no monitoring, possibly
because of the higher bioavailability, longer plasma t, and more predictable
anticoagulant response of LMWHs compared with UFH, when administered SC.
Though LMWHs are more expensive than UFH, a pilot study in pediatric patients
found SC LMWH administration to reduce the number of necessary laboratory
assays, nursing hours and phlebotomy time (110).

LMWHs are expected to continue to erode UFH use, through development programs

for new indications and increased clinician comfort with use of the drugs.

Tab 6 Heparin vs LowMolecularWeightHeparins

UFH (unfractionated heparin) LMWHSs (Low Molecular Weight Heparins)

Continuous, IV infusion

Primarily administrated in hospital
Administrated by health care professionals
Unpredictable anticoagulant response
Monitoring and dose adjustments

Frequent dosing errors

Risk of thrombocytopenia and osteoporosis
Cheap, but not cost-effective

Requires 5-7 days in the hospital

twice daily or daily subcutaneous injections
Administrated everywhere

Administrated by professionals or patients
Predictable anticoagulant response

No monitoring, fixed or weight based dosing
More precise dosing

Decreased risk of adverse events
Demonstrated pharmacoeconomic benefits

Requires 0-2 days in the hospital
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1.4 Antithrombin

1.4.1 Serpin structure

Serpins were identified as a protein family by Hunt and Dayhoff in 1980 based on the
sequence similarities of AT, ay-antitrypsin and ovalbumin (117). To date, over 1500
serpins have been implicated in the genomes of organisms representing all branches
of life, and have been implicated in diverse physiological processes (111,118).
Although most serpins are inhibitors of serine proteases, as the acronym suggest
(serine protease inhibitors), many are incapable of protease inhibition and others
posses additional functions (cell signalling, hormone carriers) (116). The highly
conserved serpin-fold consist of three B-sheets (A,B and C) and nine a-helices (A-l),
organised into an upper B-barrel domain and a lower a-helical domain, which are
bridged by five stranded B-sheet. In the classic serpin orientation, B-sheet A is facing,
and the Reactive Centre Loop (RCL), the region that interacts with the protease, is

on top (fig 16).

B

Fig 16 The serpin architecture.

36



Introduction

Unlike all other families of serine protease inhibitors, the RCL of serpins is long and
flexible and serves as bait by presenting a favourable protease cleavage site. The
serpins fold is also unusual in its thermodynamic properties, as the native state is not
the most stable. Under certain conditions, serpins undergo a change in topology to a
hyper stable state, with the insertion of RCL as the fourth strand as the now six-
stranded B-sheet A. This transition is triggered by proteolytic nicking of the RCL to
generate the cleaved form, or in the absence of cleavage to generate the so-called

“latent” form (10).

1.4.2 The suicide substrate mechanism

Serpins utilise a suicide substrate mechanism for the inhibition of serine proteases
(112), which is best described by the kinetic model of protease substrate hydrolysis
(fig 17). Unlike the typical reversible lock-and-key type inhibitors (e.g.,Kunitz family
inhibitors such as BPTI), the serpin is consumed during inhibition (hence suicide-
substrate). However, serpins have evolved to be very poor substrates of serine
proteases, with the very last step in the proteolytic cycle, deacylation (Knyq), slowed
several orders of magnitude. How deacylation is slowed has been revealed by the
recent structure of the final serpin-protease complex (128). As shown in figure 17,
rapid recognition of the serpin RCL by the protease (formation of the michaelis
complex) is followed by the formation of the acyl-enzyme intermediate and
separation of the C-terminal peptide of the serpin RCL from the active site of the
protease (126). At the acyl-enzyme intermediate step, where the seprin and protease
are covalently linked via an ester bond between the reactive centre p1 residue and
the active site Ser of the protease, the seprin rapidly inserts the RCL into B-sheet A.
The protease is thus flung 70 A from the top of the seprin to the bottom and the new
hyperstable serpin crushes the protease by exerting a pulling force on the active site

loop.
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Fig 17 The suicide substrate mechanism of serpins.
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The effect of the pulling force is a stretching out of the catalytic loop of the protease,
which contains the active site serine and the residues which form the oxyanion hole,
thus rendering the protease catalytically inert. Clashes between the hyper stable
serpins and the protease also lead the unfold of roughly 40% of the protease
structure, as evidenced by the lack of density in the crystal structure (128), the
acquisition of profound proteolytic susceptibility (129,130) and the change of NMR

resonance (131).
1.4.3 Physiological functions

Antithrombin (AT) is the most important serpin in hemostasis (147). It is a plasma
which circulates at 2,3 yM and is capable of inhibiting all of the serine proteases that
promote blood coagulation, but based on rates of inhibition, its primary targets are
factors IXa, Xa and thrombin (fig 18). The importance of AT is demonstrated by the
high association of deficiency with venous thrombosis (148), by the embryonic lethal
consumptive coagulopathy in the knockout mouse (149), and by the continued
success of therapeutic heparin. The anticoagulant effect of natural heparin and the
new synthetic heparins, is mediated primarily through the activation of AT as an
inhibitor of the coagulation proteases (150,151). Of course, heparin, which is
produced and secreted exclusively by mast cells, is not a physiological activator of
AT; instead it is the closely related cousin heparan sulfate which lines the vascular
wall, and which, ensures the fluidity of the microvasculature through interaction with a
fraction of the circulating AT (152). Heparin differs from heparan sulfate only in
degree of sulfation and in the fraction of the highly flexible iduronic acid; both factors
are key in determining affinity for AT. Heparan sulfate is highly heterogeneous and
contains patches of high sulfation and iduronic acid levels, providing the sites of
interaction with AT (153). While some 30% of heparin chains bind AT with high
affinity, only a small fraction of hepapan sulfate chains possess the high affinity site
(152). The early identification of AT as the effector of heparin anticoagulant activity

has spurred intense research effort aimed at understanding how it binds to and is
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activated by heparin. The AT-heparin interaction now serves as a paradigm for the

heparin binding serpins as a whole.
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Figure 18 Blood coagulation cascade. Antithrombin (green star) is the most important serpins and its activity is

focused on the final step of the coagulation cascade: inhibition of thrombin (green triangle) ad also factors Xa and

Va (small green triangles).
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1.4.4 Mechanism of Heparin binding

The interaction with the pentasaccharide is exquisitely specific and small alterations
in either the sulfation pattern of the AGA*IA or in the sequence of the heparin binding
region of AT can significantly reduce binding affinity (156). The region of AT which
bind to heparin was initially identified from a heparin binding deficient variant of AT
found in a patient who had experienced a thrombotic event (157). Subsequent
alignment of the sequence of AT on the template of the first serpin structure by huber
and Carrell (146) revealed the heparin binding site and it has since been confirmed
by mutagenesis (158) and crystallographic (159-161) studies. A diagram detailing the
individual interactions between the pentasaccharide and AT is given in figure 19. The
heparin binding residues of AT have been mutated to determine their individual
contributions to the free energy of pentasaccharide binding; by far the most important
residue is Lys114 (162,163), found on the loop just N-terminal to helix D, which is
induced into a helical conformation through interaction with the pentasaccharide and
two other residues, Lys125 and Arg129, also contribute significantly to the energy of
binding (164,165). It is interesting to note that the sum of energetic contributions of
the three residues, Lys114, Lys125 and Arg 129, is greater than the total free energy
of binding, implying cooperativity. AT also has an N-terminal loop containing Lys11
and Arg13, which contacts the pentasaccharide and may serve a capping role (166),
but also Arg 46,47 and Asn 45 are involved in the interaction with the
pentasaccharide (fig 19, dotted lines). Of eight-to-ten negatively charged groups on
the pentasaccharide available for interaction with AT, six interact with AT; this is
consistent with the number of ionic interactions inferred from the dependence of
binding affinity on ionic strength (five-to-six) (167).

It had been established through biochemical studies that heparin binding induces a
large-scale conformational change in AT (168-170) and this has subsequently been

confirmed by crystallographic structures of native and pentasaccharide bound AT.
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AT binds the pentasaccharide by an induced-fit mechanism involving an initial weak
interaction (K= ~ 25 uM), followed by a conformational change (k;) to the high-
affinity state, with an overall dissociation constant of ~50nM (170). The structures of
AT reveal conformational changes in the vicinity of the pentasaccharide and in other
regions, indicating a global conformational change in response to heparin binding. In
the heparin binding region, helix D is extend toward its C-terminus, a new helix P
extends from its N-terminus and helix A appear to extend towards its N-terminus. The
global conformational change involves the expulsion of the RCL from (B-sheet A and
the consequent closing of B-sheet A to the five-stranded form seen for other native
serpin structures. The tertiary structure of AT is also altered by heparin binding , with
a 10° rotation of helix D and the repositioning of the upper B-barrel domain relative to

the lower helical domain (173).

As.n-ﬁﬁ Arg-4? Arg4ag

Fig 19 Mechanism of heparin binding, pentasaccharidic sequence involved in the Antithrombin binding.
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Just how local changes in the heparin binding region result in the expulsion of the
RCL and the closure of sheet A is unclear. Molecular modelling (174) and
biochemical studies (175,176) suggest a link between the C-terminal elongation of
helix D and loop expulsion and this has been supported by the recent crystal
structure of AT in an intermediate pentasaccharide-bound conformation (161).
Cleavage of RCL of AT reverse the induced fit, causing a 1000-fold loss in affinity for
the pentasaccharide (177,178). It is expected that such a mechanism would allow
AT-protease complexes to be released from heparin sulfate for receptor-based

clearance.
1.4.5 Acceleration of protease inhibition

Heparin acceleration of protease inhibition by AT involves two distinct mechanisms,
depending on the targets involved (179). Pentasaccharide binding to AT is sufficient
to accelerate the inhibition of Factors IXa and Xa by 300-500-fold and as the
pentasaccharide binds only AT and induces a conformational change, this
mechanism of activation is considered allosteric. In contrast, activation of thrombin
inhibition requires both AT and thrombin to bind the same heparin chain (at least 18
monosaccharide units in length) (180), with the heparin serving a bridging function. A

scheme of the allosteric and bridging mechanism is given in figure 20.
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Fig 20 Inhibition mechanism heparin induced At-mediated (A), toward factor Xa (B) and factor lla (C).

Although it is convenient to consider the two mechanisms as distinct, recent studies
have demonstrated that in the presence of physiological levels of Ca®* factor Xa (and
IXa) inhibition is further accelerated through the addition of a bridging component to
the allosteric mechanism (132,133). The molecular basis of improved protease
recognition by AT in the presence of heparin is currently under investigation and it
has become clear that exosite contacts, outside to the RCL of AT, are critical
(182,183). Two crystal structures of AT in complex with inert thrombin and a synthetic
heparin mimetic (SR123781) have recently been published (160,184).

In the higher resolution structure by Li et al., electron density was observed for the
entire heparin chain and revealed the expected thrombin-heparin interactions; it is
thus considered more likely to represent the bridged complex (fig 20 C).The position
of the thrombin relative to AT in the structure explains why the rate of thrombin
inhibition is insensitive to the expulsion of the hinge region, as partial insertion of the

hinge is observed. In contrast, heparin acceleration of factor IXa and Xa inhibition is
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completely dependent on the expulsion of the hinge region from B-sheet A (181),
probably due to the requirement of exosite contacts towards the back of AT (185) (fig

20 B).
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2.0 Aim of the Work

In the last decade the diffusion of LMWHS is rising up and for the future these drugs
are destined to replace totally the unfractionated heparin in all clinical fields in which
they are actually utilised. The advantages of the LMWHSs are described above (1.2)
but for now the knowledge of these heterogeneous compounds do not allow to
directly correlate their structure and composition with clinical effects. In fact ideally,
LMWHSs should differ from their parent heparins only for their average molecular
weights, which are approximately one third than those of the original
polysaccharides, but actually, according to the methods used for manufacturing
LMWHSs, they can differ from parent heparin even in terms of monosaccharide
composition and oligosaccharide sequence.

With the aim of deepening the knowledge of structural features correlating with
biological activities of LMWHSs, the present work focused on the detailed investigation
of the oligosaccharide composition of the three most popular commercial LMWH
preparations, enoxaparin, tinzaparin and dalteparin.

Those LMWHSs, currently approved for the use in the United States, are produced by
three different means of depolymerisation, each resulting in unique structural
alterations at either the reducing and/or non-reducing end of the cleaved heparin
chains (189). Dalteparin, is produced through deaminative cleavage with nitrous acid,
resulting in formation of an anhydromannitol ring at the reducing end. Tinzaparin, is
the result of enzymatic B-eliminative cleavage of unmodified heparin by heparinase-l,
that generates a A4,5 uronic acid residue at the non-reducing end. Enoxaparin,
prepared through chemical B-eliminative cleavage by alkaline treatment of heparin
benzyl esters, is once again featured by non-reducing unsaturated uronate residues.
For such LMWH also the presence of 1,6-anhydro structures at the reducing end is

described.



3.0 Results

3.1 Gel permeation chromatography

The three LMWH preparations were separated into their oligomeric components
through gel permeation chromatography on Biogel P10, obtaining noticeably different
chromatographic profiles (figure 21,22,23). A series of peaks, each one
corresponding to oligomeric families, ranging in size from dp4 to dpl6 (enoxaparin)
(fig 21) or dp18 (tinzaparin) (fig 22) and from dp8 to dp22 (dalteparin) (fig 23), were
resolved. The larger unresolved oligosaccharides were present in different
proportions for each LMWH. The average chain length of most of the components
was determined through mass spectrometry analysis, by collecting the fractions
corresponding to individual peaks (data not shown). Moreover, in the enoxaparin
elution profile, in between the various peaks of shorter even oligomers (tetra-
hexamers etc.) small peaks were observed and were identified as odd oligomers

(trimer in front of the tetramer; pentamer in between the tetramer and hexamer).

Enoxaparin

1,2

0,8 4

ABS 210 nm
o
o

0,4

0,2 A

T T T T T
180 280 380 480 580 680
Eluition vol (mL)

Fig 21 Gel permeation elution profile of Enoxaparin.
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Fig 23 Gel permeation elution profile of Dalteparin.

48



Results

A first important compositional difference is pointed out: the three LMWHSs are
composed by different percentages of a single oligosaccharidic population,
particularly Enoxaparin is richer in small oligosaccharidic chains instead Dalteparin is
richer in long oligosaccharidic chains. Tinzaparin is the LMWH with the highest
polydispersity and all different populations of oligosaccharidic chains are
represented. Each oligosaccharidic population was collected and the relative
percentage with respect to the total compound has been estimated (in table 7 are

summarized the percentages of abundance of the three LMWHS)

Tab 7 Evaluation of the relative abundance of the oligosaccharidic components of the three LMWHSs studied
(weight %) (n.d. not detected). All the percentages were calculated on the basis of the weight recovery after the
biogel p10 column.

Oligosaccharide Enoxaparin Tinzaparin Dalteparin
dpltodp3 3,6 1,6 n.d.
dp5and 4 8,9 3,5 n.d.
dp 6 10,7 4,9 n.d.
dp 8 17,8 51 n.d
dp 10 12,7 6,1 10,0
dp 12 10,1 51 11,0
dp 14 0,5 7,5 9,2
dp 16 9,3 7,1 17,2
dp 18 20,4 7,6 12,6
larger oligos 6,0 51,5 40,0

3.2 Affinity chromatography

Affinity chromatography on AT-Sepharose of LMWHSs, enoxaparin, dalteparin and
tinzaparin, resulted in separation of two portions: the first one, eluted at lower ionic
strength, represented the non adsorbed material and was designed as no affinity
(NA) fraction; the second one, eluted at higher salt concentration, was designed as
high affinity (HA) fraction. The relative contents of HA fraction of the three LMWHs,

calculated as a mean of three experiments, appear very similar (tab 8).
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Table 8 Evaluation of High affinity content (relative percentage) of three LMWHSs.

LMWH % HA
Enoxaparin 13.6 +0.71
Tinzaparin 14.2 £ 0.62
Dalteparin 13.6+£1.21

Such a percentage of HA fraction mainly depends on two factors: the presence along
heparin chain of sequences specifically interacting with AT and the length of
oligosaccharide chains. In fact, the longer is the heparin oligosaccharide interacting
with AT-Sepharose column and the higher is its response to carbazole reaction. As
the average chain length of the three LMWHSs is rather different, as shown in figure
21,22 and 23, also the oligosaccharide composition of the corresponding HA
fractions is expected to be qualitatively dissimilar.

With the aim of further fractionating HA components, AT-Sepharose column was
overloaded with an amount of each LMWH exceeding three times the retention
capacity of the resin. Following the procedure described in Material and Method
section, three HA subfractions endowed with graded strength of interaction with AT
were separated from each LMWH (HA1, HA2 and HA3, in scaling order of affinity),

together with the corresponding no-affinity fraction (NAr).
3.3 Molecular weight evaluation

Molecular weight parameters of enoxaparin, tinzaparin and dalteparin, and of their
corresponding NA and HA fractions, were evaluated by high performance-size
exclusion chromatography/ triple detector array (HP-SEC/TDA) (manuscript in
preparation). HP-SEC on-line with triple detector array permits the evaluation of
polymeric samples by exploiting the combined and simultaneous action of three

detectors: laser light scattering (RALLS/LALLS) refractometer and viscometer. The
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method, already successfully employed to determine the molecular weight of UFH

and dermatan sulfate (190), does not require any chromatographic column

calibration. The resulting molecular weight parameters, Mw, Mn and polydispersity

(D), are shown in table 9.

Tab 9 Evaluation of molecular weig_;ht parameters by HP-SEC/TDA.

Sample Fraction Mn Mw D

Parent 3850 4975171 1,30

Enoxaparin HA 8080 9000 1,12
NA 3450 4700 1,32

Parent 5715 8100+295 1,41

Tinzaparin HA 9060 11000 1,23
NA 5600 7000 1,61

Parent 5700 7000%155 1,21

Dalteparin HA 7950 10200 1,23
NA 4800 6500 1,30

In agreement with the featuring diversity of Biogel P10 elution profiles (fig. 21, 22 and

23), the parent LMWHSs exhibited very different molecular weight and polydispersity

values.
Fig 24 HP-SEC/TDA chromatograms of the three LMWHS: refractive index response.
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All the HA fractions exhibited significantly higher molecular weight with respect to
their corresponding parent LMWH and a reduced polydispersity only in case of
enoxaparin and tinzaparin. In figure 25 the elution profiles of tinzaparin and its HA

fraction are compared and a significant difference in retention volume is pointed out.

Fig. 25 HP-SEC/TDA elution profile of tinzaparin (red) and its high affinity fraction HA (black).
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To evaluate the molecular weight of high affinity subfractions HA1, HA2 and HAS3, an
alternative method was applied, mainly to overcome the relatively large requirement
of material from HP-SEC/TDA analysis (about 2,5-5 mg for each analysis). Then a
HP-SEC coupled both to a UV detector and to an electronspray ionization source,
equipped with a hybrid quadrupole/time-of-flight (ESI-Q-TOF) mass spectrometer. In
this case the chromatrographic column employed was a Superdex 75 (see Material
and Methods section) and the amount of material required for each analysis was 0.2-
0.4 mg. Chromatographic column was calibrated by using the mass values for the
smaller components (i.e. Tetra, Hexa, Octa) and five heparin fraction previously
characterized through HP-SEC/TDA (Mp=5400, 6000, 6500, 8400, 9800). The total

ion chromatograms (TIC) of all LMWH heparin fractions and the UV chromatograms,
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available only for enoxaparin and tinzaparin fractions, were elaborated through a
GPC program.

To assess the concordance of molecular weight values obtained with the two
techniques, the three parent LMWHSs have been analysed with both HP-SEC/TDA
and HP-SEC/UV-ESI-Q-TOF. Results obtained are shown in table 10.

Tab 10 Molecular weight parameters evaluation through HPLC-ESI and TDA.

Sample Analysis Mn Mw D

_ HP-SEC/TDA 3850 4975+171 1,30
Enoxaparin

HP-SEC/UV-ESI 3500 4600 1,33

_ _ HP-SEC/TDA 5715  8100+295 1,41
Tinzaparin

HP-SEC/UV-ESI 4900 7100 1,43

_ HP-SEC/TDA 5700  7000+155 1,22
Dalteparin

HP-SEC/UV-ESI 5800 7800 1,28

For enoxaparin and dalteparin, both Mn and polydispersity (D) values are in good
agreement, and the difference between Mw values is held down 10%. In the case of
tinzaparin whereas D is unvaried, Mn and Mw values obtained with the two
techniques exhibited the larger difference. In particular, Mn and Mw values found
with HP-SEC/ESI-Q-TOF are lower with respect to those found with HP-SEC/TDA.
Such a difference could be explained by considering that different chromatographic
columns have been employed in the two systems and Superdex 75 GPC column
employed in HP-SEC/UV-ESI-Q-TOF could resolve less efficiently higher molecular
weight oligomers with respect to the TSK columns employed in HP-SEC/TDA. Since
tinzaparin is the richest in larger oligosaccharides among the three LMWHs studied,
(see table 5), as a consequence, HP-SEC/UV-ESI-Q-TOF could result in an
underestimation of its molecular weight.

Since the comparison of molecular weight parameters of LMWHs and of their

subfractions aimed at pointing out a trend of variation inside homogeneous families,
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the differences detected between HP-SEC/TDA and HP-SEC/UV-ESI-Q-TOF was

considered not influential.

Molecular weight parameters of HA1, HA2, HA3 and NAr subfractions of each LMWH

were finally obtained (tab 11).

Tab 11 Evaluation of molecular weight parameters through HP-SEC/UV-ESI-Q-TOF.

Sample Fraction Mn Mw D

Parent 3500 4600 1,33

HAI 6500 7350 1,13

Enoxaparin HA2 5200 6200 1,23
HA3 6300 7000 1,12

NAr 4000 5000 1,25

Parent 4900 7100 1,43

HA1 8100 9200 1,13

Tinzaparin HA2 8500 9500 1,11
HA3 9000 10000 1,12

Nar 5200 6500 1,25

Parent 5800 7800 1,28

HA1 6150 8300 1,35

Dalteparin HA2 5800 8400 1,47
HA3 5800 8500 1,45

NAr 4300 7000 1,50
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In agreement with the results obtained by HP-SEC/TDA, all HA fractions have higher
Mw compared to parent LMWHSs, moreover the correlation between affinity and
molecular weight is different in the three cases (fig 27).

The elution profile of a single LMWH and its fractions (Tinzaparin) is shown in figure

26 (Total lon Chromatogram).

Fig 26 Elution profile of the tinzaparin parent (black), non affinity fraction (brown) and high affinity fractions (HA1
red, HA2 green, HA3 blue).
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Fig 27 Correlation between AT-affinity and molecular weight: comparison among the series of fractions
with graded affinity (HA1, HA2, HA3, and NAr) obtained from enoxapatrin, tinzaparin and dalteparin.
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As shown in figure 27 the molecular weight (Mw) of HA fractions of Tinzaparin
increased with the decreasing of affinity toward AT (yellow boxes), whereas
Dalteparin is the most homogenous compound, apart from a very slight increase of
Mw (green boxes) and for Enoxaparin (red boxes) the Mw decreases together with
the affinity degree. In all cases the NAr component exhibit the lowest Mw mainly due
to the presence of the shorter oligosaccharides.

Larger oligosaccharides species are expected to exhibit the highest affinity toward
AT because the probability to contain the specific pentasaccharidic sequence
(AGA*IA) is higher than for shorter chains. In fact all HA fractions are longer than the
corresponding NA fractions. Nevertheless, by considering the HA subfractions of
each LMWH, no correlation was found between degree of affinity and molecular
weight: even for tinzaparin, fraction with the highest affinity exhibited the lowest

molecular weight value.
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3.4 NMR characterization

All fractions and subfractions separated by affinity chromatography were studied
through NMR by applying the quantitative compositional analysis method based on
two-dimensional (2D) *H-'3C correlation experiments (heteronuclear single quantum
coherence, HSQC) already successfully applied to characterize the corresponding
parent LMWHs (189). The average contents of monosaccharide components of the
three LMWHSs and of all their fractions are compared in tables 12 and 13. Enoxaparin
and its fractions exhibited a notable structural complexity because of the number of
reducing residues detectable in their spectra with respect to those displayed by
tinzaparin and dalteparin LMWHSs and fractions: eight ,vs two, vs one, respectively.
Anyway, the most important difference displayed by each HA and NA fraction with
respect to the corresponding parent LMWHs are due to the average contents of
Ans3s and G-Aysss considered as markers of the pentasaccharidic sequence
AGA*IA. The percentage of Ansss (A*), the central residue of the pentasaccharidic
sequence (AGA*|A), is always higher than the percentage of glucuronic acid linked to
A*, G-(A*). Actually, A* was also found in heparin fractions with no affinity for AT
(189), indicating that this residue can be located also in sequences not directly

involved in the interaction with AT.
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Tab 12 Determination of variously substituted monosaccharide components (percentage) of Enoxaparin,
Tinzaparin and Dalteparin (amines).

Sample 4 A A A T Te Be 0N T e
Enoxaparin
parent 488 7.0 118 43 103 05 86 10 22 25 30 00 838
HA 353 138 104 140 160 04 48 00 20 15 18 00 895
NA 484 67 141 28 87 05 93 12 26 28 30 00 840
HA1 335 146 11 168 125 03 66 00 14 1.7 15 00 90.1
HA2 421 124 86 117 125 04 67 00 1.7 21 19 00 902
HA3 381 136 89 115 158 07 65 00 13 18 1.7 00 887
NAr 508 6.8 125 18 78 03 102 01 26 29 33 00 821
Tinzaparin
parent 532 76 86 34 140 06 111 13 00 00 04 00 863
HA 434 135 80 79 196 06 63 04 00 00 00 00 856
NA 558 65 109 15 116 06 120 16 00 00 00 00 850
HAI 402 143 91 101 187 05 52 15 00 00 03 00 870
HA2 424 139 80 92 194 02 63 06 00 00 00 00 831
HA3 456 133 86 53 206 00 57 09 00 00 00 0.0 808
NAr 588 65 90 14 95 04 134 15 00 00 00 00 852
Dalteparin
parent 5563 89 60 54 96 00 00 00 00 00 00 148 915
HA 419 155 6.0 140 132 00 00 00 00 00 00 93 898
NA 606 76 70 43 72 00 00 00 00 00 00 134 917
HA1 418 135 88 129 120 00 00 00 00 00 0.0 109 941
HA2 411 155 50 139 128 00 00 00 00 00 00 11.7 946
HA3 443 142 47 128 128 00 00 00 00 00 00 11.2 917
NAr 506 68 70 37 74 00 00 00 00 00 00 154 918
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Tab 13 Determination of variously substituted monosaccharide components (percentage) of Enoxaparin,
Tinzaparin and Dalteparin (uronic acids).

Enoxaparin
parent 528 57 13 33 82 45 26 176 10 11 09 0.3
HA 491 138 00 112 69 38 1.5 106 24 00 0.0 0.0
NA 541 47 11 21 87 43 26 184 11 15 09 0.0
HA1 494 124 07 107 60 23 11 144 29 02 00 0.0
HA?2 490 98 1.7 7.6 71 32 34 144 20 09 0.8 0.0
HA3 498 134 00 97 70 33 1.7 122 21 07 00 0.0
NAr 535 39 06 1.1 95 65 24 189 05 1.5 0.8 0.0
Tinzaparin
parent 640 68 15 20 90 32 00 127 00 00 03 0.0
HA 56.8 13.1 1.6 6.2 64 38 00 118 00 00 0.0 0.0
NA 623 51 19 14 96 48 00 152 00 00 00 0.0
HA1 546 139 19 72 66 45 00 99 00 03 00 0.0
HA?2 578 134 15 5.6 6.1 4.1 00 11.0 00 00 0.0 0.0
HA3 60.7 120 14 31 69 35 00 118 00 00 00 0.0
NAr 635 49 1.8 1.3 9.0 51 00 143 00 00 0.0 0.0
Dalteparin
parent 763 85 07 44 65 35 00 00 00 00 00 0.0
HA 609 141 23 124 66 3.8 0.0 0.0 0.0 0.0 0.0 0.0
NA 744 73 12 46 78 48 00 00 00 00 00 0.0
HA1 650 135 14 123 48 30 00 00 00 00 00 0.0
HA?2 66.4 145 22 97 42 30 00 0.0 0.0 0.0 0.0 0.0
HA3 665 147 08 106 46 28 00 00 00 00 00 0.0
NAr 775 65 20 33 66 4.1 0.0 0.0 0.0 0.0 0.0 0.0
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The possible importance of the average sulfation degree of heparin chains with
respect to AT-affinity, was also considered. As described in Materials and Methods
(see 3.6.1) the evaluation of the percentage of abundance of sulfated residues
provided an estimation of the average sulfation degree per disaccharide for the

LMWHSs and their fractions was provided.

Fig 28 Correlation between AT-affinity and sulfation degree: comparison among the series of fractions with
graded affinity (HA1, HA2, HA3, and NAr) obtained from enoxaparin, tinzaparin and dalteparin.
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In contrast with some recent literature data, pointing to a significant role of charge the
density of GAG chains in their affinity for AT (197), the present results did not reveal
any correlation between the average degree of sulfation of the low molecular weight
heparin chains and the affinity toward AT.

As a consequence, if neither molecular weight (fig. 27) nor degree of sulfation can
explain the different degree of affinity of the analysed fractions, other factors are
expected to contribute to the affinity for AT, in addition to the presence of the specific

pentasaccharide sequence (AGA*IA). Possible factors include the positioning of
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AGA*IA within the oligomeric chain, the pattern of sulfate groups and the chain
flexibility of reducing and nonreducing extension of the pentasaccharide, or even the
presence of more than one AGA*IA per chain. These hypotheses were previously
pointed out by our group (40,190).

As described in Material and Methods (see 3.6.2) information about the molecular
weight of LMWHs can be obtained also through NMR spectra, by evaluating the
percentage of reducing end residues (192). Being NMR a conservative technique
towards sample, such a way was considered as further alternative to estimate the
molecular weight of LMWH subfractions, HA1, HA2, HA3 and NAr, which were
available only in low amount, not sufficient for HP-SEC/TDA analysis. It is important
to underline that the molecular weight estimated by such a way represents an
average Mn value which does not take in account the real polydispersity of the
sample. Anyway, it is useful to evaluate the possible variation of molecular weight
within a homogeneous family of fractions.

Due to the different relaxation times of the terminal residues with respect to residues
in chain, NMR generally overrates the amount of ending groups and consequently

underestimates the Mn values.
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In table 14, the comparison of the reliable Mn values obtained by HP-SEC/TDA
analysis (Mngpa)) of each parent LMWH and of the corresponding HA and NA
fractions with the Mn value calculated via NMR (Mnnwmr)) points out such a
difference. To overcome this problem a correction factor was calculated as follows:

f = Mngpa) / MNumg)
for all HA and NA fractions and applied to obtain a “correct Mnymg)” estimation of the

corresponding HAL, HA2, HA3, and NAr fractions, respectively (tab. 14).

Tab 14 Determination of the correction factor for Mn values obtained through NMR.

Sample Fraction Mn Mn Correction Factor
HP-SEC TDA NMR f

Parent 3850 3100 1,24
Enoxaparin HA 8000 5700 1,40
NA 3500 2900 1,21
Parent 5350 4650 1,15
Tinzaparin HA 9000 8600 1,05
NA 5650 4450 1,27
Parent 5850 4300 1,36
Dalteparin HA 7950 6700 1,19
NA 4800 4700 1,02

Crossing information about the average Mn and the relative percentage content of G-
(A%), regarded as marker of the active pentasaccharide sequence, it was possible to
estimate for each LMWH and HA subfraction the average content of AGA*IA per

chain, together with the average number of disaccharide per chain (tab. 15).
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Tab 15 Estimation of the average content of AGA*IA sequence per chain.
% Mn values calculated by introducing the corresponding correction factor f as described in the text (see table 12).
For parent LMWHSs correct Mn = Mn(tpa)
® values between brackets are referred to HP-SEC/ESI-Q-TOF-MS measurements.

Determinations via NMR ESI-MS disacch. AGA*IA

Sample fraction — Red. avg . per per

ends  Mn Mn (fv([)l’g- G /;; . Mn chain chain
% dis. " 4%

i a 6,1 ~0,2
Enoxaparin Parent 20,4 631 3100 3850 3.3 3500 (5.6)° (~0,1)°
HAL 117 639 5400 7600 10,7 6500 (1101’f)b (:f’;’)b
HA2 14,3 637 4500 63007 7,6 5200 (g 'S)b (:c} ’80)b
HA3 12,7 630 4900 6900° 9,7 6300 (11(())’09)13 (:11b())b
NAr 23,1 630 2700 3300° 1,1 4000 (65’22)b (:(?’11)'3

. . a 8’4 ~O’2
Tinzaparin Parent 13,7 633 4650 5350 2,0 4900 (7.8)° (~0,2)°

a 13,4 ~1,0
HA1 7,9 626 7900 8200 7,2 8100 131°  (~1,0)°

a 14,4 ~0,8
HA2 7,3 625 8600 9000 5,6 8500 (13,6)°  (~0,7)°

a 15,1 ~0,5
HA3 7 622 9000 9400 3,1 9000 (14,5°  (~0,4)°
NAr 15,3 633 4200 5300° 0,7 5200 (5'24)&) (:g’ll)b

) a 9,0 ~0,4
Dalteparin Parent 14,7 631 4300 5850 4,4 5700 9,2)° (~0,4)°
HA1 11,0 628 5700 6700° 12,3 6150 (118’68)b (:11’34)*’

a 10,2 ~1,0
HA2 11,7 631 5400 6400 9,7 5800 (10,1°  (~1,0)°

a 10,7 ~1,1
HA3 11,2 626 5600 6600 10,6 5800 (10,6)°  (~1,1)°

a 6,7 ~0,2
NAr 153 633 4100 4200 3,3 4300 6.6)° (~0,2)"

As expected the average chain length is directly related to the molecular weight.

Instead the average AGA*IA for a single chain is a further confirm of the “sequence

effect” hypothesis: fractions with higher affinity toward the AT (HA1) have more than

one AGA*IA sequence for a single chain for Enoxaparin and Dalteparin. On other

hand Tinzaparin fractions with intermediate affinity (HA2) and lowest affinity (HA3)

toward the AT have less than one AGA*IA for a single chain, that result confirm once

again the “sequence effect” hypothesis, by pointing out the existence of sequences

with affinity toward AT but without the complete AGA*IA sequence.
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3.5 Activity

Since the final aim of the present research is the correlation of the structural
characterization of LMWHSs with their functional properties, all the isolated fractions
were planned to be submitted to a series of biological tests, including anti-Xa assay,
anti-lla assay, pharmacokinetics assays.

Preliminary experiments were performed by testing the anti—Xa activity of some
selected fractions with graded affinity toward AT (i.e. HA1, HA3, and NAr), in
comparison with parent LMWHSs. Preliminary results obtained, shown in table 16,
pointed out a direct relationship between affinity and anti-Xa activity: all fractions
endowed of AT-affinity exhibited a high AT-mediated factor Xa inhibition, whereas

fraction devoid of AT-affinity (NAr) did not exhibit any significant inhibitory effect.

Tab 16 Determination of anti Xa-activity of selected fractions in
comparison with the corresponding parent LMWH.

. Anti X ivi
Sample Fraction ti Xa activity
(U/mg)
Parent 95
HA1 361
Enoxaparin
HA3 199
NAr 0
Parent 82
HA1 291
Tinzaparin
HA3 133
NAr 7
Parent 133
HA1 245
Dalteparin
HA3 234
NAr 10
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As concern the comparison among the three LMWHSs, while for HA1 and HA3
fractions of both enoxaparin and tinzaparin the anti-Xa activity is widely different (361
vs 199 and 291 vs 133, respectively), for the same fractions of dalteparin the
difference is negligible, proving once again the high degree of homogeneity of that
LMWH preparation.

To meet the requirement of high amount of material to carry out all the planned
biological tests, further affinity chromatography fractionations of the three LMWHs by

employing the preparative AT-Sepharose column are being performed.
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4.0 Discussion

During the last decade the need to investigate more in depth the differences among
various low molecular weight heparins is acquiring importance due to their
continuous development and the increasing trend to substitute unfractionated heparin
(69, 71). As described in the introduction, the actual and potential therapeutic uses of
the low molecular weight heparins are wide (72-82). In this work we focused our
attention on their anticoagulant properties (105-108). The fact that LMWHs are
considered not interchangeable in the antithrombotic therapy (69) is an evidence of
the importance of structural differences as starting point to explain differences in the
biological properties and clinical effects of the LMWHSs.

With the aim to explain from a structural and compositional point of view their
different biological properties, this work was focused on the in depth study of the
three most commonly employed commercial LMWHSs: enoxaparin, tinzaparin, and
dalteparin. Their compositional differences were determined by analyzing their
oligosaccharidic populations by gel permeation chromatography. The elution profiles
provided a fingerprint for each LMWHS, revealing very characteristic oligosaccharidic
compositions, differing as regards the number of oligomeric species, their size and
their relative proportion.

Enoxaparin was shown to be characterized by a consistent presence of short
oligosaccharidic chains, i.e. tetra-octasaccharides. Tinzaparin exhibited the highest
degree of polydispersity, being composed of oligosaccharidic chains of various
lengths. Dalteparin revealed the lowest polydispersity, appearing richer in longer
oligosaccharidic chains. These differences were confirmed by determination of
molecular weight and polydispersity by HP-SEC/TDA. Enoxaparin was the LMWH
with the lowest molecular weight, tinzaparin was the one with higher polydispersity,

and dalteparin the most homogenous of the three LMWHSs.
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Since the anticoagulant/antithrombotic effect of the LMWHs is primary due to the
interaction with AT, the analysis of LMWH fractions endowed with high affinity toward
the protein was particularly important. Affinity chromatography on AT-Sepharose was
performed to separate and quantify the high affinity fraction. Despite the different
length of oligomeric components of the three LMWHSs, the relative percentage of their
HA and NA fractions, evaluated as uronic acid content of interacting and non
interacting species respectively, was very similar.

The composition of HA fractions was studied more in detail. In particular, their
molecular weight in comparison with the corresponding NA fractions and with the
parent LMWHSs was determined. All the HA fractions exhibited a considerably higher
molecular weight and a reduced polydispersity with respect to NA fractions,
suggesting that the longer are the oligosaccharides and the higher is the probability
that they contain the specific pentasaccharidic sequence mainly responsible for AT
interaction. Such an evidence holds also for dalteparin despite the parent LMWH
displayed the most reduced polydispersity, thus appearing as the most
homogeneous HA fraction from a compositional point of view.

To deepen the characterization of HA components, HA heparin chains of each
LMWH were further fractionated into three subfractions with graded affinity toward AT
(HA1, HA2, and HA3), also obtaining their corresponding no-affinity fraction, NAr. All
these fractions were in turn characterized for Mw and, in addition, analysed for their
mono-disaccharide composition, in comparison with the corresponding parent
LMWHs and HA fractions, through quantitative analysis of their bi-dimensional
proton-carbon NMR spectra (186).

The molecular weight of all HA subfractions were estimated by two different methods:
HP-SEC/ESI-MS, by calculating molecular weight parameters on the basis of UV and
MS chromatographic profiles, and by NMR spectroscopy, by evaluating the
abundance of the reducing-end residues with respect to the total anomeric residues.
The results found with the two methods, following a correction of NMR data based on

HP-SEC/TDA data, were comparable.
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For all the three analysed LMWHSs neither the molecular weight of the derived HAL,
HA2, HA3 and NA subfractions nor their sulfation degree calculated via NMR
exhibited any correlation with the degree of affinity for AT.

The most relevant difference emerging from the comparison of NMR spectra of the
three series of LMWH-derived fractions is the relative content of two residues A* and
G-(A*): enoxaparin exhibited a significant decrease in their content going from the
HAL to the HA2 fraction; tinzaparin revealed a constant decreasing of these markers
from HA1l to HA3; whereas, for dalteparin just a slight decrease of A* and G-(A¥)
content from HAL1 to HA3 was observed, once again confirming this LMWH as the
most homogenous one. Although both residues can be considered potentially
markers of the heparin binding site for AT, AGA*IA, the trisulfated glucosamine A*
was shown to be contained also in NA heparin chains (198). In fact, an evaluation of
either A* or G-(A*) potentially undervaluate actual contents of AGA*IA, especially
when the first aminosugar residue of the pentasaccharide is a non-6-O-sulfated
glucosamine, which dramatically impairs the affinity for AT of the pentasaccharide.
Although the presence of the G-(A*) sequence cannot guarantee the complete
structural integrity of the active pentasaccharide, its quantitative evaluation can
provide a rough estimate of the AGA*IA pentasaccharide content. By combining
information obtained by NMR on the G-(A*) content and the chain length derived
from molecular weight evaluation, it was thus possible to approximately estimate the
AGA*IA content per chain.

For HA1 fractions of enoxaparin and dalteparin, the AGA*IA content per chain was
estimated about 1.3 and 1.4 respectively, indicating that statistically, some chains
may contain more than an active pentasaccharide. For the corresponding HA2 and
HA3 fractions, the AGA*IA content was around 1.0. For the graded high affinity
fractions of tinzaparin, the AGA*IA content per chain appeared to be slightly lower,
starting from one per chain (HA1) to apparently less than one for HA2 and HAS.
Despite the awareness that such an estimation need to be verified, mainly by

providing a more precise evaluation of molecular weight of HA fractions and then of
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their chain length, the present data confirm the need of structural requirements
additional to the presence of AGA*IA to explain at least the different affinity degree of
HA2 and HA3 fractions of both enoxaparin and dalteparin, the estimated active
pentasaccharide content of which was the same. Structural parameters such as the
positioning of AGA*IA within the heparin oligomeric chain, the sulfation pattern of its
reducing and non reducing elongating regions, together with their flexibility, mainly
depending on epimerization of uronic acid residues, need to be considered and
investigated.

Preliminary data on biological activity in vitro indicated that the different anti-Xa
activities displayed by the analysed fractions are in agreement with the degree of AT
affinity and the overall structural considerations. Actually, all HA1 fractions exhibited
an anti-Xa potency significantly higher than both the corresponding parent LMWH
and HAS3 fraction. But, whereas the displayed differences were considerable in the
case of enoxaparin and tinzaparin, the differences for dalteparin were less important,

confirming once again the structural homogeneity of this LMWH.

The present work represents the first insight into the detailed and comparative
structural characterization of three commercial LMWHs differing in manufacturing
process. Important and characteristic structural parameters were defined, including
the precise oligomeric composition, the relative content of AT interacting species,
and their molecular weight, together with the relative content of variously substituted
monosaccharide components. Further studies are required to unravel the correlation

of structural features with LMWH functional properties.
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5.0Materials and Methods

5.1 Molecular weight evaluation of LMWHSs

Materials:

. Viscotek pump VE1121; Degasser on-line dual channel Gastorr 150

. Columns TSK gel G2500 PWXL+TSK gel G3000 PWXL, Tosoh, 7.8mm ID x
30cm, Viscotek; 40°C

. Injection 100 pl

. Detector Viscotek mod.302 TDA equipped with refractive index, viscometer,
Light Scattering 90° e 8°, at 40°C.

. Solution NaNO3; 0.1M

. Software Viscotek for data analysis

Method:

. Sample preparation:

Sample was dissolved in 1 ml of NaNO3; 0.1M solution (average concentration

was about 5 mg/ml for each sample).
. Instrumental analysis:

HPLC analysis with NaNO3 0.1M as eluent ; flow-rate: 0.6ml/min;

temperature: 40° C.
. Data analysis :

Chromatogram analysis was performed with OMNISEC 3.0 software, all
molecular weight parameters (Mn,Mw,Mz) and polydispersity of each sample

were obtained.
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5.2 LMWHSs fractionation through size exclusion

chromatography

Materials:
. Resin: Bio-gel P10 (polyacrylamide);
. Column: Bio-Rad (5 x 129 cm)
. Eluent: NH4Cl 0,25 M
. Flow-rate: 7 ml/min
- Fraction-collector Gilson mod. 201 controller
. Pump Gilson Miniplus 2
. Cuvettes macro (4 ml) optical grade quartz
. Spectrophotometer UV/Vis Cary 50 (Varian)
. Millipore 0,22u filters

Method:

. Eluent preparation:

66,75 g NH4Cl was dissolved in 5l of purified water, the solution was filtered

(0,22 u filters) and degassed.
. Resin preparation:

The resin (biogel-P10) was suspended in 2,5 | of purified water and gently
stirred until the achievement of a homogenous solution. The solution was

incubated for 30 min at room temperature, than the surnatant was eliminated.

2,5 | of purified water are added again and the procedure was repeated 3

times.

The solution obtained was finally degassed for 1 h at room temperature.
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Column preparation:

The swollen and degassed resin was packed into the column, than was
incubated at room temperature for 24 hours, before washing with 5 | of eluent

(flow-rate 0,4 ml/min).

Size exclusion Chromatography:

150 mg of each sample was dissolved in 5 ml of eluent and applied onto the
column. Eluition was performed at a flow-rate of 7 ml/min; flowthrough was

collected in 6 ml fractions.

Spectrophotometer analysis:

Absorbance at 210 nm was evaluated for each fraction, fractions of interest
were collected and desalted through size-exclusion chromatography and

ultrafiltration.
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5.3 LMWH fractions desalting procedure

through size-exclusion chromatography

5.3.1 Sephadex G10 column

Materials:
. Resin: Sephadex g10 (Pharmacia);
. column: Pharmacia (2,5 x 180 cm)
. Eluent: EtOH 10% in H2O
. Flow-rate: 1,2 ml/min
. Fraction-collector Gilson mod. 201 controller
. Pump Gilson Miniplus 2
. Cuvettes macro (4 ml) optical grade quartz
. Spectrophotometer Cary 50 UV/Vis (Varian)
. Millipore 0,22u filters
. Dextran blue (PM 2.000.000 Da)
. KyCrOs (PM=194 Da)

Method:

. Eluent preparation:

500 ml of EtOH was diluted to 5 | of purified water, filtered (0,22 u) and

degassed.
. Resin preparation:

The resin (Sephadex G10) was suspended in 2,5 | of purified water and gently

stirred until the achievement of a homogenous solution.
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The solution was incubated for 30 min at room temperature, than the surnatant
was eliminated. 2,5 | of purified water are added again and the procedure was

repeated 3 times.

The solution obtained was finally degassed for 1 h at room temperature.

Column preparation:

The swollen and degassed resin was packed into the column, than was
incubated at room temperature for 24 hours, before washing with 2,5 | of

eluent (flow-rate 0,4 ml/min).

Column calibration:

The column calibration was obtained by loading a mixture of dextran blue (2,5
mg) and KyCrO4 (2,5 mg). Fractions were collected and analysed with

spectrophotometer (A=610 nm and A=450 nm), V, and V;were calculated.

Size exclusion Chromatography:

From 50 to 150 mg of each sample was dissolved in 5 ml of eluent and applied
onto the column. Elution was performed at a flow-rate of 1,2 ml/min;

flowthrough was collected in 6 ml fractions

Spectrophotometer analysis:

Absorbance at 210 nm was evaluated for each fraction, fractions of interest

were collected and freeze-dried.
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5.3.2 TSK columns

Materials:
. Resin: TSK-GEL TOYOPEARL HW40S
. Columns: Pharmacia (2,6x58 cm), Pharmacia (5,5x100 cm)
. Eluent: EtOH 10% in H,O
. Flow-rate: 1,2 ml/min , 5 ml/min
- Fraction-collector: Gilson mod. 201 controller
. Pump Gilson Miniplus 2
. Cuvettes macro (4 ml) optical grade quartz
. Spectrophotometer Cary 50 UV/Vis (Varian)
. Millipore 0,22u filters
. Dextran blue (PM 2.000.000 Da)
. KyCrO4 (PM=194 Da)

Method:

. Eluent preparation:

500 ml of EtOH was diluted to 5 | of purified water, filtered (0,22 n) and

degassed.

. Resin preparation:

The resin (TSK-Gel) was suspended in 2,5 | of purified water and gently stirred
until the achievement of a homogenous solution. The solution was incubated

for 30 min at room temperature, than the surnatant was eliminated.

2,5 | of purified water were added again and the procedure was repeated 3

times. The solution obtained was finally degassed for 1 h at room temperature.
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Column preparation:

The swollen and degassed resin was packed into the column, than was
incubated at room temperature for 24 hours, before washing with 2,5 | of

eluent (flow-rate 0,4 ml/min).

Columns calibration:

The column calibration was obtained by loading a mixture of dextran blue (2,5
mg and 5mg) and K,CrO4 (2,5 mg and 5mg). Fractions were collected and
analysed with spectrophotometer (A =610 nm and A=450 nm), V, and V; were
calculated for each column. Column 2,6x58 cm: V(=106 ml V=206 ml; Column

5,5 x100 cm: V(=550 ml V=1250 ml.

Size exclusion Chromatography:

From 50 to 150 mg of each sample was dissolved in 5 ml of eluent and applied
onto the column. Elution was performed at a flow-rate of 1,2 ml/min;

flowthrough was collected in 6 ml fractions

Spectrophotometer analysis:

Absorbance at 210 nm was evaluated for each fraction; fractions of interest

were collected and freeze-dried.
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5.4 LMWHSs desalting procedure through

ultrafiltration

Materials:

. Amicon chamber V=160 ml
. Filter: Millipore (cellulose acetate) NMWL=500 Da

o Purified water

Method:

. Filter preparation:

The filter was washed with purified water and assembled to the chamber.
Than was washed with 60 ml of NaCl 5% solution (pressure 3,5 bar) and again

with purified water.
. Ultrafiltration:

The sample was loaded into the chamber and desalted under stirring with 3,5

bar of pressure. The retentate was recovered and freeze-dried.
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5.5 NMR spectra recording

5.5.1 '"H NMR SPECTRA

Materials:
. D20 99%
. NMR tube (d = 3 mm)
. Spectrometer Bruker Avance 600 equipped with high sensitivity 5 mm TCI

cryoprobe.

Method:

. Sample preparation:

From 5 to 20 mg of each sample were dissolved in 0,3 ml of D,O 99% water.
To eliminate all residues of water the sample was freeze-dried two times and

dissolved again in the same amount of DO 99%.
. Average recording conditions:

Monodimensional 'H spectra were obtained with presaturation of residual
HDO, from 32 to 128 scans and a recycle delay of 10s. The 'H spectra were
recorded at 308 °K with 32 K of data points. Spectra were elaborated with the
software XWIN-NMR ver. 3.5. Chemical shift values were measured downfield

from trimethylsilyl propionate sodium salt (TSP) as standard.
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5.5.2 1°C NMR SPECTRA

Materials:
. D50 99%
. NMR tube (d = 10 mm)

. Spectrometer Bruker Avance 400

Method:

. Sample preparation:

From 50 to 200 mg of each sample were dissolved in 2,5 ml of D,O 99%

water.
. Average recording conditions:

Monodimensional "*C spectra were measured with proton decoupling during
acquisition time at 40°C. Recycle delay was 4s and the number of scans

40.000.
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5.5.3 HSQC NMR SPECTRA

Materials:
. D20 99%
. NMR tube (d = 3 mm)
. Spectrometer Bruker Avance 600 equipped with high sensitivity 5 mm TCI

cryoprobe.

Method:

. Sample preparation:

From 5 to 20 mg of each sample were dissolved in 0,3 ml of D,O 99% water.
To eliminate all residues of water the sample was freeze-dried two times and

dissolved again in the same amount of DO 99%.
. Average recording conditions:

Two-dimensional gradient enhanced HSQC spectra were recorded with
carbon decoupling during acquisition with 320 increments of 64 scans for
each. The matrix size 1Kx512 was zero filled to 4Kx2K by application of a
squared cosine function prior to Fourier transformation. Integration of cross-
peaks was made using standard Bruker XWINNMR 3.5 software and

TOPSPIN 2.0.

Description of the analytical signals used for the HSQC analysis:

The analytical signals were chosen from those with minimal overlap in the HSQC
spectra. Signals corresponding to monosaccharides also present in the heparin
structure were chosen according to a previously published method (40).

The possibility of detecting and quantifying all minor signals depends on the signal-
to-noise ratio obtained in the HSQC spectrum. In the present work, the spectra were

recorded using a high-field NMR spectrometer (600 MHz) with a high sensitivity
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cryoprobe, permitting accurate quantification of residues present in amounts below 1
to 2%.

Most of the signals present in the anomeric region were directly utilised for the
quantification of the corresponding residues, particularly by the integration of A*
(Glucosamine ftrisulfated), Ans-(l) (Glucosamine N-sulfated linked to Iduronic Acid)
and Ans-(G) (Glucosamine N-sulfated linked to Glucuronic Acid) signals for the
amines and 12s (lduronic acid 2-O-sulfated) , I(A6s) (Iduronic acid linked to
Glucosamine-6-O-sulfated), 1(A) (lduronic acid linked to Glucosamine), G(A*)
(glucuronic acid linked to A*), G(Ans) (glucuronic acid linked to Glucosamine-N-
sulfated) and G(Anac) (Glucuronic acid linked to Glucosamine-N-acetylated) signals
for the glucuronic acids.

The percentage of the linkage region was also calculated by the integration of the
anomeric signals evaluating the relative abundance respect to the total amines.

The epoxide signal was added to the total glucuronic acids amount due to the fact
that this residue was originated from a sulfated Iduronic acid residue.

For enoxaparin and tinzaparin the evaluation of abundance of the non-reducing end
residues AU and AU2s the H4/C4 signals were chosen for the integration even if the
value of 'JC,—H4 differs from the average value of anomeric signals by ~5 Hz
because the overlap of the H1/C1 signal with part of the anomeric signals induces a
larger error than that observed by integration of the better separated H4/C4 signals.
All the reducing-end residues were calculated by the integration of the anomeric
signals.

For dalteparin the percentage of AM.ol residue was calculated from H2/C2 signals
because its 'Jco—H2 value is much closer to the average of the other glucosamine
residues. Given that no other signals compatible with galacturonic acid can be
detected in both anomeric and H2/C2 regions of the HSQC spectrum (due to signal
overlap), the H5/C5 value was used for in the calculation, even if the value of 1Jcs-+s
differed slightly (by ~25 Hz) from the average value of the anomeric signals of uronic

acid residues.
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Because of the overlapping of the anomeric signals of Ansc residue with Ans residue,
was not possible to calculate the percentage of N-Acetylation by using that signal.
Then the H2/C2 signals, separated on the HSQC spectrum, were utilised to calculate

the percentage of N-Acetylation of each sample.

5.6 NMR evaluation of structural parameters of

LMWHSs

5.6.1 Evaluation of average sulfation degree

The average disaccharide sulfation degree was calculated using the following

formula.

[AiNS_ (Gj +[A1Ns' (|j+[2~AI] "‘[Ma@reJ +[A1Ns' (Izs)] +[A1NSred] +[A1N5re,d] +[|zs] +[|28redz] +[|25re¢7] +[G25] +[A\ss]
100

The percentage of each sulphated residue used to calculate the monosaccharide
compositions was used. For Dalteparin also AMgs signal was added; for Enoxaparin
also Aiuante and Ascic1s and AUys signals were added; for Tinzaparin AU,s signal
was added. A* signal represent the central glucosamine of the AGA*IA sequence
and he is the only glucosamine with 3 sulfates, the coefficient in the formula is 2

because the third sulphate (is position 6) is already contained in the Ags signal.
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5.6.2 Evaluation of average molecular weight for a single
disaccharide
For LMWHs obtained through B-eliminative cleavage Enoxaparin the following

formula was utilised to calculate the average molecular weight for a single

disaccharide:

AU, ]+[AU] 337, H6an oo 100- (AU,]+[AU]) +1,6an)
100 100 100

-355+su Ifatiomzlegre9102+% -43

For Tinzaparin the same formula was utilised but the 1,6an factor was not
considered.
Whereas for Dalteparin the average molecular weight for a single disaccharide was

estimated through a following formula:

anidromannTOT 340 + 100 — (anidromanniTOT)
100 100

-355 + sulfation degree - 102 + % -43
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5.6.3 Evaluation of average chain-length

For Enoxaparin and Tinzaparin the following formula was utilised to evaluate the
average chain length:

100
red TOT

Substituting the (red TOT) factor with the percentages of the signals the formula is:

100
[Unknown] + [ANSreda] + [ANSreds] + [ANAc-reda] + [MNS - reda] +[1,6 - an.M] +[1,6 - an.A] + [12S - red ] + [12Sred ]

For Dalteparin the evaluation is simpler because of the presence of only one residue
at reducing end (generated by the depolymerization method with nitrous acid). The

following formula was utilised:

100
[ant]
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5.7 Affinity chromatography

5.7.1 Antithrombin purification

Materials:

Kybernin P1000 (Behring) Antithrombin from human plasma

Column: Heparin-Sepharose (Sigma), volume 6ml, 4mg heparin/ml, binding
capacity 15 mg of Antithrombin

Centricon filter YM 10000 (NMWL 10000 Da)

Equilibrium buffer: Phosphate buffer 10 mM, pH 7.4, NaCl 50 mM

Elution buffer: Phosphate buffer 10 mM, pH 7.4, NaCl 2,5 M

Method:

Sample preparation:

80 mg of Kybernin p1000 were dissolved in 4 ml of equilibrium buffer.

Affinity chromatography on Heparin-Sepharose:

The column was previously washed with 20 ml of equilibrium buffer. The
sample was loaded onto the column (flow-rate 1mil/min) and the fraction
without affinity for heparin was eluted with 20 ml of equilibrium buffer. Then the
antithrombin was eluted with 20 ml of elution buffer. Finally the protein was
desalted with Centricon filter and the amount of protein obtained was

evaluated through Lowry assay [188].

The purity degree of the sample previously obtained was estimated through

mass spectrometry MALDI/MS (fig 31), in comparison with the starting
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commercial sample. About the 30% of the Kybernin P1000 sample resulted to

be antithrombin.

Fig 31 MALDI-TOF of purified AT (B) and of Kybernin P1000 (A).
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5.7.2 Antithrombin Sepharose preparation

Materials:

. Resin: Sepharose4CnBr activated

. Eluent: : Phosphate buffer 10 mM, pH 7.4, NaCIl 0,1 M

Method:

. Coupling procedure:

The antithrombin was coupled to UFH (unfractionated heparin) to preserve the
heparin binding site during the coupling procedure to the resin. 15 mg of UFH
were added to AT solution and dissolved in 5 ml of eluent solution. The

solution was incubated under stirring for 1h at 4°C.
. AT-Sepharose coupling procedure:

The AT-UFH solution was added to 1 g of Sepharose4CnBr activated resin
(previously incubated in 5 ml of HCI 1mM o/n at 4°C and washed with 250 mM
HCI). The resin was dissolved in NaHCO3 0,1 M final solution and the AT-UFH
was finally added and incubated under stirring for 2 h at 24°C. In these
conditions the coupling between the resin and the AT is favourable and the

heparin binding site in protected by the presence if heparin (Fig. 32).
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5.7.3 Affinity column preparation

Materials:

Columns: Pharmacia (0,6x 12cm), Pharmacia (1,6x30 cm), Pharmacia (1,6x60
cm)

Equilibrium buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 50 mM

Elution buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 3 M

Acetate buffer: Sodium acetate 0,1 M, NaCl 1,5 M

Method:

Analytical column preparation:

The AT-Sepharose complex was transferred onto the column Pharmacia (0,6x
12cm) at 4°C. Then the column was washed with NaHCO; (flow-rate 0,5
ml/min) and the absorbance at 280 nm of the collected fractions was
measured. The washing procedure was repeated until the absorbance at 280
nm was 0 (with this parameter we can obtain an estimation of the Antithrombin
not linked to the resin). The amount of AT not linked was evaluated (molar
extinction coefficient €250=6,28) and the efficiency of the coupling procedure
was about 98%. The total amount of AT linked to the resin was about 20 mg.
Finally the column was washed with 20 ml of elution buffer , 20 ml of purified
water, 20 ml of acetate buffer, 20 ml of purified water and 20 ml of equilibrium

buffer.

Semi-preparative column preparation:

The column (1,6x 30 cm) was prepared as described above. In this case the

total amount of AT linked to the resin was 100 mg.
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. Preparative column preparation:

The column (1,6x 60 cm) was prepared as described above. In this case the

total amount of AT linked to the resin was 1 g.

5.7.4 Affinity chromatography toward Antithrombin

Materials:
. Equilibrium buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 50 mM
. Elution buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 3 M
. Fraction-collector Gilson mod. 201 controller
. Pump Gilson Miniplus 2
. Cuvettes micro (0,8 ml)
. Spectrophotometer Cary 50 UV/Vis (Varian)
. Millipore 0,22u filters

Method:

. Buffers preparation:

Both buffers, Equilibrium and Elution, was prepared with purified water, filtered

with Millipore filter (0,22 p) and incubated at 4°C for at least 1 h before using.
. Binding capacity evaluation:

The binding capacity of each column was estimated using UFH like standard.
A single chromatography was performed and the NA fraction was reloaded
again onto the column, when was no possible to isolate a high affinity fraction
from the NA fraction reloaded the amount of UFH loaded was considered the

maximum binding capacity of the column.
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. Analytical chromatography:

The sample (1,5 mg, equal to the binding capacity of the column) was
dissolved in 1,5 ml of equilibrium buffer and loaded onto the column (flow rate
0,5 mil/min). The fraction with no affinity toward the antithrombin was eluted
with 12 ml of equilibrium buffer and collected in a single fraction called NA
fraction. The fraction with high affinity toward the antithrombin was eluted with
10 ml of elution buffer and collected in a single fraction named HA fraction.
The column was finally washed with about 70 ml of equilibrium buffer before a
new experiment. The amount of LMWHs for each fraction was estimated

through an uronic acid assay (187).

. Semi preparative chromatography:

The sample (15 mg, equal to the binding capacity of the column) was
dissolved in 1,5 ml of equilibrium buffer and loaded onto the column (flow rate
1 ml/min). The fractions with no affinity toward the antithrombin were eluted
with 65 ml of equilibrium buffer and collected in 13 fractions (vol. = 5 ml) and
called NA fractions. The fractions with high affinity toward the antithrombin
were eluted with 65 ml of elution buffer and collected in 12 fractions named HA
fractions. The column was finally washed with about 350 ml of equilibrium
buffer before a new experiment. The amount of LMWHSs for each fraction was

estimated through an uronic acid assay (187).
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. Preparative chromatography:

The sample (50 mg, equal to the binding capacity of the column) was
dissolved in 5 ml of equilibrium buffer and loaded onto the column (flow rate 5
ml/min). The fractions with no affinity toward the antithrombin were eluted with
600 ml of equilibrium buffer and collected in 24 fractions (vol. = 25 ml) and
called NA fractions. The fractions with high affinity toward the antithrombin
were eluted with 600 ml of elution buffer and collected in 24 fractions (vol. = 25
ml) named HA fractions. The column was finally washed with about 1 L of
equilibrium buffer before a new experiment. The amount of LMWHSs for each

fraction was estimated through a uronic acid assay (187).
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5.7.5 Isolation of fractions with different affinity toward AT

Materials:
. Equilibrium buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 50 mM
. Elution buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 3 M
. Fraction-collector Gilson mod. 201 controller
. Pump Gilson Miniplus 2
. Cuvettes micro (0,8 ml)
. Spectrophotometer Cary 50 UV/Vis (Varian)
. Millipore 0,22u filters

Method:

. Buffers preparation:

Both buffers, Equilibrium and Elution, were prepared with purified water,

filtered with Millipore filter (0,22 p) and left at 4°C for at least 1 h before using.

. Semi-preparative column:

50 mg of sample (equal to 3 times the binding capacity of the column) was
dissolved in 1,5 ml of equilibrium buffer and loaded onto the column (flow rate
1 ml/min). The fractions with no affinity toward the antithrombin were eluted
with 65 ml of equilibrium buffer and collected in 13 fractions (vol. = 5 ml) and
called NA fractions. The fractions with high affinity toward the antithrombin
were eluted with 65 ml of elution buffer and collected in 12 fractions named HA
fractions. The column was finally washed with about 350 ml of equilibrium
buffer before a new experiment. The amount of LMWHSs for each fraction was

estimated through an uronic acid assay (187). The HA fractions were
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collected, named HA1, freeze-dried and desalted through size exclusion
chromatography. The NA fractions were collected and loaded again onto the
column. A second chromatography was performed. HA fractions were
collected and named HA2 fraction, freeze-dried and desalted through size
exclusion chromatography. NA fractions were collected and loaded for a
second time onto the column. A third chromatography was performed and HA
fraction was now named HA3. NA fractions were collected and loaded for a
fourth time. After the last chromatography was no possible to isolate any HA
fractions, the NA fractions obtained were collected and named NArel, freeze

dried and desalted through size exclusion chromatography.

Preparative column:

150 mg of sample (equal to 3 times the binding capacity of the column) was
dissolved in 5 ml of equilibrium buffer and loaded onto the column (flow rate 5
ml/min). The same experiment described above was performed and HA1,
HA2, HA3, and NAr fractions were obtained and desalted through size

exclusion chromatography.
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5.8 Lowry assay [188]

Materials:
. Solution A: CuSO4 0,5% + sodium tartrate 1%
. Solution B: Na,CO3 2% dissolved in NaOH 0,1 M
. Solution D: Folin reagent dissolved in purified water (1 :1)
. Standard: BSA 200 ug/ml dissolved in purified water
. Equilibrium buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 50 mM
. Cuvettes micro (0,8 ml)

. Spectrophotometer Cary 50 UV/Vis (Varian)

Method:

. Buffers preparation:
50 ml of B solution was added to 1 ml of A solution, obtaining C solution.
. Procedure:

The calibration curve was obtained with 0,1, 0,2, 0,3 and 0,5 ml of standard
solution diluted to 0,6 ml with equilibrium buffer. The sample was diluted 1 : 3
with purified water and 0,05 ml of the new solution was assayed. 3 ml of C
solution were added to each sample and calibration curve point. The solutions
were incubated for 10 min at room temperature. 0,4 ml of D solution were
added and the samples were incubated for 30 min at room temperature. The

absorbance at 550 nm was estimated for each sample.
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5.9 Carbazole assay [187]

Materials:

. Carbazole solution: carbazole 0,125% dissolved in EtOH

. Equilibrium buffer: Tris HCI buffer 50 mM, pH 7.4, NaCl 50 mM

. Hydrolysis Solution: NaB4O7 0,25 M dissolved in H,SO4 98%

. Standard solution: LMWH 1 mg/ml dissolved in equilibrium buffer
. Pyrextubes

. Cuvettes micro (0,8 ml)

. Spectrophotometer Cary 50 UV/Vis (Varian)

Method:

procedure:

The calibration curve was obtained with 0,01 , 0,02, 0,03 and 0,05 ml of standard
solution diluted to 0,5 ml with equilibrium buffer. 0,5 ml of sample solution was
transferred onto the pyrex tubes. 2,5 ml of hydrolysis solution were added to a
single tube. All samples were incubated at 100°C for 10 min then were cooled in
water for 3 min. 0,1 ml of carbazole solution were added. Tubes were stirred and
incubated at 100° for 15 min then cooled in water for 3 min. The samples were

finally transferred in micro cuvettes and the absorbance at 530 nm was estimated.

Method validation:

The samples were contained in fractions differing for the concentration of LMWHSs
but also for the NaCl concentration. To demonstrate that the measures obtained
through the carbazole assay were totally independent from the NaCl
concentration the same sample of LMWH was dissolved in 3 different buffers with
crescent NaCl concentration (from 0,5 M to 2,5 M) and assayed. The result

confirms the independence from the NaCl concentration. The limits of detections
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and the limits of quantifications were finally estimated with Enoxaparin like a

standard.

5.10 lon exchange chromatography

The ion exchange chromatography with Amberlite was used to eliminate some Tris-

HCI traces from the samples before the NMR analysis.

Materials:

. Column: Amberlite IR-120 (H+) (2x12.5 cm)

Method:

. Resin preparation:

The resin was rigenerated with 200 ml of HCI 4% and washed with 600 ml of

purified water.
. Procedure:

The sample was loaded onto the column and eluted with water. Flowthrough
was collected in a single fraction until the pH was near to the neutrality. NaOH

was added to the sample solution until the pH was about 6.5.
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5.11 Chelex chromatography

The chelex resin was used in batch to eliminate ion Ca*™ traces from the samples

before the NMR analysis.

Materials:

. Resin: chelex (exchange capacity 0,4 meqg/ml of resin)

Method:

. Procedure:

The resin, extensively washed with purified water, was added to the sample
solution (amount calculated on the basis of the quantity of the sample). The
solution was incubated under stirring for 30 min at room temperature. The

resin was removed from the sample solution with 0,22 um Millipore filter.
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5.12 HPLC/ESI-MS

Materials
. HPLC: dionex ultimate 3000
. Column: Superdex 75 1,5x30 cm
. Resin: dextran based
. Eluent: H,O/MeOH 80:20 NH4HCO3; 30 mM
. Flow-rate: 50 pl/min
. Injection: 250 ug dissolved in 50 yl of purified water
. Instrument: ESI qTOF MicrotofQ
. Temperature: 180 °C

- program: Bruker DataAnalysis

Method

Subfractions HA1, HA2, HA3 and NAr were analysed by high performance size-
exclusion chromatography (HP-SEC) coupled to an electrospray ionization source,
equipped with a hybrid quadrupole/time-of-flight (ESI-Q-TOF) mass spectrometer.
HP-SEC was performed on a prepacked Superdex 75 column (7 x 300 mm, GE
Healthcare) equilibrated with mobile phase containing NHsHCO; 30 mM in
H,O/CH30H 80:20 (v/v). Samples were loaded by autosampler injection of 50 pl of
sample solution at the concentration of 5 mg/ml in water and eluted in isocratic
condition at 50 pl/min via a high performance liquid chromatographic (HPLC) system
coupled to an electrospray ionization source.

All ESI mass spectra were carried out using the optimized ionization and desolvation
conditions of the source working in the negative ion mode on a micrOTOFq (Bruker
Daltonics, Bremen, Germany) at a resolution of 15 000, in the mass range from m/z
300 to m/z 2500.

lon dissociation was avoided by using the following source parameters: capillary

voltage at 3500 V; nitrogen used as nebulizer and drying gas, nebulizer gas was set
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at 0.7 bar , drying gas at a temperature of 200°C and a flow rate of 5I/min. The ESI-
Q-TOF mass spectrometer was externally calibrated using negative Na formate
clusters of a sodium formate solution produced from an appropriate mixture of
sodium hydroxide and formic acid solutions. Quadratic calibration was performed to
increase the mass accuracy. Mass distribution was obtained from the ESI MS data
processed by the DataAnalysis software (Version 3.4 , Bruker Daltonik).

To verify the IP-RP-HPLC/ESI-MS profiles, samples were analyzed at the same
concentration (50 pl of a solution 5 mg/ml) by chromatographic separation on a 3um
Knauer reversed-phase C4 (4.6 x 150 mm) by eluting with a linear gradient from 90%
eluent A (H20) to 70% eluent B (CH3OH), both in 10mM dibutylammonium acetate
(DBA), at a flow rate of 0.4 mL/min.
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5.13 Activity anti-factor Xa

Materials
. Coagulometer: ACL mod 7000
. Buffer: Tris buffer pH 8.0

. Chromogenic solution: S-2765

Method

The samples were dissolved in 0,2 ml of Tris buffer (pH 8,4) in different
concentrations and 0,05 ml of human plasma and 0,05 ml of antithrombin Il were
added. The coagulometer collect 0,06 ml from the sample solution, 0,06 ml from the
chromogenic solution (S-2765), 0,03 ml of factor Xa and after 5 min add 0,03 ml of
acetic acid and finally measure the absorbance at 405 nm. The standard solutions

were obtained with LMWHs BRP (standard LMWH for assay).
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Abbreviations

1D Monodimensional.

1JC-H one-bond proton-carbon coupling constant.
2D two-dimensional.

3D three-dimensional.

3JH-H three-bonds proton-proton coupling constant.
AGA*IA pentasaccharidic sequence (binding AT).
AMgs Anhydromannitol.

APTT activated partial thromboplastin time.
Arg Arginine.

Asn Asparagine.

AT antithrombin I11.

AT-bd antithrombin binding domain.

AT-BR antithrombin bindign region.

BSA bovin serum albumin.

CS condroitin sulphate.

D Polydispersity.

D20 deuterium hydroxide.

Da Daltons.

DS dermatan sulphate.

DVT deep venous thrombosis.

ECS endothelial cells.

ESI electron spry ionization.

etOH ethanol.

FDA food and drug administration.
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Abbreviations

FGF(s)
GAG(s)
Gal
GalNacT-I
GalT-l
GalT-ll
GIcA
GIcAT-l
GIcN
GIcN,3,6S (or A*)
GIcN,6S
GIlcNAc
GIcNS
Gly

HA

HP
HPLC
HS
HSQC
HST
IdoA
IdoA2S

lla

fibroblast growth factor(s),
glycosaminoglycan(s).

D-galactose.
B1-4N-acetylgalactosaminyltranferase-I.
galactosyltransferase |.
galactosyltransferase |l.
D-glucuronic acid.
glucuronyltransferase |.
D-glucosamine.

N,3-0,6-O-trisulfated D-glucosamine.
N,6-O-disulfated-D-glucosamine.
N-acetyl-D-glucosamine.
N-sulfated-D-glucosamine.

glycine.

high affinity.

heparin.

high pressure liquid chromatography.
heparan sulfate.

heteronuclear single quantum coherence.
hexasulfated trisaccharide.
L-iduronic acid.

L-iduronic acid 2-O-sulfate.

factor lla (thrombin).

Intravenous.
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Abbreviations

LALLS
LMWH
LR
Lys

MALDI

MSD
Mw

Mz

NA

NA
NDSTs
NMR
NOE
NOESY
NR

NS

NSD

RALLS
RCL
SC

Ser

TDA

low angle laser light scattering.

low molecular weight heparin.
linkage region.

Lysine.

matrix assisted laser desorbtion ionization.
molecular weight (number average).
monosulfated disaccharide.
molecular weight (weight average).
molecular weight (Z-average).
N-acetylated.

no affinity.
N-deacetylase/N-sulfotranseferase.
nuclear magnetic resonance.
nuclear Overhauser effect.

nuclear Overhauser effect spectroscopy.
non-reducing end.

N-sulfated.

nonsulfated disaccharide.

reducing end.

right angle laser light scattering.
reactive centre loop.

subcutaneous.

serine.

triple detector assay.
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TFPI tissue factor pathway inhibitor.

TIC total ion chromatogram.

Tris tromethamine.

tr-NOE transferred nuclear Overhauser effect.
TSD trisulfated disaccharide.

TSP trimethylsilyl propionate sodium.

u units.

UFH unfractionated heparin.

VTE venous thromboembolic disorders.
WHO world health organization.

Xa factor Xa.

Xyl D-xylose.

XylIT xylosyltransferase.

AU 4,5-unsaturated uronic acid.

AU2s 4,5-unsaturated-2-sulfated uronic acid.
£ extinction molar coefficient.
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