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1. Introduction

1.1. General Background
Heparin (Hep) and heparan sulfate (HS) are linear, acidic, structurally related polysaccharides
belongirg to the glycosaminoglycan (GAG) family. Heparin and HS differ in their cellular origin and
location. Heparims synthesised agpolymer(80 KDa)by mast cells, where it is found in intracellular
secretory granules. In contrast, HS is a ubiquitous conmpaheall cells and tissues being present on
cell surfaces and in the extracellular mdtrikhe structural diversity of heparin and heparan sulfate
(HS) is central for the varied range of physiological processes that these molecules modulate. HS
works as cereceptor of various trarmembrane tyrosm kinase receptors as well as to localize
proteins at the cell surfaces and thus promoting progmeptor interactions. Exogenously
administrated heparins are isolated from animal organs (predominantly porcine intestinal mucosa)
and are currently used asticoagulant and antithrombotic drugs. The molecular basis for the
anticoagulant activity of the heparin was explained in the early 1980s when a pentasaccharide
sequence within heparin chains was identified as being crucial for binding and activating
antthrombin, leading to accelerated inhibition of the coagulation ca$éadeer the last decades,
heparin and heparasulfate have been shown to interact witlany important proteins thereby
regulating a wide range of biological activities including cell proliferation, inflammation,
angiogenesis, viral infectivity and development. Understanding the stradiivety relationship of

these molecules might lead to design new Hik® potential drugs.



1.2. Glycosaminoglycans
GAGs mainly consist of linear carbohydrate chains covalently linked, mpdRy alternating
sequences of uronic acid and glycosamine residues. In acctwel gbycosamine contained in their

chains, GAGs can be classified as:

- glucosaminoglycans characterized by iglucosamine (GIcN), including HEP and HS, as

well as hyaluronic acid and keratan sulfate;

- galactosaminoglycans characterized by {galactosamingGalN), including chondroitin

sulfate and dermochondan sulfate (Dermochondan is the recommended term indicating the

copolymeric nature of dermatan sulfate, replacing dernf&)an

Chondroitin sulfate (CS) Dermatan sulfate (DS) Keratan sulfate (KS)
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Figure 1. Disaccharide repeating unit characterisingluco- and galactosaminoglycans

Structural heterogeneity tfie GAGs is determined by variation of prevalent disaccharide repeating

units and chain length. However, each single chain generally contains differently sulfated and

acetyhted glucosamines or galactosamines as well as different types of uronic acidgl(icironic

acid (GlcA), L-iduronic acid (IdoA), 20-sulfatedL-iduronic acid (IdoA2S), and ilower amount



also 20-sulfatedD-glucuronic acid (GIcA2S) Hyaluronic &id has the simplest structure with
further modification occurring in Golgi apparatiigeparan sulfate (HS) and heparin (Hep) contain
repeating disaccharide units ofadetylglucosamine and glucuronic acid in heparan sulfate, while
iduronic acid is presenh heparin. Sulfation of the various hydroxyl groups or the amino group
present on the glucosamine compound of HS/kheplulate theibioactive function.Chondroitin
sulfate (CS) and dermatan sulfate (DS) are similar in structural composition to HSlihetharide
repeat consts of N-acetylgalactosamine linked to etturonic acid in CS and glucuronic acid in DS.
Keratan sulfate (KS) contains the disaccharide repeat consisting of galactose -and N
acetylglucosamineThesedifferences in chemical compositi largely determine biological and
pharmacological activities through the interaction between GAGs and different kind of proteins such

as growth factors, enzymes, morphogens, cell adhesion molecules and cytokines.

1.2.1. HS/Hep Biosynthesis
HS/Hep biosynthesisccurs in the endoplasmic reticulum and proceeds through the Golgi apparatus.
Although genomics has identified the enzymes involved in glycosaminoglycan syntifiesis
vertebrates and invertebrates, the regulation of the process is not completely understeaghrly
stage xylose is transferred to a serine acceptor on the core protein. Then two galactose units and a
glucuronic acid moiety are added to the newborn chain. The completed tetrasaccharideheamed
linkage region, is often referred to as anster linker, because it is common to HS/Hep and
chondroitin/dermatan sulfate synthesis. A specific copolymerase, consisting of two proteins EXT1
and EXT2, catalyzes the polymerization of repeating disaccharide uatethD-glucosamindd-
glucuronic acidb-GIcA-(1- 4)-UGIcNAc-(1- 4)]n, allowing the formation of HS/Hep precursor.

Before chain elongation is completed, early modification steps occur. The first is carried out by one



of the four NdeacetylasesHsulfotransferases (NDSTs) and consists hidedceglation and N
sulfation explicated by a single protein. This is followed by epimerization of some of the uronic acid
residuesthat will be cawerted from glucuronic to iduronic acids. Some of the iduronate is then
sulfated at the -®© position. Heparasulfate 60-sulfotransferase (HS6ST9 then responsible of

the 60-sulfation of glucosamine residues. Finally, and rarely, Hi@sailfation takes place, but
interestingly, seven mammalian enzymes are capable of completing tHisestelp of whichri
specificsulfatedGAG sequence In the case of heparin, characteristic chain modification is more
extensive than in HS, for that reason likelihood of obtainingsequences recognized by HS3ST1
and thusmore 3-O-sulfationis higher®1°. These proesses occur in a partially stepwise fashion,
where the product of a given reaction will provide the substrate for subsequent modifications.
However, most of the reactions do not show full conversion, in fact, a fraction of the potential
substrate residués each step escapes modification. This partial polymer modification is at the base
of the structural heterogeneity involving botbn-sulfated and GAG chains withariabledegree of
sulfation Starting from the linkage region towards the sneducing endHS/Hep chain structures
present an unmodified [Gle&IcNAc], domain (NA domain) followed by a NS/NA domain in
which the most represented disaccharide are made up by. The trisulfated disaccharide IdoA2S
GIcN,6S is predominant in the following region, nahtike NS domain following region, named

NS domain, or regular region [Figure 3].
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More recently for heparin, this scheme was revisited, observing that less sulfated chains can be
present in different position and length along the chain, accordéngr¢fan or animal source. Some

of the chains presem pentasaccharide sequence frequently labelled in literature as ABA*IA
characterized by the trisulfated glucosamine GICNS3S6S residue, that is part of the sequence:
GICNAC/NS,6SGIcA-GIcNS,3S,69doA2S-GIcNS,6S. This pentasaccharide is the minimal
sequence required to binds and activate AT, and it plays a pivotal role in heparin
anticoagulant/antithrombotic activity, inactivating some key factors of the coagulation system. In
commercially available HEP and HS paegtions, the molecular weight (MW§ centredat about

15-18 KDa and 280KDa, respectively, and with a polydispéyf 1.3-1.5'2. Moreover, HEP and

HS structures have different distribution of residues, the former has a more regular sequence, while
the latter show longer chains and a block composition, in which egich in Nsulfated
glucosamines (NS) alternate with sequences that contaimodified glucosamines (NA), that are
generally made of about® disaccharide units. On the contrary, hgepcher of NS domain and

has shorter NA domain {2 disaccharide uts) compared to HS. The convbDer si on
g | uc ur olnidutoeatdiy the @5 epimerasé may seem triviglhoweveit profoundy affects

the conformational and dynamic properties of the resulting polymer. A full analysis of the NMR
spectra of heparin and synthetic heparin mamad oligosaccharides combined with molecular
mechanics calculations cleaidgmonstratethat IdoA anddoA2S residues are inreequilibrium

among three conformations of comparable ené@y*C: and?So.*>*8[Figure 4] The population

of different conformerg¢'Ca, “C1 and >So) could broadly differ depending on the presence of sulfate
groups on the same residue or in that of the adjacent residues as well as on extrinsic factors such as
ionic strength and specific counter ions (.34 The conformation of iduronate residue induce

perturbation of the 3D helix structure of HS/Hep chains. The orientations of the substituent groups



significantly differ in the two coformations, involving, i.e., different spacing between sulfate and/or
carboxylate groupg8[Figure 5].
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Figure 4. The flexibility of iduronic acid, which can be found #3 and 4G chairs and?S skewboat
conformers

Figure 5. Different conformation of Iduronc acid residues and their influence on the orientation of
Heparin chain

'H NMR spectroscopic analysis and molecular modelling showed that in the biologically active
pentasaccharide AGA*IA, the iduronic acid moieties exist mainly in an equilibrium betwesthe

and’S confomations in which the latter is domin&h® Nonetheless, significanvielence suggest



thattheeSsf or m corresponds to the active confor mati
is bound to ATL. Indeed, synthetic analogues with an 1doA2S lockeiror *C1conformation were
foundunableto activate AT?2, whereas an equivalent derivati v
2Sy conformation had similar potency to the parent compound AGA®IAThis behaviour was
perceived to have an important role on binding and associated biological properties of idurenic acid
containing GAGs. The conformational flexibility of the iduronate pyranose is supposed itatéacil

the most effective docking of the anionic groups of GAGs to the appropriate basic groups of the
proteins.The degree of freedoms that a HS/Hep chain applies to fit the receptor binding site of AT
involve limited rotations around glycosidic linkagesstightly adjust the glycosidic backbone to the
receptor site geometry, but also the selection of the most suitable conformation of iduronic acid
residues. The analysis of several crystal structures of heparin oligosacchamigstatised with AT

showel t hat the | inear propagation of GAG chain
associated with th&S conformation, that an idurateresidue belonging to the AGA*IA sequence,
assume in bound state with Af. Such kinks play their main role in the achievement of the

appropriatearrangement of GAG chains in protein binding sites

1.2.2. Interaction with Protein
HS is crucial for embryonic developmé&tand is required for the normal physiology of adult animals
[Figure . The expression and structure of HS change promptly during the animal development
indicating a possible role in cell and system signalfiagThe role of HS emerges from its ability to
interact and regulate the activity of a vast number of extracellular proteins including growth factors
and etracellular matrix componentdhis role is also supported by the pervasive evidence that

substoichiometrianodification during the H®iosynthesigproduce characteristic domains, which



vary in size and number within each chaltowing HS/Hep able to imract with many different
proteins In fact, heparin and HS endowed with the capacity to form specific complex called
0i nt er a cregolateentultipte Huactional proteins such as coagulation cofactors, chemokines,
and growth factorsThe interactome o& molecule is the whole set of interactions a molecule is
involved in The GAG regulation activity on some of these proteitlocumented, even if a greater
number of cases are currently under investigation or are completely unkmoavetudy of Fernig

the heparin/HS interactome was badimbininga literature mining effort with an affinity proteomics
approach for the identification of heparinfd#ding proteins (HBPs)Obtaineddata wereusedto
generate a comprehensive list of the interactions betWweparin/HS and proteirtbat iscurrently
composed of aonredundant list of 435 human proteh®€, but that number is still growing..
HS/Hep have been implicated in many human diseases including cardiovascular disease, chronic

obstructive pulmonary disease, cancer, infectious disease, amyloidosis, and HIV/AIDS.

cell growth and
differentiation

inflammatory blood coagulation
processes processes

/

heparin / heparan sulfate

/

host defense and

viral infection mechanisms cell-cell and cell-matrix

interactions

lipid transport and
clearance / metabolism

Figure 6. Biological activities modulated by the interaction of protein with heparin and
heparan sulfate



Biological processes may bedely influenced by this HS interactome because, while HS interacts
with a large variety of proteinghese HSbhinding proteins themselves interagith each other,
forming a complex proteirprotein interaction network$ From a functional point of view, the
heparin/HS interactome is strongly associated with biological procbetmsying tomulticellular
organisms and with pathways that are crucial for the conversion of extradeiltiiato intracellular
signalling events and finally into a phenotypic respombese processes and pathwsgsms to be
strongly relatedo compkx biological phenomenaf higher organisms such as development and the
immune response, and they are consequently linked to pathological conditions such as cancer and
neurodegenerative disordehs. this study authors collected evidences that Hepararatsulf
proteoglycans are involvedh all the key processes required for the establishment of neural
connectivity including axon guidance, newtanget interaction, and synapse developiient
Understanding hownteractomereally works should be useful telucidateall the mechanisms

involved in the control of physiological and pathological processesmplex diseases.

1.2.3. Antithrombin Activation
The family of serine protease inhibisoknown as serpins is represented in all branches of life and
predominates in the higher organism, including man. The mechanighe aferpins invoh&a
significant conformational change, known as 0
beome ready to |literally O6captured the target
by an irreversible reactiorifhe mechanisnof capturecould be compared to a spri@pded
mousetrap: because the active state of the serpin is nddasaad the energy released upon

conversion to its more stable form, is then used to trap the protease. This complex mechanism

10



provides more advantages in comparison to the simpledondkey type mechanism, in fact, the
double dependence on serpin anot@ase conformational change is exploited for regulation,
signalling and clearance. Antithrombin is the most important anticoagulant molecule in the blood of
mammals. In capperation with its cdactor, heparin, it is the most effective, wetgulated ihibitor

of the coagulation factors, such as factors IXa, Xa, Xla, lla (thrombin) and Xlla [Figuteh&sa
well-defineds t r uct ur e, c esnhseiesttsiheligesiaod a reattive eantrefoop (RCL).
Antithrombin circulates in a low actty state (AT latent form) until it encounters a specific sequence

on heparin or heparan sulfate, which induces an activating conformational change. Heparin binding
results in extensions of the-lelix, and the expulsion of the reactive center loop froenntlainb-

sheet. The release of the RCL reorients the reactive center allowing it to capture the target protease
(flla, IXa, and Xa) exposing part of this loop to the reactive center of the protease, (AT active form),
literally biting it, and [Figure 8prepareit for the next step.tlis important to underline that the
activated Antithrombin (AT*) has an affinity toward its proteases approximately-tbdd@reater

compared to the latent AT.

Activation of
coagulation cascade
: Anti-coagulation pathway
protein C, plasmin, and antithrombin

=
Xl —————— Xlla

Contact activation ! Common pathway Activated )
intrinsic pathway X Xla X, Xl 1, 1l, and V protein C 4¢—— ProteinC

Xl1, X1, 1X, and VI B . \-“r".-'""‘{; F Thrombomodulin-

Thromboplastin X Xa thrombin complex
(tissue factor) & g
a
Vi — Vlia 2 Vila  ¢—— v
Tissue factor activation T ;
extrinsic pathway X » s
Vil PRRRG
= @ T Antithrombin
. ¢ X PR mainly inhibil a
' AT but als bits
N — ) lla Vila. IXa, Xla, and Xlla
Prothrombin Thrombin
@
Fibrinogen Fibrin
- tPA = : .4— Xu
Plasminogen —) Plasmin ... _ v

"CLOT FORMATION

Figure 7. The role of antithrombin in the coagulation cascade. Antithrombin is inhibiyaio factors
Ila (thrombin) and Xa, and to a lesser extent factors IXa, Xla and Xlla.
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Activated Hep-AT Latent AT

Elongated D-helix

RCLin B sheetA

Figure 8. Structure of antithrombin alone and in complex with heparin pentasaccharide. The antithrombi
shown alone on the right, with the reactive center loop (RGhpwn in magenta. The Afiep pentasaccharide
complex with the extruded RCL is shown on the left.

In the late 1970s different research groups discovered, indep#gy, that heparin heterogeneously
interacts with AT. They were able to separate the high affinity fractions (HA) of heparin from the low
affinity ones (LA). The anticoagulant activity is largely the prerogative of the HA fraction, which
constitutes oyl about one third of the unfractionated heparin (UEEP) Initially that was a landmark

finding and a surprising one, since the compositional differences between HA andib# wkee

subtle and not easily detectable. Throughout the years, differences in composition of both chains were
progressively observed, andn t he early 1980s Lindahl és grou
Binding Region (ATBR) was a pentasaccharidetaming thecharacteristic3-O-sulfated GIcN,

residue [Figure 9]. That pentasaccharide was elucidated through identification of the consensus
sequences of hexand octasaccharides isolated by heparin degradation and affinity chromatography
on immobilizedAT®33 The structure of ATBR [Figure 9] wasnfirmedthrough to the synthesis of

the pentasaccharide sequence performed by Pierre Sinay and Choay groups, demonstrating that the

glycan and particularly the-®-sulfate group of the central glucosamines are required for binding

12



and activationof AT®* Several analogues of the pentasaccharide in which a selected sulfate or
carboxylategroup is missing, were synthesized. This allowed to establish that some groups are
essential for the binding aradtivation of AT, whereas other groups are knowmrty fi ¢ o n €0r i tbau t

increase the affinity to AT and the biological actiiigure 10]

CH,0S0 ;- CO, CH,0S0 CH,0S0
NHAcS0,  OH NHSO - 0SO0 NHSO ;-
A G A* 1 A

Figure 9. Pentasaccharide sequence containing the typicaD3ulfated GIcN, residue was
found to represent the minimum sequence that binds and activate AT

|:] essential groups
O contributing groups

Figure 10. Structures of ATBR pentasaccharide. Boxes highlight groups that are absolut
essential for AT activation, whereas circles identify groups that only help to increase th
biological activity.

1.2.4. Molecular Details of Antithrombin Activation
A deep understanding at the molecular level of the mechanism by which heparin binds and activates
antithrombin was obtained from the analysis of the crystal structures of antithrombin alone and in

compkx with the AGA*IA pentasacchariée In the crystal structure of the complex we can observe

13



that three regions are close together in the folded protein to form the receptor binding site (RBS),
which is surrounded by positively charged Arg and Lys residues, and characteraretiddgngated
shape, which size host approximatehs Feparin residues. These regions correspond to the N
terminal end of the protein, the A helix, and the D helix along with a loop at-teenhihal side of

the latter helix. The basic residues in thie ¢hat interact with the pentasaccharide are Lys 11 and
Arg 13 in the Nterminal end; Arg 46 and Arg 47 in the A helix; and Lys 114, Lys 125, and Arg 129

in the D helix and its Merminal loop. The rigid noneducing end trisacchariddNAc,6S-G-
ANS,3,6S, of the AGA*IA is initially attracted to the positively charged surface of the heparin
binding site of antithrombin and interacts directly with Lys 125, but with poor complementarity of
the interacting surfaces. This initial binding then induces a cawfitonal change in antithrombin
[Figure 11]. The conformational change also generates a new complementary site involving mostly
Lys 114 and then Arg 47 which allows the interaction with the flexible redweridgdisaccharide,
I2S-ANS,6S As already citedthis interaction is assisted by the conformational flexibility of the
Iduronic acid residue, which adopt tf& skewboat conformation, enhaing the contacts between

the pentasaccharide and the basic amino acid residues of the RBS (Receptor BindwfgASite)
[Figure 11]. These events lie at the basis of AT activation and are respdostble stabilization of

the high affinity, activated conformati¢r’.

14



K11 pi3 Antithrombin

Heparin
Pentasaccharide

D E F G H
I [ o
R=lioT=l el [/ A L
K11
O B RT3 K114 R47

Figure 11. Recognition phases of pentasaccharide geqce. The negatively charged reduchegd
trisaccharide, ANAc,6&ANS,3,6S is initially attracted and interacts directly with Lys 125. AT
undergoes through a conformational change which allows the interaction with the flexible reduc
end disaccharidel2SANS,6S

As already mentioned, such conformational change also enhances the affinity of AT for thrombin and
other serine proteas€s®®® It is important to underline that, even if a short glycachsas the
AGA*|A pentasaccharide, is proven to bind and activate Bificing and inactivating the factor Xa,
a heparin chain not shorter than a hexagacazharide istill required to inhibitfactor lla (thrombin)
23 The inhibition of factor Xa is assumed tolamyel responsible forthantithrombotic effegtwhile
inhibition of coagulation at the level of thrombin (lla) seems to increase the risk of haemorrhage. The
different mechanisms of heparin mediated acceleration eXantiantilla activity were at the basis
of the introduction of lowmolecular weight heparins (LMWHS) as antithrombotic agents with an

enhanced anfKa / anttlla activity ratio. Additionally, LMWHs were characterized bygher

bioavailability in the blood stream in comparison to UFH, and fat thason the former class of
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heparins nowadays are largely used in treatment of venous thromboembbksirMWHSs have a

mean molecular weigldf 4.5 to 5 KDacompared to the 180 KDa of UFH.

4% Pentasaccharide S
Unfractionated ,-"""' sequence (alsle]e]S)

r-"’fp—) 2
heparin <@~ Factor Xa 2 <]

Antithrombin

‘al=(elalealel=lels,
[ "
O .
e 5
C

—— Thrombin

Figure 12. Mechanism of action of Heparin. Heparin binds to antithrombin via its pentasaccharide sequenc

induces a conformational change in the reactive center loop of antithrombin that accelerates its interaction

factor Xa. Hepan simultaneously bind to antithrombin and thrombin. Only heparin chains composed of at le:

saccharide units are of sufficient length to perform this bridging function. LMWHs are too short to bridgt
antithrombin to thrombin.

Therequirement forprecisely targeted anticoagulant aityiythatavoidthe problems associated with

nat ur e s o u ledtetde dévelgpmentiofifamdaparinux, a synthetic pentasaccharide derived
from the antithrombirspecific pentasaccharide AGA*IAFondaparinux (registered in USA and
Europe with tradeame Arixtr&®), an ATBR analogue in which the reducing end was protected by a
methyl group [Figure 13], is the first of a new class of selective factor Xa inhibitors. The availability

of pure ATBR analogues obtained by chemical synthesis also allowedetstigatethe Structure

Activity Relationship(SAR), throughthe conformational analysisupported by-ray diffraction,In

the last twenty years, drug design has paid special attention to correlate the conformational properties

of heparin like oligosacchigies containing the AGA*IA sequence, with their binding affinity and
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interaction properties toward AT. To improve this knowledge, the effects of finer structural alteration
of GAG oligosaccharides in their AGA*IA sequence and/or neighbouring residudsioaliility to

bind and activate AT, represent a possible development for hdi@rianticoagulant drugsihe
correlation between the structural variability of the heparin binding region and their interaction
properties with AT was considered severahngeago, when the oligosaccharide models were
chemically synthesized obtained by partial enzymatic depolymerizatibeparinsFor example,
substitution of the acetyl with a sulfate group at thpdsition of the nofreducing glucosamine of

the pentasadraride increased the AT affinity by two folds, whereas lack-Gf€ulfation in the 30
sulfated glucosamine did not significantly affect the binding affinity toward®AMowever, the
simplistic idea that the AT binding depends exclusively on the specific pentasaccharide,
independently of the structure of the nearby residues ihdéparin chain was recently refined by
several studies on HS and heparin oligosaccharides, which demonstrated the active role in the binding
and activation of AT, of residues extending the active sequence tbwtrdts reducing and nen
reducing side¥3%4% Although the active pentasaccharide AGA*IA is taken as paradigm for a unique
heparin squence targeting AT, different binding epitope and contacts have been proposed for its
interaction with AT in terms of position and conformation of sugar residues. MarlyirAling
oligosaccharides have been isolated from LMWHs and ULMWHsA R o n z d n it, together

with Sanofi played a pioneering role in the discovery and characterization of novel binding sequences
isolated from LMWH and ULMWKE 45, In 2008, for example, an important study on different
octasaccharides isolated from LMWH Enoxaparin was conducted. In this work four high purity
octasaccharides isolated by size exclusion chromatography, high pressurehiquithtography,

and AT-affinity chromatography were selected. The conformational and AT binding properties of

these octasaccharides were investigated by NMR (STD and trandfgdie8Y) spectroscopy and
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docking simulations. These results confirmed how tesscthat precede and follow the AGA*IA
sequence contribute to the heparin molecular recognition BY Mbre recent studies suggested that
negatively charged heparin chains and AT may interact in ecamonical wasf. In these latter
studies, the possibility has been considered thaitsdliresidues in heparin sequences, different from

that of the ATbinding site, may activate AT through nonspecific interactions.

1.2.5. Future
Unfractionated heparins (UFHs) and low molecular weight heparins (LMWHS) are complex mixtures
of molecules prepared fmo animal tissueandused as pharmacological agents. Due to the poorly
regul ated supply chain of phar maceuti cal hepa
caused the death abouthundred people upon injection of contaminated hefyaffinThe heparin
contaminant was identified as oversulfated chondroitin sulfate (O®SBjen if the new guidelines
of quality control standards for hepamrere improvedanother heparin crisis cannot be excluded,
particularly considering the intrinsic heterogeneity of the hepdhe. recent Chinese outbreak of
African swine fever which restdd in the death of millions of pigs in that country has led to falling
U.S. supplies of heparin, opening the possibility of a potential shortage of raw matetial
consequential possibility to cut heparin with not allowed other substahtdkis scenao the
possible introduction of new artificial heparin analogous or not previously admitted animal sources,
could be a solution to overcome this problem. The first attempt in this direction corresponded to the
synthesis of Fondaparinux, and other synthetimetics of ATBR pentasaccharide. However, even
if FDA approved this pharmacophore as a drug, experience showed that it does not maintain all the
clinical benefits of UFH and LMWH. Moreover, UFH remains the anticoagulant of choice for

haemodialysis andp@ntheart surgery patients.
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Progress waadein chemical synthesis to obtain new HS/Hep analogues: however, a pure chemical
approach is challenging due to the complexity and countless of reaction involednew
chemoenzymatic method recently propodsdthe group of Professor J. Liu (North Carolina
University UNC), overcoming the pure synthetic approaches, is capableenerating
oligosaccharides with defined new structures to be used both as LMWH analogs or models to further
investigate specific intactions with relevant proteins and enzymes involved in anticoagulant or other
biological function8’. Furthermore, this strategy should afsovide impetus talrug discovery for
probing new Structure Activity Relationsisth Such approach could enable the opening of new

therapeutic horizons for heparin and other glycosaminoglytans

1.3. NMR GAG Characterization

The detailed analysiof GAGs is an extremely important issue because the overall sulfate content as
well the sulfation pattern is likely to have a significant impact on biological effects of this class of
molecule GAG structual determination remains a challenge, mainlyther difficulty in determining

their fine structure. According to our best knowledge there is not a single method available which
allows the detailed characterization of all structural aspects of the intact GAG polysaccharides.
Although many (chromatograjhor electrophoretic) methods allow the estimation of the molecular
weight, the determination of the overall sulfate contents or the determination of the building blocks,
there is not a single method available able to differentiate all the isomers jmes@olysaccharide
mixture. Soft ionization mass spectrometry (MS) techniques such as electrospray ionization (ESI) or
matrix-assisted laser desorption and ionization (MALDI) are useful methods to obtain information of

GAG composition. Unfortunately, MiS exclusively applicable to GAG oligosaccharides, usually up
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to 7-8 disaccharides units, while longer chains can be characterized only after chemical or enzymatic
depolymerization.

Nuclear Magnetic Resonance (NMR) spectroscopy represents a very impectamtue in the
structural characterization of GAGs. It is one of the few methodgtbeidesinformation using the

intact polymer withoutequiringany sort of chemical or enzymatic treatment. NMR can provide for
both complex mixture and purified oligaccharides information on the monosaccharide composition,
presence of impurities, configuration at the anomeric center and even sequence. NMR spectroscopy
is the leading technique to detect and quantify signals associated with major or minor structural
sajuences in heparins. 1D proton and carbon NMR spectroscopy have been used to describe and
guantify the sulfation or acetylation degree present in heparin samples coming from different animal
source®. A more recent multidimensional approach (quantitati®Q&) involving the combined

use of proton and carbon NMR, allowed the monosaccharide composition, sulfation pattern and the
epimeric state configuration of the uronic acid residues to be deteffhibledeover, high field NMR

analysis has also been applied to observe conformational properties of chain residues and glycosidic
linkages. This could be achieved measuring tbeuplings constants amhalyzing the inteproton

Nuclear Overhauser Effect specira which the transfer afiuclear spin polarizatiofiom one
population ofspin-activenuclei to anotheoccursvia crossrelaxation The NOE is particularly
important in the elucidation and confirmation of theustures or configurations of organic and
biological moleculesFinally, the NMR techniques, such as saturation transfer difference,- water
logsy and transferreNOESs provide information about the epitope binding and conformation of the
ligand in interactionwith proteins. Even if a relatively large amount of sample is required to run NMR

experiments compared other techniques (i.e-M%®), the versatility of this approacand the
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possibility torecover the analyzed samplemain essential for studying differtestructural and

compositional aspects of glycosaminoglycan mixtures.

1.3.1. NMR Interaction with Protein

The reactions that occur within the cells constitute the result of highly regulated intermolecular
recognition mechanisms. In particular, biological proesssuch signal transmission and cellular
metabolism are mainly regulated by the binding of low molecular weight molecules (the ligands) to
proteins. Protein activity can be affected by specific interactions with ligands exhibiting cooperativity
through mehanisms involving protein conformational changesni-this perspective, knowledge

of the structural, conformational and dynamic feaures of the molecular recognition processes
between proteins and ther ligands targets allow to rationalize binding and selectivity features, and

therebre toassistin the designof new molecular probesand of novel thergpeutic agents™ °”.

1.3.1.1. NMR-based Analysis of Protethigand Interactions
NMR has become a powerful tod to monitor molecular interactons and to deduce features of
recognition processes at different levels of complexity. NMR spectroscopy detects and reveals
proteiri ligand interactions with a large range of affinities {1003M). Among the biophysical
methods (such Xray crystallography, Surface Plasmon Resonance, Differential Scanning
Fluorimetry and so on), NMR spectroscdmsthe advantageto examine the sample in a condtion
nottoo far from the physiologica one In this nonrigid environment is possibl® investigate the
flexibility of the proteins and the cnformationd changes hat occur upan ligand binding. This
chapter will briefly discuss some of the most important NMR techniques exploited for protein

interaction studies in order to provide basiormation for the comprehensiorof the applications
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descrbed in the present thesis.

1.3.2. Protein-Ligand Based Interactions
The study of proteuprotein and proteitigand interactions in solution has recently become possible
at an atomic level by new NMR spBascopy experiments able to identify binding events either by
looking at the resonance signals of the ligand or the protein. Ideally, a combination of these two
techniques allows a complete picture of the molecular recognition event involving-tezeybr
interactionto be obtainedThese methodologies can be applied to the lead generation in drug
discovery®, that correspond to the identification of compounds that demdngtsgecific activity
agai nst a therapeutic target, as wel |l as to
protein and a ligand in thermodynamic equilibrium are characterized by the dissociation constant K
which for the simplest case of a protevith a single binding site is defined as:
Kd:L’)—?‘—v\g

U
where [P], [L] and [PL] are the equilibrium concentrations of protein, ligand and the complex ligand
protein, respectivelyKd has the units of concentration. Therefore, a valuesahKhe mM range
implies an approximately 1:1000 ratio of free to bound states in an equimolar mixture of P and L and
a Ka in the pM range implies an approximately 1:1000000 ratio of these states, this last case
correspond to a more stable complex, that allomallsr concentration of free ligand and protein in
the system at the equilibrium.
Proteiri ligand complexes are dynamic systems and therefore the rate at which the components of the
proteiri ligand complex exchange between free and bound forms is certtral "dMIR method.

For a system in slow exchange on the chemical shift timescale (high binding affinity complex and

low dissociation constant,qK UM or lower), resolved peaks might be expected for the free and bound
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states, allowing the integration of segareesolved signals. In practice this is extremely difficult for
the complexity of the crowded spectrum. For a system in fast exchange the observed NMR response

of a ligand is the mole fraction weighted average of the signals iffrieetland bound states:

M obs= M L (free) XL (free) +M L (bound) XL (bound)

whereM opsis any NMR observable characteristic of #gilibrium systemXyree) and XL (bound)

are the mole fraions of free and bound ligand, aMree) and M L(bound) representhe NMR

propertiesof the ligand in its free and bousthtes, respectively.

Similarly, forthe observation of the protein,

M obs= M p(iree) Xp(free) +M p(bound)Xpr(bound)

WhereXp andM p are now the mole fraction and the NNdRopertiesof the norbound protein and

bourd protein.

The mole fractions are defined as,

Xifree) +XL(bound) =1

and

Xp(free) + Xpbound) =1

In bound state the ligand adopts the NMR properties characteristic of the typically much larger

receptor (macromolecule), that correspond to a perturbatidmeathitemical shift of the ligand, in

term of position and shape (widening) of t h
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perspective, the ligand perturbs the binding site microenvironment, generating an alteration of the
magnetic properties of theaeptor, localized in the Receptor Binding Site of the protein. In either
case, the exchange modulates the NMR response of both molecules allowing the detection of the

receptofligand interaction.

1.3.2.1. NMR-based Analysis of Protethigand Interactions
Satuation transfer difference (STD) NMR spectroscopy is extensively used to obtain structural
details of the interaction, thereby enabling the mapping of the ligand binding epitope, or the
discrimination of ligands from nehinding molecules. STD results frotine difference betweesi
two acquisition experiments. The whole experiment is based on the transfer of saturation from the
protein to a bound ligand. This transfer process can be obtained by selectively saturating the protein,
in a frequency window, thaloes not contain ligand resonances. The saturation signal is gelhgrated

asum of Gaussian soft pulses, as shown in Figure 13.
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Figure 13. Schematic viewof the STD experiment. The protein protons are selectively

saturated at a specific frequency, and the effect of the saturation is transmitted through

whole polypeptide. Any ligand interacting with the protein will also be affected by the
saturation. During the irradiation time, the saturation is transferred to the bounligand.
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The magnetizatiopropagatesapidly through the entire pmih mediated by spin diffusion. This

process of spin diffusion is very efficient d
Bound ligands acquire this saturation #&!H intemolecular crosselaxation at the liganrgrotein
interface. Potons which are close in space to the protein surface receive the saturation from the
receptor. When the ligardissociate®ack into free solution, its saturation state persists, while other
ligand molecules replace the previous in the receptor bindsmgmhere they will acquire saturation.

In this condition the concentration of the saturated ligandgdsenable ito be detected by the
acquisition system. Then, only ligand protons that interact with the protein are saturated and show a
decreasedtensity in the ofresonance spectrum. As it is usually difficult to identify those attenuated
signals, Mayer and Meyer suggested the acquisition of an additiorraisofiance spectrum with a
saturation frequency where no protein or ligand signals asempteusually around ~30 ppth The

final saturation transfer difference (STD) NMR spectrum is obtained by subtractingtésomance

from the offresonance spectrum, which results in a spetshowing only signals of the ligagth

contact with the receptor in the lifetime of the complex. [Figure 14].
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Ligands in solution lose their saturation by normalT7 relaxation, which is in the order of one
second for small moleculesFor larger maécules motions become slower and and more efficient
relaxation resultsI{/T2 shortens)hus, during the saturation time the number of ligands carrying the
magnetization from saturated protein quickly increase into solution, which means that only a small
amount of protein is required in this experime®T.D works properly for ligands that have binding
affinity (Kd) in the 1% 1 10® M range. Highaffinity ligands that undergo slow chemical exchange
typically reside longer within the protebinding site ad are thus not detectable by STD NMR
spectroscopyThe intensity of the STD signals depends, mainly, on the saturation time and on the
excess of ligand molecules in solution, in fact increasing the ligand concentration, or the saturation
time, also the STBignal increase. In general, an irradiation time of 2 second anfbtdéxcess of

ligand give good results. In conclusion STD NMR is an excellent technique both to show ligand
protein binding and to determine the binding epitope of the ligand, overiidormation of the drug

designi®®®

1.3.2.2. Transferred NOESY (TrNOE)
Measurements ohuclear Overhauser enhancement (NOE) provide information about distances
between hydrogen atoms insis@lecules and are indispensableNIMR structuredeterminatiorof
both small and large moleculéghe sign and size of the NOE depends on the rotational correlation
time and therefore on the size of the molecule
The observation of tr NOEs betvkandeesandboundmoledulest e n t
Low or medium mol ecul ar --we i Zpghbe@e enshortecarrelatiensimg Mw
Uc #herefgre such molecules exhibit positive NOEs, no NO&syery small negative NOEs

depending on their molecular weight, shape, and the field strength. Large molecules, however, exhibit
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strongly negative NOEs. When a small molecule (ligand) is bound to anfenigeular weight protein
(receptoy it behaves aa part of the large molecule and adopts the corresponding NOE behaviour,
showingstrong negative NOEs, so called trNOEs. These trNldeseflect the bound conformation

of the ligand. Ligandh bound state with a receptaegn thus easily be distinguishiegllooking at the

sign and size of the observed NOEs. Therefore, the maximum enhancement for trNOEs is observed
atsignifimnt |y short er inncomparisog to the corespondingfNOE measioed
isolated small molecules in solution. The estedatange of binding affinities that can be probed by
tr NOESY i s0 1L effhlivigeKeral, one can observe inter and intramolecular trNOESs.
Intramolecular trNOEs are the key to define boligand conformations, intermolecular trNOEs
occur between a ligand and a receptor protein, and therefore, in principle, allow the determination of
the orientation of bound ligands in protein binding pockets.

One of the major drawbacks of this type of experiment is dlssible presence of the spin diffusion
effect, that are typical for high molecular weight prot&ifis In this case, the magnetization transfer
can be mediated by other spins, including receptor nucleus, and by protons closed in space.

Thus, the trNOE method allows fast screening of putative bircdenparedo a specific target and,

at the ame time, permits the knowledge of the recognized conformation of the ligand bound to the
receptor, with considerable implications for a rational strudbaseed drug design.

Prediction of theoretical trNOESs, as well as STD, from a 3D complex structued oaodbe obtained

by the application of the CORCEMA (COmplete Relaxation and Conformational Exchange Matrix)
approach. Finally, comparing the set of measured trNOEs for a {rgap@tor interaction system,

with those simulated on the optimized 3D stroetof the liganereceptor compleky the CORCEMA

approach, information of the bound conformation of the ligand can be ackieved
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Figure 15. Left. Schematic representation of a NOESY spectrunafisee ligand. Cross peaks and diagonal peaks he
different sign. Right. Schematic representation of a trNOESY spectrum recorded for an exchangingligatain
system. Cross peaks and diagonal peaks have the same sign, as expected for a large nioleciunl@icating binding to
the protein.

1.4. A Simplified Introduction to Molecular Modelling
The NMR spectra of a molecule or a macromolecule in solution allow the direct observation of its
magnetic properties (chemical shifts, coupling constants, magnetization relaxiatiothaelepernl
ontheir structure, the visited conformations, and the system dynamics; for-ligeeptor or supra
molecular complexes, these properties contain information about the interactions (molecular contacts
details) between two or multiple elements, for exinipe solvent, or a ligand in contact with a
receptor. I n this description a molecular 06st
defined by the set of the atoms, the atom type and the coordinates. Frequently, the
molecules/macromoleculeseaobserved to undergo conformational changes, corresponding to
geometic charges, obtained without bond breaking, but through rotation of a set of bonds of the

system. The dynamic behaviour of the molecule is the whole motion, usually decomposed in the
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internal, internal (vibrational, rotational), and external (rotational and translational). Focusing on a
single macromolecule/macromolecular complex, the internal coordinate: bond distances, bond
angles, dihedral angles are the preferred choice of coordmadtscribe thénternal motions. The
model ling approach allow a fAbottom upo descr
Anumeri cal experimento (computer simulation)
being a molecule in solution or a macromoleculor a supra mol ecul ar con
of fixed number of particle (N), absolute temperature (T), and system volume (V) or system pressure
(P); from a theoretical point of view, the simulation correspond to the sampling of the canonical
ensemke NVT, or NPT of the system.

Computer simulations act as a bridge between microscopic length and time scales toward the
macroscopic world of the laboratory: roughdpeaking this approach provide guess of the
conformational and dynamic features of thacromolecule, the forces acting between atoms that
belong to the same or to different molecules, and compare this model behaviour with the NMR
experiments results. In particular, the molecular mechanic and molecular dynamic approach
complement the NMR exgimental descriptidii.

Molecular dynamics simulation consists of the numerical, step by step, solution of the classical
equations of motion, whichof a simple atomic system belonging to a single or several molecules

may be written in accord to the Newton second law of classic meshanic
miri = fi fi=-—u Q)

For this purpose, we need to be able to calculate the for@etsnfy oneach atom of massithat is
subject to an acceleration The forces are derived from an empirical potential energy')Uttfat
normally is parameterised for a particular set of molecule or macromolecule or material. The

parameters of this potential &gg correspond to molecular structural parameter for a particular class
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of compound, such as bond equilibrium distances, angles, and torsional angles. There are also other
parameters that quantify the ability of these degree of freedom to fluctuate #reuretjuilibrium

values, and represent the system energy cost to a deform it.

In an atomistic detail model = (r1; r2;...1) represents the complete set of 3N atomic coordinates,
being N the number of atoms of the model, while in accord to the swtistechanic the set of 3N

velocities are also required to define the complete microstate of the system.

1.4.1. Non-Bond Interactions
Describing macromolecule and/or supramolecular systems two main non bonded interaction, that act
between non covalently bonded rats |, are important to be consi de
and the electrostatic forces. The formers are generated between the external part of the electronic
density of two approaching molecules, and are considered asahget forces: i.e. forcebat act
for distances smaller thar&A. Electrostatic interactiarare supposed to be applied between partial
charges of pol ar gr ou®p(b, famrd eaX asmplbet WwWee)hHQgr o
like -- CO©O() TNMs#{+d or other ionisable groups. This description requires to introduce a set
of fad a rcthia r, ig thessompléshcastorrespond to a poidike charge on each atom of the
molecule; this charge will describe the electrostatic energy experienced by an external probe charge
interacting with that atom. These electrostatic interactawasalso used to describe hydrogen bond
interactiors, in this case the interaction exist if and only if a suitable angle between donor and acceptor

groups is maintained.

The Lennarellone$* potential is the most commonly used form to describe empirically the Van der

Waals forces:

W(r) = 40 ()
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with two parameters that need to be defined &mhepair of atom of the systeth: , t he di a me

U, the well depth.

If electrostatic charges are present, we add the appropriate Coulomb potentials

gouem (1) = —— 3)

where Q, Q: are the partial charges of the atom pair,fand the dielectric constant of the vacuum.

The parameters £and Q could be estimated by a singi@lecule quanturehemical calculation

that allovsto estimate the electron density throughout the molecule, which may then be modelled by
a distribution of partial charges via Eq. (3), or more accurately by a distribution of electrostatic

multipoles.

1.4.2. Bonding Potentials
For molecules we must also caesi the intramolecular bonding interactions, an empirical energy
function that describe the connectivity between covalently bond atoms, three different potential
energy terms are required: the stretching terms, the bending, and the torsional anglestedeyseihd
from pairs, ternary, and quaternary set of consecutively linked atoms. The simplest molecular model

will include terms as reported below:

Ointramolecular = - B Q i i (4a)
+-B Q — — (4b)

+-B BQ" P WE & — r (4c)
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The Abondso will tyigmicailly involve the separa

Betweenpairs of atoms that are covalently bond in the molecular framework, and we assume in Eq.
(4a) an harmonic form with specified equilibrium bond lengthand energy deformation quantified
by t he cdspfOaihisdunctional form allows to describe the bond length degree of

freedom as a harmonic oscillator, but in principle more complicated functional form including a
hi gher number of par amet er—s aradefmedpetween susdessive T h €

bond vectors such asirrj and rT rk and therefore involve three atom coordinates:

cos— =iHiHF i1HIHU THIHU 1HKH (5)

where

1K —

Usually this bending term is taken to be quadratic in the angular displacement from the equilibrium
value, as in Eq. (4balthough higher order term functions could be also used to refine the description.
Even in that case- andQ@ are the equilibrium bond angl e
stiffnesso. The Atorsion anglesodo are defined
four atomic position vectors:

cose =-£ ¢
whereg i i, € [ and¢ =—
the unit normal to the plane defined by each pair of bonds. Usually the

torsional potential involves an expson in periodic functios ofthe order
m=1, 2, é, Eq. (4c) .

A simulation package foregeld will specify the precise form of Eq. (4) and the Amnd terms to
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apply, and the various strength parameters k and other constants therein. We need to keep in mind
how Eq. (4) is a conderable oversimplification, some aspects of the intermolecular forces cannot be
described by these empirical force fields. Molecular mechanics-fields, aimed at accurately
predicting structures and properties, will include many cross terms (e.ghdtestd). Quantum
mechani cal calcul ations may gi ve acompaiisdneof t o t
simulation results witlihermosphysical propertiesral vibration frequencies wgaluable in force

field development and refinement. A segtarfamily of force fields, such as AMBERCHARMM?®®

are oriented to biological macromolecule (proteins, polymers) in condensed phasesnttieindl

forms are similar to Eqg. (4), and their parameters are typiogliynized for that condition, and

determined by quantum chemical calculations combined with thermophysical and phase coexistence

data.

1.4.3. Force Calculation
Having specified the poteatienergy function i , the next step is to calculate the atomic forces
fi=-— 1 (6)

For sitesite and intranolecular potentials this is a simple numerical or analytical exercise.

33



2. Aims of the Work

As already mentioned, design of wieHSIlike potential drugs requires investigation of

oligosaccharidegprotein SAR as well as generation of HS analogues having pharmaceutical interest.

This thesis deals with structural characterisation of HS oligosaccharides and conformational
propertiesboth of free state andf complexed proteins. We focused our attention on four different

subjects:

1. Conformational analysis of chemoenzymatically synthetized hexasaccharides in complex

with AT;

2. Conformational analysis of a novel chemoenzymatically symetoctasaccharide in

complex with AT;
3. Structural analysis of Heparan Sulphate mimetics;

4. Application of chemoenzymatic synthesis to obtain Heparan Sulpkate

oligosaccharides.

34



3. Hexasaccharides

3.1. Introduction
The existing evidence suggest that ¢hectrostatic interactions between the stdand carboxylate
groups, t hat periodically ndeacids(nminlg Arg adidbLysc hai
residues) at the specific binding site of AT, are the driving force of the HefpfH&cognition
process, at least for long distances (greater tiAY’. Previously, it was observed that the removal
of selected sudte or carboxyate groups from the specific sequence AGA*IA, significantly
compromised the binding affinity between the heparin like oligosaccharide and AT. This suggests
that the electrstatic forces contribute significantly to molecular recognition, whereas other evidence
indicates that the residues type, and the length of the sequence linked to the pentasaccharide at both
nonreducing and reducing ends, additionally contribute to tltegration. These observations
support the specificity of interaction between the AGA*IA sequence and the Heparin Binding Site
HBS. Infact, oligosaccharide sequences (pemtahexasaccharides) that were previously known to
bind and activate AT, always ilucle the specific sequence AGA*&S%A recent systematic study
conducted on different chemo enzymatically synthetized hexasaccharides which include variants of
the AGA*IA sequence, demonstrated that while the sulfation of glucosamine units is egsential
produce anticoagulant activity, the sulfation of the iduronic acid residue internal to the AGA*IA
sequence does not seems to be critical. This observation arisen by the analysis of a series of AGA*IA
containing hexasaccharides obtained by chemoenzyswtibesis and differing by the degree of
sulfation of the AGA*IA sequenég In particular, this study was focused on the correlation between

the sulfation pattern of a series of hexasaccharides including the AGA*IA seqaac the
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conformation of the key iduronic acid, which was present in-® fulfated and -© desulfated

forms.[Figure 16 and Table 1].

IdoA2S-containing hexasaccharides (1 to 4)

0 HO,C
OH R3O HOssNH O>fi0,SNH

1t04 HO3S pr = N02
1. R1 =R2=R3=_H 2. R1 _-SO3H R2
3. R1 = -SosH, Rz = -SO3H_ R3 = 'H 4 R1 == R2 o 3 = -SO3H

IdoA-containing hexasaccharides (5 to 8)

HOQC
H HO,C
R{NH OH R30 HO3SNH O~fi0,5NH

5to 8

5- R1=R2=R3='H 6 R1_-803H R2 —-
7. R1 = 'SO3H) R2 = 'SO3H’ R3 = 'H 8 R1 - R2 = R3 = -SO3H

Figure 16. Structures of hexasaccharides synthesized by Liu group using chemoenzymatic method. E
IdoA2S (in 1 to 4) and IdoA (5 to 8) residues are colored in blue.

36



Table 1.

Population of conformers for IdoA2S and IdoA residues in hexasaccharides. In red t
conformation of hexaaccharides chosen for our study

Hexasaccharides Population Off Conformers

1IC, 2So iCy

1-ldoA2S 68% 32% -

2-1doA2S 68% 32% -

3-ldoA2S 47% 53% -

4-1doA2S 25% 75% -

5-1doA 53% 47% -

6-1doA 51% 49% -
7-1doA 68% 29% 3%
8-1doA 73% 19% 8%

0S04(-)
HO' TS (ooc )
(038 O~ HO OR™ 0S04(-) OR
[
NO,
R= O
0S03(-)
HO" LS = (-)o0oC o
Y
(038 0~ HO fe) 2 OR
0

Hexa-8

Figure 17.# EAT EAAT OOOOAOOOAO T £ EAGAZY AT A EAGAZO68 4ESL
i £ )Ai ' OAOEAOAOh EECEI ECEOAA AU -rdducihdehd: BIENBBICAGIENBZEE
IdoA/IdoA2S' | A .-i I3/ARBE &
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As already shown, the increasing degree of sulfation of adjacent glucosamine residues, in particular
the 60 sulfation of the reducing glucosamine, affects the ring conformation of IdoA2S, shifting it
toward theSoform'>17:79 In contiast,the conformation of the IdoA residue is shifted toward the chair
ICswhen the 20-sulfo group is missirf. Among the eigt synthesized hexasaccharides, only hexa

4 and hex# produce anticoagulant activi§Figure 17]. This result was expected for compound 4,

that include the typical AGA*IA sequence, but was not predicted for compounavBidgh the 20-

sulfo group of IdoA is missirf§ Hexasaccharides 4 and 8 were than selected for the investigation of
the structureactivity relationship looking at their 3D structure in free solution and in the presence of
AT. In this investigation several complementary approaches were applied: Isothermal Titration

Calorimetry (ITC), Nuclear Magnetic Resonance (NMR), and molecular modeling.

3.2. ITC Studies of the heparAT interaction
(thermodynamic characterization)

The interadbn of the hexasaccharides with Antithrombin was investigated by microlTC using
Fondaparinux as reference model. In order to estimate the dissociation constant of theAieparin
interaction, titration experiments were performed under the same conditemseXperimental
conditions). The titration isotherm curves for the studied hegitegnmodels are shown in Figure.18
Binding constants and thermodynamic parameters were obtained by fitting the raw titration data
[Figure 18 bottom] to a model involving single binding site for Antithrombin, i.e. applying
stoichiometry for the ratio ligand:receptor = 1:1. 'Hevalues obtained by numerical fitting, are in
accordance with those for similar octasaccharides isolated from LMWH Enoxaparin in 2008 but
differentfrom those publishechiprevious work for the same oligosaccharfeas a consequence

of the higher salt concentration electrostatic charged sites in the system are screbigdebroy
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concentration of free ions (ionic atmosphere), reducing the range of distances m tivic
electrostatic forces apply, as a consequence decreasing therkgaptbr affinity. For this reason

Kd values measured in this study are greater than those published in a previdts work

10/

O- Fondaparinux _ .

=
o

-

N
(=

AH (kJ/mol)

-30/
-40.
50
-60;' H‘exa-4 | 1 | |
0 0.5 1 1.5 2 2.5 3
Molar Ratio

iy mﬂw i

]

40-

DP (W)

39.5-

39-

38-5 v i T I T T )
0 5 10 15 20 25 30 35 40

Time (min)

Figure 18. ITC experimental results. On the bottom panel, the negative peaks resulting from het rels
On the top panel, the binding isotherms created by plotting the integrated heat peaks against the n
ratio of the AT.

Hexa 4 dKepl agedbaut two and six times | ower
respectively, corresponding to a stronger binding affinity of the former compound. The numerical
analysis of the micrdTC titration curve also provides information about the natfithe interaction

of these hexasaccharides with Antithrom@dihe thermoginamic parameters in the Tablen2licate
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that the binding reaction is enthalpy driven, while the entropic term is weaker, and usually this
correspond to a binding event with a weadnformational change. The structural analysis of the
binding pocket describes it as predominantly hydrophilic so the dominant interactions are electrostatic
interactions and hydrogen bonds, even if short range Van der Waals forces are still contributing.
Hexa 4 shows higher free energy and enthal py
ent hal py wvariation of hexa 8 in comparison w
missing 2 O sulfo group, craction s, @odmdssiblygwithttlee a n

higher energy cost that has to be paid to drive a conformational change

Table 2

Micro ITC thermodynamic parameters

Sample Temp.°C  Stoichiometry Kg (M) oH oG (KJ/mol) -TogS
(KJ/mol) (KJ/mol)

Hexa-4 25.4 1 5.51E-07 -59.5 -35.8 23.7

Hexa-8 25.1 1 1.29E-06 -45 -33.6 114

Fondaparinux® 25.1 1 3.52E-06 -45.1 -31.1 13.9

3.3. NMR Characterization

The structure of hexd and hex#& was determined in bibound state, in the same condition used to
study the interaabin with AT. In this latter case an increased ionic strength of the solvent medium,
obtained by addition of salt, modulates the binding affinity of a charged protein due to electrostatic
screening. Thyghe offratekorr, or more specifically the exchangatio between free and bound,

increases passing from nanomolar to micromolar, as required for the analysis of the complex for
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reasons relating to NMR timescales. Even if ifdbeund state higheonic strength is not necessary,

we preferred to work in theame condition to standardized the characterization for bebownd

and bound oligosacchairdes. Results confirmed the known connectivity previously described in water
solution and established the conformational properties of the two ligands in the Nig@Gér
concentration media used. A full structural and conformational characterization study was set up for
these oligosaccharides, following classical NMR approaches and methods. NMR spectra are shown

in the experimental section.

3.3.1. 'H STD NMR
STD-NMR is a \alid method that can be used as a screening tool for the identification of binding
epitopes. Briefly, proton resonances of a protein are selgcsiatirated at a radiofrequerfey from
any ligand resonances. During the lifetime of the complex thisagetiis transferred to the protons
of the bound ligand when the two surfaces ligegeptor become in contact. If the complex is
formed, the resulting proton spectrum, obtained upon subtraction of the spectrum obtained with off
resonance irradiation, wilnclude the resonances of the protons in contact with the protein. The
intensity ofthe STD signal correlates the distance between the ligand proton and the protein surface.
As suggested by MicrolTC experiments, in which Keof the tested glycans wefeund very
similar, suggesting a comparable interaction; the STD experiments showed that both hexasaccharides
binds Antithrombin with a similar binding epitope. 1doA/IdoA2S residues showed the most intense
STD peaks and was used as references to oblaiiveantensities of the other peakduter AGA*IA
GlIcN residues had comparable intensitiesldoA/IdoA2S central peaks suggesting very close
contacts between the AGA*IA sequences and the protein [Figure 19]. We were not able to further

confirm this hypthesis with GICA residues because the anomeric signals are affected by water pre
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saturation, and for this reason H2 and H4 sig
(4 nitrophenyl ) -emdbislessiywolvedthah theeAGA*Beduerce imigteraction

with AT, as shown by the corresponding weaker STD signals, indicating a greater distance between
these residues and the HBS. Surprisingly, even if-dextad hexa differ for 20 sulfation of IdoA,

STD signals were comparable tooth ligands [Table 3].

Table 3

Selected!H-STD intensities as percentage relative to the H1 of IdoA2S or IdoA in HAexaHexa8
respectively

1H-STD relative intensities (%)

Ligand H1 H1 H1 H1 H2 H1 H2 H4
GIcNS6S  GIcNS3S6S  IdoA  GIcNS6S" Gl ¢ NS 6 GIcA" GIcA" Gl c A

Hexa-4 98 81 100 97 98 43 64 66

Hexa-8 92 92 100 92 89 38 63 56
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Figure 19. Partial 600 MHzH-STDNMR spectra of the heXaAT and hex&8-AT complexes. The experimel
was conducted with a glycan/AT molar ratio of 100:1; the temperature was set to 35°C. STD and referer
spectra are depicted in blue and red, respectively.

3.3.2. 'H NMR Chemical Shift Perturbation

High-resolution NMR structure determination of protein/ligand complexes is a time demanding
process due to the large amountlafa that must be analyzed therefore binding epitope mapping is
routinely obtained by 1INMR from a comparison of the chemical shifts and the shape of signals of

the free versus liganprotein complex. As a consequence of binding with protein, the ciorela

time of oligosaccharide increases, and this induces perturbation of chemical shifts, and increased
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linewidths.H Chemical shift perturbation and signal shape widening induced by the interaction with
AT, were observed in the spectra of boéxasacchides, when compared withl spectra of the free
glycans.In particular, anomeric signals of GICNS3S6S and IdoA2S or IdoA presented the highest
chemical shift variation, valued as 10 and 2 f o rtAThamck9and4dHz f o rtAThG@ntha 8
other handdi sul f ated glucosamine residues (Gl cNSG6!
i nvolved in the binding exhibiting weaker <che
IdoA2S/IdoA moieties. Finally, as expected, the redu@nd glucuronicaciders i due GI ¢ ANjN;j,
as the para nitrophenyl group directly connec
suggested by the unchanged proton chemical shift and signal shape upon binding withsAT. Th
evidence indicatthat the closer cdacts between hexasaccharides with the HBS involve the

pentasaccharide sequenageparticular the GICNS3S6lH0A2S/IdoA moiety showed the strongest

interaction, as inferred previouslyfrord STD i nteraction studies [ Fi
A
| | \ h -
|
\m«/"‘” : | J U uJ\J )
| GleA" 1 ! | ]
: e X 1 | !
sienses [ | jidon2s okl GleNS6S | GIcNSES” : Glca" i :
cNS6s || 1 clens3ses ﬂHl H1 I HL I !
| Glendses 11doA IdoA
| I I |J||1 [t H5
“| 104z HE;;HZ ‘ | 8.4Hz=| 3.5Hz| \
‘:' I “I | ‘h f <—>‘ll “ ‘ |
I M e N LN I |G L VU | W | W
5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 ppmI " 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 4.9 4.8 ppm‘

Figure 20. Anomeric raion of the proton spectra of A) hex& and B) hex& in bound (blue line) anc
unbound (red line) forms at a ligand/protein ratio of 5:1. The anomeric signal of the GIcA residut
hidden by the residual water signal in the spectra of both the h&xAT and the hexa8-AT complexes
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3.3.3. Molecular Dynamics
The iduronic acitAd rae ditAlfesnanedin théSxcanfodnation for the
whole length of the MBsimulation (260ns approximately |, independently of
(see NOESY and4NOESY section). MD simulation also allowed samplofghe dihedral angle
conformationdi/lyof t he gl ycosidic |inkages associat ec
AT bound states; these results are reported ¢
the glycan backbone was characterizgdthe average values dfy calculated from the MD
simulation after a relaxation period of 40 ns; in the bound state, the corresponding properties were
calculated based on thetATetemplfexrgd®Betsreil es
paragraph)yThe backbone conformations of hexa 4 an

bound state agreed with the AGA*IA as determined by NMR. Similarly to what was observed for

a | ibrary of heparin | ike trisacchaedigeate b o
flexibility of the I doA GI cNS6S glycosidic |
to E)’°. The conformational freedom of the glyco
consistent reduction from the freetothebnd st at e, particularly e

| doA2S/ 1 doA and |1 doA2S/ 1 doA GI cNS6SNjNj gl ycos|
gl ycans that better coadapto to the AT HBS.

linkage geometrieswer observed between GIcA GlI cNS3S6S .
and |1 doA GI cNS6SNjNj and GI cNS6SNjNj GI cANjNj i n h
and |, and E and L). | n duéateaf 4GI ®RNSB SHODAT2 i n
IdoA2Sa n dO &303f Gl cNS6SNjNj., I n hexa 8, in which t
previously cited triple interactions cannot be present, thus strengthening the repulsion between

t h e solfatemoi ety of GI cNS6 SNjNj and [Figue 21d and foroingy | a't
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the | ast glycosidic bond to assume a torsion
are better represented by the subsets of the gif)cn st r uct ur es sel ected b
underlined by the yellow symbols the Ramachandran plots in panels F) to L) of Figure 21.
These results suggested that both glycans bi
that is, with involvement of all their pentasaccharide residues constrained in an approximately
cylindricalcavi t y. Only the reducing end GI cANjN ( ¢
binding, as shown by th&H and STD experiments, although it appears to slightly affect the

conformation and the position of the pentasaccharide sequence [Figure 22].
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Figure 21. Ramachandran plots of the
glycosidic dihedral angles for hexé and
hexa 8.

A)ZE) in the free state and E)) in the
bound state as sampled during MD
simulations after a relaxation period of 4(
and 80 ns for glycans the free and the
bound state, respectivelyn panels AYE)
the yellow stars and triangles correspond
the average valueg/¢ of hexa4 and hexa
8, respectively, calculated in the free sta
from the MD simulation trajectories,
skipping the first 40ns. In panels RL) the
yellow stars and triangles indicatg/ ¢
values of the MBsimulated structures
validated by t-NOEs and corresponding t
simulation times of 209, 227, 240, 257, 2
ns for hexad-AT and 214, 235, 243, 258 |
for hexa8-AT.
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Figura 22. Hexa4-AT and hex&-AT complexes selected from the MD simulation trajectories at 227 and 258 ns, respe:

and validated by the interglycosidic tNOEs (see text and Table 4). Hek&T and hexa-AT are represented by cyan an

green tubes, respeitely, whereas the black wireframe represents the reference pentasaccharide as in 1AZX. AT

represented by the grey ribbon of the heXaAT complex only, whereas selected Arg and Lys residues are indicated by

cyan tubes. The two complexes are supzsed to the reference structure 1AZX through the corresponding Ca backbone
A helix (Ca backbone, between amino acids 45 and 70).

3.4. NOESY andi#OESY
Because the crosselaxation rates in the free and the bound states differ considerably as a
consequence of the binding with Adyariationof crosspeak intensities in the twdimersional
NOESY (free state) and-MOESY (bound st&) spectra was observed (Table 4 and Table 5
The conformation of the iduronic acid residue in hdxand in hexs88 was investigated by
analysis of the tNOESY spectra [Figure 23]. Similatlyo what was observed for AGA*IA,
the interaction between hexlaand AT changes the intreesidue NOESY ratio H52/H4-H5 of
IdoA2S from 0.5 to 1.3 approximately, thus confirming that the conformation of this residue

approacheshe pure?So upon birding (Table §. Surprisingly, the conformation of IdoA of hexa
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8, which alopts an almost puf€s conformation in free solution, is also shifted towa®din the
bound state to AT, as shown by the change in theHB814-H5 NOESY ratio from 0.3 to 0.9
(Figure 23 and Tablé). Comparison between intgiycosidic NOEs and tNOEs acquired for
the glycans in their free and bound states, respectivadlpwed the detection of glycan
conformational changes upon binding. Pairs ofid and HtH3 or H1-H4 and H1H6 inter

glycosidic NOE and tNOE intensities and their ratios are ogfed for both glycans ifiable 5

Hexa-1doA2S Hs 1doA2S Hexa-ldoA2S-AT
4.82+ Hs 1doA2 4.824
| {
| |
toa ﬂ ! ol l ............................ £ — Ti o
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z
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Figure 23. NOEs (left) and #NOEs (right) HgH2 and HgH4 Crosspeaks correlations in free
and bound state to observeonformational changes upon binding

Table 4

Percentage of IdoA conformers in free and bound sta@@nformation
in free state was previously calculatedinimizing the residual sum of
squares (RSS) between the observed NWARues and the total
contribution backcalculated from the molecular dynamics (MD).

Sample 'I;%i—()HSIH4—H5 %S, % ICys %
Hexa-4 0.4 75% 25%
Hexa-4+AT ~1 100% ND
Hexa-8 0.2 19% 80%
Hexa-8+AT ~0.9 100% ND
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Table 5

Selected interglycosidic NOEs and4NOEs of the glycans in¢hfree and bound states. The ratios between th&ltDEs and
NOEs intensities of the pairs H14 and HtH3 or HXH4 and H:H6 are reported in brackets. Significant differences
between ratios of the tNOEs and NOEs intensities, indicatigigcosidicdihedral angle variation upon binding, are
underlined in bold face.

Hexa-4/AT, trNOE/NOE selected intensities

GIcNS3S6S-1doA2S IdoA2S-Gl ¢ NS6 S6 Gl cNS6IS6 A0 O
Tmix H1-H4/H1-H3 H1-H4/H1-H6 H1-H4/H1-H3
(ms) Tr-NOE NOE Tr-NOE NOE Tr-NOE NOE
200 15/13.9 (1.1) 4.3/40 (L.1) 9.8/10.4 (0.9) 3.2/3.4(0.9) 16.2/5.7 (2.8) 2.3/0.7 (3.3)
300 25.5/23.4 (1.1) 6.2/6.1 (1.0) 13.3/15.1 (0.9) 4.9/5.2 (0.9) 25.1/10.1 (2.5) 3.7/1.1 (3.4)
500 34.9/32.3(1.1)  10.5/10.2 (1.0)  24.1/29.8 (0.8) 8.0/7.8 (1.0) 43.3/24.4 (1.8) 6.0/1.9 (3.2)

Hexa-8/AT, trNOE/NOE selected intensities

GIcNS3S6S-IdoA IdoA-Gl c NS6S6 0 Gl cNS6IS6 A0 O
Tmix H1-H4/H1-H3 H1-H4/H1-H6 H1-H4/H1-H3
(ms) Tr-NOE NOE Tr-NOE NOE Tr-NOE NOE
200 8.6/7.7 (1.1) 5.4/6.7 (0.8) 9.8/4.8 (2.0) 4.0/1.6 (2.5) 6.1/1.3 (4.7) 1.4/0.1 (14)
300 17.3/141(1.2)  8.0/10.2 (0.8) 15.3/6.6 (2.3) 6.4/2.2 (2.9) 11.0/2.1 (5.2) 2.2/0.4 (5.5)
500 35.7/28.9(1.2) 13.2/16.7(0.8)  32/13.5(2.4) 10.5/3.6 (2.9) 24.717.7 (3.2) 4.0/0.7 (5.7)

Table 6

Selected HH5 and H4H5 intra-residue NOE and TkNOEs for IdoA in Hex& and Hexa8 in free and in bound state with
AT, respectively. The ratios between ttve signals are reportedn brackets

Hexa-4 and Hexa-4 A AT Hexa-8 and Hexa-8 A AT
Mixing Time NOE Tr-NOE NOE Tr-NOE

200

2.2/4.9 (=0.45) 19.9/15.6 (=1.28) 0.9/3.4 (=0.26) 5.1/5.7 (=0.89)
300

2.8/7.8 (=0.36) 29.8/24.2 (=1.23) 1.7/5.6 (=0.30) 7.4/9.4 (=0.79)
500

5.2/12.4 (=0.42) 51.8/44.4 (=1.17) 2.2/10.0 (=0.22) 15.5/18.5 (=0.84)
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As shown by the corresponding Ramachandran plots discusdbd MD simulation paragraph

[Figure2]], significant variation in the glycosi di
binding was observed. Notably,lex 4 s howed changes | ocalized at
|l i nkage, whereas hexa 8 showed variation of b
linkages (Tabld) . The NOE signals acquired for hexa 4
the conformation observed during the MD si mu!

NOEs, calculated fromptimized glycan conformationshowed partial agreement with the measured

NOEs (Tabler).

Table 7

Experimental NOEs of Hex& and Hexa8 in solution for selected Interglycosidic protonproton correlation. The
corresponding simulated NOEs are reported in brackets and are generated using NOEPROM, with an isotropic m
motion (Tc = 700 ps). The Hexhand Hexa8 structure and conformations are obtaed from MD simulation, adjusting eacl!

FETCE Cl UAIT OEAEA AEEAAOAI AT CIA DAEO xEOE OEA AOAOA

Hexa-4 Experimental NOE (Simulated NOE)

Mixing Time (ms) GICNS6S-GIcA GIcNS3S6S-1doA2S IdoA2S-GIcNS6S6 6 Gl cNSGIS6 AL
200 H1-H4 H1-H4/H1-H3 H1-H4/H1-H6 H1-H4/H1-H3
300 2.9(2.8) (4.1) 4.3/4.0 (3.4) (8.8) 3.2/3.4 (2.5) (6.1) 2.3/0.7 (0.50)
500 45 (5.1) (6.2) 6.2/6.1 (5.2) (13.2) 4.9/5.2 (4.0) (9.2) 3.7/1.1 (0.81)

Hexa-8 Experimental NOE (Simulated NOE)

Mixing Time (ms) GIcNS6S-GIcA GIcNS3S6S-IdoA IdoA-Gl ¢ NS6 S Gl c NSGISO6 AL«
200 H1-H4 H1-H4/H1-H3 H1-H4/H1-H6 H1-H4/H1-H3
300 2.1(6.3) (3.9) 5.4/6.7 (9.5) (11.4) 4.0/1.6 (2.1) (4.3) 1.4/0.1 (0.9)
500 3.5(9.4) (5.9) 8.0/10.2 (14.3) (17.1) 6.4/2.2 (3.5) (6.4) 2.2/0.4 (1.3)
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The glycan conformations in the bound statere determined by selecting structures from MD
simulation trajectories afte relaxation period of 8820ns and si mul ating the
be compared with the experiment al val ues. Tl
program® wi t h a fAtwo stated model for the intere
thermodynamic dissociation constants for both glycans with AT were estimated by use of micro ITC.
To obtain the best agreentemith between the MD simulated and the experimental NOE s , t
kinetickorf constantskorrth € x a S4; kotrh1le8x a s'8) wereleStimated, reproducing the relatively
stabl e H1 HH thtee glubbGammes oefidi@sNS6S, GICNS3S6S and &IN S 6b§ NjNj

use of selected glycBNT structures extracted from the MD simulati¢aata not reportéd Five

sel ected st r uftAT ecompes, atsimulation gmedof 309, 227, 240, 257 andna70

as well as four s dATecortespandirsytortimes of 214,235, 243fandi®E8x a 8
showed good agreement with the Rfagioesrof theset al |
geometries aver aged o niHtcdrrelatisne, spameddéam 0ilhtd 22 forg | y
hextATaadlet ween 0. 22 atAT The be&t Zgretneent wams éonnd for8he structures

attime 22 s f o AT lanel at@584s f o AT hae reparte@iable8.
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Table 8
EAgAzZy AT A EAGAzZonh OAOPAAOEOAI U8 "T1 A 106i AROO ET AO
program. The R factor is underlined in bold italic.

Tmix ms GIcNS6S-GIcA GIcNS3S6S-IdoA2S IdoA2S-Gl ¢ NS6 S0 Gl cNS6IS6 A6

H1-H4 H1-H4 H1-H3 H1-H4 H1-H6 H1-H4 H1-H3

Hexa-4-AT =227 ns

200 14.9 (10.5) 15 (5.3) 13.9 (17.3) 9.8 (10.0) 10.4 (9.2) 16.2 (20.3) 5.7 (5.1)

300 22 (15.5) 255(8.6)  23.4(25.1) 13.3 (14.5) 15.1 (13.5) 25.1(28.8) 10.1 (8.2)

500 415 (26.2) 34.9(16.9)  32.3(41.0) 24.1 (23.6) 29.8(22.0)  43.3(44.7) 24.4 (16.0)
R 0.12 0.34 0.05 0.00 0.05 0.01 0.10

Hexa-8-AT =258 ns

GIcNS6S-GIcA GICNS3S6S-IdoA IdoA-Gl C NS6 S0 ¢ GI cNSGIS6AOG O
H1-H4 H1-H4 H1-H3 H1-H4 H1-H4 H1-H4 H1-H3
200 5.9 (11.3) 8.6 (5.3) 7.7 (15.9) 9.8 (7.3) 48(8.1) 6.1(2.9) 1.3 (2.7)
300 9.8 (16.0) 17.3(8.1)  14.1(22.4) 15.3 (10.5) 6.6 (11.4) 11.0 (4.6) 2.1(4.3)
500 21.1 (25.5) 35.7 (14.9)  28.9(35.1) 32 (17.1) 135 (18.1) 24.7(9.2) 7.7 (8.5)
R 0.15 0.32 0.16 0.19 0.22 0.38 0.11

Tocomparethe el ati ve positions of hexa 4 and hexa 8
helix Aof the tr NOE validated compl exestATaRDB t ha't
ID: 1AZX) were superposed (Tbackbone, between amino acids 45 and 70 in 1A#Mbering)

and are reported in FiguR2 These operations were repeated for the whole sets of
hexasaccharidAT validated structures, and the average root mean square distance (RMSD) of each
glycan residue and the corresponding residue of the referemgdecowas calculate(Table9). The

AGA*1 A sequencdATi nanbdotAfhegudiitatxddy matches the corresponding
glycanin AGA*IAfAT, even if this similarity improves t
for hexa 4 andreqgi anmonel edit egd@ldc A and Gl ¢c NS:

unexpected because hexa 4 has the AGA*I A seqglL
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t han hexa 8; this possibly indicates theset t he
hexasaccharides might affect the binding of the AGA*IA sequence to AT.
Table 9
! OAOACA OA1 OAO T &£ OEA 2-330 AAI AOI AGAA AARAOxAAT OAOQGEA
EAGAZOE! 4 AT A ' 1 g) ! ¢! dhelir (@0 hOEx@nRAddEetiond OET T | £ OEA |
Average RMSD (C1, C2, C3, C4, C5, 05) [A]
A helix GIcNS6S GIcA GICNS3S6S IdoA2S/IdoA Gl ¢ NS6 S
hexaZtAT 0.46 1.84 2.15 1.98 1.23 0.66
hexaZBiAT 0.67 1.81 1.30 1.08 1.40 1.37
Distancesbetween selected interacn g g r o u p s tAdf atnhl dAT medels (IBWesR
score) and the corresponding AGAYAT, determined by NMR methoand by X ray di
( NjlNjLAZXA, 03KCGA and ®l2®mDahan)h,e xar e@ raepo rhteexdh i8n
IdoA2S/I[doAaml Gl c NS6 SNjNj resi dues are in closer pro
shown in Figur&4andTable10. Independently of the degree of sulfation of the iduronic acid moiety,
the interatomic distances in thefr eaiggixansA sawnrdr

inboundstatewith T ar e similar to those f oundo0.iKbil4 NMR

was confirmed as one of the key residues, being in contact with GIcCNS3S6S (NS, 3S), I[doA2S/IdoA

(COO1) and, t o a | &), exd emtbserGi edNS G DN

pentasaccharidaT complexes
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Figura 24. Diagram of the contacts (histograms of the distances) between each residue and the hydrogen ato
belonging to AT. The diagrams were calculated by using a subset of thEDtiEvalidated structures for A) hex&-AT,
and B) hexa8-AT complexes, that correspond to MD simulation times of 209, 227, 257 and 270 ns and of 214, 2!

and 258 ns, respectively

Addi ti onal | yiAT wRd rBear torGIcNiS8S68 (N&) and IdoA2S (2S; 4.7 and\4.4

respectively). This finding d®esuihbofldgA28ih p de
interaction with AT, as sugpr t ed by AT X ohbhgt esntriu,ct afF B erim
OActivatedfi conformations (PDB | Ds: 1E03, 1 NC

what was previously discus sterelof AGAHAIAT intPBB ID h e X

2GDA4.
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Table 10

Selected distances betwa interacting groups in Hex&-AT and Hex&8-AT complexes at time 227 and 258 ns validated by
NOEs signals (see-MOEsS/NOEs paragraph) are reported im®2and 4h column. The atomsised for distance definitions are
underlined in bold face in thesicolumn. For comparison the corresponding distances measured in AGAFI¢omplex in solution
by NMR techniques (Hricovini et al. 2001) [1], by)<A U AEEAEOAAOQET T ®@uAl:&86u K U(pUYq i AGEXAEEA
ptuvtgh AT A OeCAwd j*1 ET O TWhsh, BBand 7 doldmnAdsiectively. DistahceA gedater@hrbel
and smaller than 4 A are underlined in blue and red respectively. The sy@bol ET AEAAOA AEOOAT AAO 1
R46 residue were not accurately resolved.

Interacting groups Distances (A)

Hexa-4-AT  AGA*A-AT[1] Hexa-8:AT  AGAHA-AT[2]  AGA*AATI[3] AGAHMA-AT [4]

GIcNS6S(6S)---R129(H2N-C- 6.4 4.3 8.3 4.9 5.2 5.0
NH,")

GIcNS6S(6S)--K125(H3N*) 4.2 3.8 5.7 4.4 4.8 6.2
GIcA(COO0)---K125 7.2 3.5 4.4 4.1 4.1 3.7
GICNS3S6S(NS)---K114 4.3 - 4.6 4.3 4.1 45
GIcNS3S6S(3S)---K114 4.4 - 4.2 4.1 4.1 4.4
GIcNS3S6S(NS)---R13 47 - 6.7 5.4 5.6 8.2
IdoA2S(CO0)---R47 4.4 45 41 5.6 45 5.1
IdoA2S(CO0)---R46 4.2 - 4.0 5.7 - 8.1
IdoA2S(COO)---K114 3.5 3.0 3.6 3.6 3.7 3.4
IdoA2S(S03-)--R13 4.4 - / 8.7 4.1 8.6

Gl c NS6 S6RAT NS) 4.0 3.9 41 4.2 4.7 4.9
Gl c NS6 S-6RM§ NS) 5.1 4.2 5.5 5.9 - 5.9
Gl ¢ NS6 S4KAI46 S) 7.8 4.7 7.6 5.2 5.2 4.9
Gl c NS6S4RIY 6S) 4.7 - 4.6 8.4 5.3 5.4

The t waliddtedEcomplex structures allowén determinerefined details of the glycéaT
complexes, such as the histograms of the distances between the atoms of eadjazfritmeggdues

and the hydrogematomsbelonging to AT [Figure 24]The histogams show the frequencies of
popul ation for the distances between the ind
selected complexes. As previously observed in terms oficheahift perturbation (Figure 2@nd

of the glycosidic linkagdi/y distribution analysis [Figure 31in both hexasaccharides the four

centr al residues GI cA, Gl cNS3S6S, | do A2S/ 1 do A
HBS than the reducing and non reducing end (
cleat y shows that the 4 nitrophenyl group is fu
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T he hidDecampldx shows slightly closer contacts between the GIcNS3S6S and IdoA2S residues
and AT t han i ntAT dsaenderlmed dy thefslightgeeater papulation at distances

smallerthan4 o b s er v e dgreéncand blueslirea in Bigure)24

3.5. Conclusions
Chemo@zymatic synthesis has allowed the preparation of a wide range gptidh artificial GAG
oligosaccharides reproducing bothurat and other possible sequences occurring in heparan sulfate
and heparin. Thiprovidesthe unique opportunity to obtain variants of Bihding oligosaccharides,
the compositions of which can be controlled in terms of position and modification of th&lAGA
sequenc¥.Recently, it was demonsteat that two AGA*IAcontaining hexasaccharides, terminated
at the reducing end by the remnant GIBAR=4 nitrophenyl) and differing in the sulfation at the
2-O position of the iduronic acid residue, have comparable abilities to bind and activéte AT
Herethe interaction of these two hexasaccharides with AT was studied in comparison of results
with those previously obtained B¥-ray crystallography and NMR techniquesharacterized by
complexes between AGA*IA containing oligaccharides and AT. The AGA*IA specific binding
Is dominated, at least for long range distances, by electrostatiagtiters involving negatively
charged groups (sulfate and carboxylate) of the glycan and the positively charged residues
(mainly Arg and lys) that charactize the HBS of AT across thhelix D subunif®>3".72
Convergent studies by several grot?p$’?’3based on strctural and kinetic investigations,
described the AGA*IAAT binding as a twateps process. In the first step the rigid trisaccharide
AGA* approaches the HBS of AT, driven mainly by Lys125 and Lys114, to form aaftinity
complex. Inthe second step, tHeBS of AT undergoes a conformational change that allows the

positioning of Lys114 and Arg129 in proximity to GIcNS3S6S, thus driving the conformation of

57



IdoA2S toward théSo form and allowing the subsequent binding of the redueing IdoA2S
GIcNS6S disaccharide motif®.

For both hexasaccharides, STD NMR experiments and MD simulations indicated a glycan
binding epitope extending from the noaducing end GIcNS6S to the reducing end GICNBGS
GIcA0 esidues. In particular, thevd central GIcNS3S6S and IdoA2S/IdoA residues showed the
stronger interaction with AT for both glycans, whereas the reducing endoGlgppeared less
involved in binding with AT. MD simulations with use of explicit solvent were employed to
characterize theonformational properties of hexdand hex&B in their free and Afbound states,
spanning approximately 100 and 26§, respectively. IdoA2S and IdoA remained in #i%e
conformation during the MD simulations in the cases both of #&@ and of hexaStAT,
independently from the-® sulfation state, thus supporting tltkea that the HBS surface enforces

the 1C4 to 2So transition upon binding. All glycosidic linkages of both glycans experience
decreased conformational freedom on going from the free to the bound state, but this was
particularly true for theeentral GIcNS3S63d0A2S/IdOA-GICNS6S éesidues, indicating their
closer contacts with the HBS, as inferred previously fiétnandH STD interaction studies.
These results are reinforced by considering the glycosidic dihedrésatygellow symbols in
Figure21) of the sibsets of hex@tAT and hexaS8tAT geometries in agreement with-NOE

ratios, and additionally by the histogram contacts between the glycaluessand the HBS of

AT. For residues at the reducing end, the glycosidic linkage conformations change upag.bindi
This was more evident in hex& in which the missing-® sulfation of IdoAweakly affects the
nearestneighbor IdoA-GICNS6S 6 linkage but significantly perturbing the e x t Gl-c NS 6 S
Gl ¢ AG 6 2Q.Frhigoouldebe explained in terms of a possilatabution by the reducing

Gl cA66 residue to allow better adjustment of
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with the higher #Hinity of hexa8 in relation to the pentasaccharide containing i &sulfated

IdoA residué®. Intra residue tNOE ratio analysis clearly illustrates that both IdoA2S and IdoA
move towardshe puréSoconformationupon binding The trNOE validated geometries of hexa

4tAT and hexa8tAT showed comparable positioning of the AGA*IA sequence once superposed
through the Ahelix on the AGA*IAIAT (1AZX). In this description the analysis of the glytAmm

contacts indicated that GICNS3S6S, Id@&XRIOA and, to a lesser extent, the reducem

GI cNS6S606 preserve the contacts pr-eywdffaacien] v oft
AGA*IA tAT complexes (Tabld0). These results also confirm the significant role of the acint
network between A HBS and residues surrounding the trisaccharide sequence GICNS3S6S
IdoA2S/IdoA-GIcNS6D én changing the IdoAconformation from!Ca to 2So upon binding,

independenthyfrom the 20 sulfation state of IdoA.
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4. Octasaccharide

4.1. Introduction
Structural variability of the AGA*IA sequence was considered several years ago, after the
isolation and characterization of different oligosaccharides obtained by enzymatic
depolymerization of heparins from different animal sources. The currently knowhimiing
seqience comprises a disacchari@cA-GICNS3S + 6Sunit. The substitution of theGIcA- in
the abovementioned disaccharide unit with tHoA2S was perceived to abolish its Alnding
property.
Herein we want to investigate about the conformational ptagseof a novel chemoenzimatically
synthesized octasaccharide recently described by Professor Liu at University of North Carolina.
This glycan belongs to a series of oligosaccharides designed to reproduce possible HS structure
variability, able to bind ath activate AT [Figure 25]. Characteristic of these oligosaccharides is
that their biological activity (amtFXa) depends by both the position e@3sulfated glucosamine
along HS chain and the structure of surrounded residues. Particularly, the octadacéhar
[Figure 26], even though it contains tHeoA2S-GIcNS3S6SIdoA2S- sequence instead of the
typical -GIcA-GIcNS3S6SIdoA2S sequence, shows affinity to AT and exerts &¥Xia activity
similarly to Fondaparinux (Table 10).
We have therefore focud®nthe 3D structure characterization of this octasaccharide in solution
and in presence of AT, comparing its conformation to that of Fondaparinux and paying particular
attention to the conformation of the two key iduronic a@didues positioned before antter

the GIcNS,3,6S residue.
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A. Residue h g f e d c

Hexasaccharides (6-mers):
Compound 1: R = R! = -H; R? = -SO;H
R

Octasaccharides (8-mers):

Compound 4: R =R? 2 = R3 = -SO;H
Compound 5: R R3=-SO,H
Compound 6: R -SO,H
Compound 9*: R¥=-Ac

Compound 10*: R = R® = -SO;H; R* = R =-H

Compound 11*: R = R? = -H; R = -SOH; R* = -Ac

3-0ST-3 6-OSTs g5 3- os1' 16s
NS 25 NS NS NS 2§
NS2S 6-mer substrate
3OST3 S-OSTs 5s 3»OSr1 W
! gunsssns!3 g°§ >-0
NS2S 8-mer substrate
_ & = GleN! = |doA2S =G|cnses u:elcusssss

'C, conformer 28, conformer

Figure 25. Series of chemoenzimatically synthesized oligosaccharide to investigate the structure
activity relationship. Residues of oligosaccharides are labelled with letter from a to h starting fron
the reducing-end.

HO,§

Compound 5, MW = 2368.86

Figure 26 . Structure and molecular weight of octasaccharide 5.
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Table 10

Correlation between the saccharide sequence andBifiding Constant Kq) as well as antiFXa Activity (IGo)

Compound Abbreviated Structure Binding Affinity (Ka) Anti FXa activity
to AT (nM) (ICs0, NM)
Octa-5 GIcNS6S-GIcA-GIcNS6S-1d0A2S-GIcNS3S6S-1doA2S-GIcNS6S-GIcA-pNP 5.1+1.4 nM 7.7 nM
Fondaparinux® GIcNS6S-GIcA-GIcNS3S6S-1doA2S-GICNS6S 14.8+1.4 nM 12.2 nM

4.2. Temperature coefficient and hydrogen bond strength
determination

The temperature dependencesolfamate proton resonance chemical shifts of the central GICN3S6S,
and the line widths provide information regarding the strength of therggrdue hydrogen bond
between SO3J-NH--- and---O-S02¢)-O3- equatorial substituents, that correlate with khreetics

of the exchange of the sulfamate protons. Important differences in exchange behavior may be related
to the involvement of the GIcNS NH in a persistent hydrogen bond, a possibility already observed in
oligosaccharides that include GIEBS6S raidue The temperature dependence of the Bc&ICNS

NH resonances can be ascertained by the visual inspection of the spectra iR Fighedrequencies

of the sulfamate protons of the two -BducifdS r es
endsot he octasaccharide shift toward the water
as the temperature is | owered, while the cent
slight change in chemical shift and remains sharp even at 30%lower temperature coefficient
determined for the central Gl cNS3S6S residue
hydrogen bond, in comparison to the correspon
analysis of the 3D structuré octa5, suggest how the former hydrogen bond correspond to an intra

residueand is typical of the GICNS3S6S residue.
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The hydrogen bonds formed by Aho and fAbodo resi

the groups: SO3J-NH---O3-, of GIcNS6Sand the nearby GlcAhese reasons suggest how the latter

hydrogen bond is weaker compared to the former case.

Table 12.

GIcNS NH temperature coefficients measured in 90% H20/10% D20 10 mM phosphate buffer. Temperature range fr«
°K to 303°K

Residue G ppn U ppn U ppm 2¢ UG ppn U ppn Temperature coefficient
273°K 280°K 295°K 303°K (ppb/K)
Gl cNS6S fibo 5.63 5.71 5.77 5.81 5.85 -7.3
Gl cNS6S3S 5.38 5.39 5.40 5.40 5.40 -0.7
| d NHSO3-
h and b NHSO3" signals | signal
!
" (| | | |
il
il \ 'I
\‘ (T
'“ 1Y
i i
. *\n" SN WJ v
b\ Y A

N
i e st e g AT A ,$:,~:~a'@,‘~"‘v.‘ﬂﬂ‘-flﬁ-b’w‘-t 0y

Figure 27. SelectedH NMR spectra measured for OeBaas a function of tempature. The three
NH resonances are labeled according to the positions of the GICNS residues in the octasacc
structure.
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In Figure 28 are shown the distances and the oriemtatad the groups involved in the
abovementioned hydrogen bonds. The distance betweeN&I3-O3- in the intraresidue hydrogen

bond of GIcN63S6 S (residue fido) is constant (Il ower
affected by rotation of bonds @the conformation doewtchange dramatically. Moreover, the two
interacting groups are oriented frontally increasing the chance to maintain a longer contact time. On
the other handpwing the high flexibility of interglycosidic linkages and the greatdistance, the
possibility to keep in contact the two interacting groups are lower reducing the strength of hydrogen

bond.

’\‘tf\\
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Figure 28. Selected dynamic simulation structure in which are highlighted the difference in len
between the hydrogen bonds.
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To better understand the role of sulfamate group hydrogen bonding in th& @utlareinforce our
experimental results, a pirminary molecular dynamics simulation of the full octasaccharide was
performed sing NAMD 2.12 with the Glyca@6 force field. The analysis of trajectories involving

the distances between GIcNS3S6S NH and the neigh@@ssdfo group [Figure 29] confirm dse

data suggesting that during the whole simulation time NH proton interacts at least with one of the

oxygen atoms belonging to suifpoup

8 [—— NH---01S
74— NH---02S
1—— NH---03S
o 64
w
>< -
Q
T
Z
2
1
]
=
S
Q
1
0 ) T ) ) 1
0 20 40 60 80

Simulation time (ns)

Figure 29. Trajectories during a 90 ns simulation time of distances between the NH proton «
GIcNS3S6S sulfmate group and the oxygen atoms belongingQedlfo group of the same residu

4.3. Saturation Transfer Difference NMR and wateOGSY
To identify the binding epitopeéH STD experiments were perfoed on oct in the presence of
AT (about 100fold excess of the ligand). The comparison betweertHh8TD and the reference
protonspectrum is shown in Figure 30he STD signals of the AIA*IA residues, in particular the

trisaccharide moiety AIA*, aréhe most intense ones, whereas signals of residues belonging to the
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reducing and nomneducing end extensions show lower intensity. H1 anomeric signal of GICNS6S
residue f was the most intense and then was chosen as reference peak. The signal supmsrlyosition
selected H2 resonances to be compareultivé reference signal (Table)1Relatively intense signals
were observed also for H1 and H2 of the GICNS3S6S residue in thes@@rum, indicating that

this residue is close to the binding region. Ontheact r ary, both H1 and H2
show weak STD signals, indicating a largestahce of this residue from AT.

Table 13.
SelectedH-34$ ET OAT OEOGEAO AO PAOAAT OACA OAIBABGEOA O61 OEA (.

1H-STD relative intensities (%)

Ligand H1GIcNS6S H1 GIcNS6S H1 IdoA2S H1 GIcNS3S6S H1 IdoA2S H1GIcNS6S H1 GIcA
fiho Af o fieo fido fico fibo filao
Octa-5 36 100 65 82 60 62 25
H2 GIcNS6S H2 GIcNS6S H2 GIcNS3S6S H2 GIcNS6S H2 GIcA
iho Af o fido fibo figo
Octa-5 50 97 90 74 38
H2GleA (g)
H1 GlcN63S6S (d) H2 GIeNGsS (b)
H1 GIcNB6S (f) 0
H2 GlcN66S (f
H1Gle (a) HZ GIcNE3S6S (d) J
H1 GlcN66S (b) H1 IdoA2S (e)
aromatic region \
H1 GIcNE6S (h) H11doA2s (c) H2 GlcN66S (h)

DU S ‘ - Mw‘(‘ MAM

T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 ppm 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 ppm

Figure 30. Partial 600 MHz 1HSTDNMR spectra of the oc&AT comfexes. The experiment was conducted with a
glycan/AT molar ratio of 100:1; the temperature was set to 35°C. STD and reference 1H spectra are depicted in bl
red, respectively.
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The waterLOGSY experiment is an alternative method to STD for the identification dfititeng

motif of the ligands. The xperiment is based on theOE effectand implies the transfer of
magnetization, via intermolecular NOE and spin diffusion, ftbenwater (wateinteracting withto

the protein surface or bulk water) to the ligand protons. In a sample containing a small molecule and
a macromolecular receptor, the signals of the small molecule appears with the same phase than the
water peak when tHe@and is bound to theeceptor (slow tumbling motiorgnd in antiphase when

the ligand interacts only with the bulk water (fast tumbling motion). In our case we applied the water
LOGSY experiment to confirm what observed in the Saturation Transferrdiffe spectra. As
shown in Figure 31signals of the rattingend GICcA (residue A) angaranitro-phenol moieties
appear in opposite phase compared to the whole spectrum. These data strengthen tbethesults
STD and théH chemical shift perturbatiorpsctra confirming that the inner pentasaccharide moiety

is the part of the molecule the strongly interacts with the HBS, while both reducing aretinomg

end show weaker interaction because placed at higher distance from the binding site.

H5GlcA (a) H4GIcA (a)
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11/ ‘\
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Figure 31. Partial 600 MHz waterLOGSY spectra of the 0€52AT complexed.he experiment was conducted with a
glycan/AT molar ratio of 100:1; the temperature was set to 30°C. Referéitepectra and WwLOGSY are depicted in blt
and red, respectively.
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4.4. NOE andr-NOE
Adding AT to a solution of octéd (molar ratio 1:5 oligosaccharide/AT) the line width of signals in
theH spectrum increased by up to 3 Hz, indicating an interaction between the two molecules [Figure
32]. The small protekinduced shift observedh the spectrum is consistent with an equilibrium
regulated by the slow to intermediate dynamic exchange between the free and boundHstates.
Chemical shift perturbation and signal shape widening induced by the interaction with AT, were
observedor all the residues of the oeta In particular, the inner tetrasaccharide sequence GIGNS6S
IdoA2S-GIcNS3S68doA2S shows the most intense chemical shift perturbation and the highest line
broadening. On the other hands the outer residues on both reducing amdlumng end appear
slightly less involved in the binding. These evidences suggest that, as already obsé#vedST D

interaction studigsthe strongest contacts with HBS involve the central part of the5o&lkso in

according to the hexasacchaf€ interaction

H11doA25S (g)

1
1
1
]
1
1
1
1
1
H1 GlcNS356S (d) '
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H11doA2S (c)

T T
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Figure 32.1H NMR spectrum of free octain red andtH NMR spectrum of octa-AT complex in blu
(molar ratio 5:1)
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Figure 33 compasaNOEs and #NOEs of H5 of the two iduronic acid residues in ggtan both un

bound and bound state with AT, respectively. Due to the difference inredlagation rates between

the free and the bound state, significaatiation in the crosgeak intensities could be observed
comparing NOESY (free state) andNOESY (bound state}pectra.The conformation of both
Iduronic acids were investigated by the analysis of HQESY experiments (mixing time= 200,

300 and 500 ms A significant change in the ratio between-H8 and H5H4 NOE magnitudes
magnitudes for both 1doA2S (residue c) and 1doA2S (residue e) compared with the free state, was

observed for the octéi AT complex (Table 14).

Table 14

Percentage of Ido2S conformers in free
and bound state.

H2-H5/H4-H5
Sample .
ratio
Octa-56 | doa2s 0.4
Octa-5 |1 doa2sS 1.4
Octa-5 |1 doa2sS 0.4
Octa-5 |1 doa2s 0.1

As expected for what observed in AGA*IAthe interaction with AT drives the IdoA2S residue
from a mix of'Cs and?Ss forms, towards a puro conformation. This behavior is confirmed by the
NOESY ratio betweerl5-H2/H5-H4 that change from 0.4 to 1.4 upon binding with AT, indicating
that the distances HA2 initially greater than H&4, become congrable when the octais bound
to AT. Differently, the 1doA2S residug from an equilibrium between'€s and?Ss conformation in

the urbound state, becomes a pt@ form in the complex octé with AT.
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Modelling of theoctd5@T complex suggests thite IdoA2S residue is in '1Ca4 chair form mimics

the behavior of GIcA in AGA*IA, allowing the same contacts between the carboxylic group and
protein, even if additional contacts that involve th@®-8ulfo group are possible, in particular with

R46 of thehelix A. The interaction between oefaand AT affects the glycosidic linkage between
Iduronic residues and adjacent glucosamidesignificant decrease in the ratio between H4 of
residuec and H6a of residub was observedThe same decrease of intensitygs observed, on a
smaller scale, between the residaesdd. In contrast the ratio between the H4 and the H6b of both
couple of residues is unaffected suggesting a variation in glycosidic geometry upon the binding. The
validation of the model using theetical and computed-MOEs using CORCEMA software is still

in progress, in order to provide useful indications of the bound octasaccharide geometry.

4.5. Octa5 conformational characterization (MD
simulation)

The molecular models of oet&in unbound and bund state with AT was built following the same
procedure previously reported for the hexand hexa, and described in the material and method
section. In this case the pentasaccharide sequence: GldNGEES GICNS3S6S9doA2S GICNS6S
(AIA*IA) included in octab, that correspond to the AGA*IA sequence in heparin chains, was fitted
to the corresponding of the 3ructure of the complex AGA*BAT (PDBID 1AZX), matching the
trisaccharide sequence GICNSB®A2S-GIcNS3S6S. This allow the AIA*IA sequence of o&téo

fit the AGA*IA sequence of the complex. Longer MD simulations were required to equilibrate each
system considering the greater stfethe ligand and the complex. The MD simulation spanned a

period of 350 and 480 ns for o€ban unbound and bound state respectively, while the conformational
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equilibration required 200 and 250 ns approximately, as determined following the RMSD of the
ligand, and the set of glycosidic dihedral andlggi. The MD simulation describe all the
glucosamines irfC1 conformation for octd in both uabound and bound state, as was set at the
beginnning, and in accord to what previously observed in the shbeparin like oligosaccharides.
Differently, the trisaccharide moiety IdOAZSCNS3S68doA2S that characterized o€ba was
built setting the nomeducing and reducing end 1doA2S residuesGn and S respectively, as
suggested by preliminary NOEs invgsttion on octeb in solution; the MD simulation of oc&in
solution (unbound state) describe these residues preserving their initiakroatfon. In the complex
octa5tAT, the 1doA2S located respectively at the freducing and reducing end of the central tri
sulfated glucosamine (GIcNS3S6S) were séCioand?S conformations respectively, in accord to
the preliminary tNOEs study; also the MD simulation preserve ttonformation of these two
IdoA2S, as detected comparing the average distancétbHihd H4H5, that in the former case H2

H5 is greater than H&5, while in the latter case H25 compare better with HA5. This description
correspond to a nereducing ed IdoA2S in'Cs chair, while the reducing end IdoA2S sketch the
skew boat?Sy. The set of glycosidic dihedral angle distributidng/i describe the main chain
conformation of oct® in both urbound and bound state to AT, this property is reported as
Ramahandran plots ifrigure 34 in the first and second column respectively. The seven glycosidic
dihedral angle states are represented by clusters off pgirgentred by the corresponding average
(red stars), which numerical values are also reportéabia 15 Comparing théi/y i distribution of
octa5 in unbound and bound states, the glycosidic linkage show a significant reduction of the
conformational flexibility upon binding, in particular for the sequence GIcN8682S
GIcNS3S69doA2S-GIcNS6ES (AA*IA sequence) that fit the HB® AT, mimicking the standard

AGA*|A. This result is clearly seen comparing the size offtitgi distributions in panels-€C, D-M,
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and EN, respectivelyin Figure 31 Also interestingly, octd bound to AT show a glycosidiegree

of freedom that change significantly fromthermom duci ng t o t he reducing
AIA*IA sequence presenting the smallest flexibility, and correspond to the part of the glycan with
the strongest contacts with AT (compare paneld &hd P with L M and Nof figure 34. The
glycosidic conformational change that e&tainderges upon binding, as depicted by molecular
modelling, is evident at the two ends of the glycan: at theredacing end, where two linkages
GICNS6SGIcA and GICAGICNS6S are involvedHigure 34panels AH and BI, and tab.15), and

also at the opposite sideigure 3} panels GP, andable 19. Differently, the glycosidic conformation

of the fAcentral 0 skfgyu,end ), preskrveAts ingicpnformatioroupdn a
binding, as previously observed for the hexasacchadidesl 8 of previous chapiérhis reinforce

the idea tha@AT binding GAG sequences, require only mild backbone rearrangements to fit AT,
while the only significant conformatiohghange appear located ladth IdOA2S residues in the

Al do-BINS3S6S do A2S0o moi ety. I nterestingly, t hes
preliminary analysis of the NOEs aneNOEs datain fact by this comparison tiny conformational
changes are dlected at the glycosidic linkage GICNSE®A2S ( and e residues) and 1doA2S
GIcNS6S ¢ andb residues, see oligosaccharide letter code in Figuren®filp the most significant
conformational changes involve the two IdoA2S residues that in both casea frixed:'Cs , 2So
conformation, move to a puf€s and?S for the nonreducing and reducing IdoA2S in that order
(still in progresy The glycosidic backbone conformational properties of-batabound state with

AT show similarities with the correspding of hexad and hex& analysed previously, considering
that octab differs from hexad4 and hex& by a longer non reducing end, and for the additional
IdoA2S that replace GIcASee Figire 17 chapér 3 and Figire 25 Chaper 4). The significant

difference between oct8 and the two hexasaccharides is located to the reducing end GKNSES
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where thd 7/y 7 distribution present two accessible statagire34 panel P and Figre21 panel L.

This suggest that the longer aeducing end, and the IdoA2Bat replace GIcA in octé slightly

affect the position of the AIA*IA sequence in AT HBS, in comparison to the standard AGA*IA,
allowing the reducing end glycosidic linkage GIcNSBEBA (f 7/y 7) to populate two dihedral angle
states instead of on€he sructural details of the oct&@AT molecular recognition are summarized

in Figure 35vhere two geometries of this complex are extracted from the MD simulations at 200 and
400 ns respectively, corresponding to middle and-limg spanned respectively. The tg@ometries

are superimposed to the reference AGAAA geometry of the PDB ID 1AZX by the-Aelix Ca
backbone, this allow to visualize the AIA*IA sequence of dgctanatchingthe reference
pentasaccharidenterestingly the IdoA2S that replaseGIcA in the reference pentasaccharide,
preservethe carboxyl group orientation of this latter residue, and the corresponding AT contacts K11
and K125, while the -B-sulfo-group contribute as an additional contact for the side chain of R46
(results in developmentirigure 35gives also a pictorial representation of the higher conformational
freedom (mobility) that both nereducing and reducing end of o&dn bound state with AT, as
previously described by the distribution of glycosidic dihedral angles; in thesticsagvo terminals

of octa5 visibly showa greater mobility in comparison to the firmly bound AIA*IA sequence. The
di fference in binding strength be-boomgenedvithe i
AT, as drawn by the molecular modellimyestigation, is supported by tHe-STD intensities of the
anomeric protons reported in Tab 11 and complemented by thel@@8Y description. (Paragraph

4.3 and Fig. 30, and Fig. 31) In this case the AIA*IA sequence iRSostow the stronge&d-STD
intensities, corresponding the glycan part firmly bound to HBS of AITBR, while both terminals

show weaker interactions, that correspond to greater distances between glycan and residues of AT

contacts, but also this correspond to a higher solvatioredeg
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Table 15

Glycosidic dihedral angle states (degree) predicted by the MD simulation description offetainrbound and bound state with
AT. The glycosidic dihedrals in t#dA*IA that fit the HBS of A@re underlined in red.

Glycosidic linkage type Octa-5 Octa-5-AT
fuy: GIcNS6S-GIcA -49/-32 -63/-44, -35/-19
faly. GIcA-GIcNS6S 40/-6 35/-22, 47/1
falys GIcNS6S-1doA2S -28/-27 -33/-39
faya IdoA2S-GIcNS3S6S 42/21 33/23
fslys GIcNS3S6S-1doA2S -46/-36 -52/-36
folys IdoA2S-GIcNS6S 48/11, 49/0 40/9
fiy+ GIcNS6S-GIcA -35/-21, -45/-22 -73/-48, -54/-30

IdoA2S/GlcA

Figure 35. Octa-5-AT complex snapshofside and top viewsafter 200 and 40 ns of MD simulation superposed by the ,

helix of AT. The AT is representbyd the white and yellow ribon, while the octa5 is drawn in licorice and blue wire. The

AGA*IA pentasaccharide is drawn by the black wire superposing the complex A@A*(RDB ID 1AZX)y the Ahelix to the
previous.
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Table 16

Selected intraresidues and interglycosidictH NOEs and #NOEs for octeéb and octab interacting with AT.

NOESs % Tr-NOEs %

Tmix (ms) 200 300 500 200 300 500

IdoA2S(E) H2-H5 3.3 5.0 9.0 1.0 2.2 2.9

H4-H5 7.4 10.7 20.1 10.6 18.9 218

IdoA2S(C) H2-H5 2.7 4.0 7.1 6.9 14.9 20.7

H4-H5 6.3 9.0 15.9 5.5 9.2 12.7

Tmix (ms) 200 300 500 200 300 500

GICNS-1doA2S F1-E4 49 7.0 113 12.3 20.4 247

F1-E3 6.7 10.2 16.5 7.8 11.3 12.5

Id0A2S-GIcNS3S6S E1-D4 3.3 5.2 9.4 2.9 35 3.6

E1-D6a 9.5 12.7 20.2 5.6 6.4 11.5

E1-D6b 3.9 5.2 10.9 1.6 4.4 9.5

IdoA2S-GICNS6S C1-B4 57 7.6 127 6.3 9.3 143
C1-B6a 15 2.1 45 - - -

C1-B6b 438 5.8 10.5 5.2 5.6 10.6

4.6. Conclusons
The chemoenzymatic procedure allowbd preparation cdn artificial heparirlike octasaccharide
(octa5) characterized by a central pentasaccharide sequence variant: GIGINB6SICNS6S
IdoA2S-GIcNS3S6SIdoA2S-GIcNS6S GIcA-PhNQ, in which-ldoA2S-GIcNS3S6S replaces the
typical -GIcA-GIcNS3S6S sequence of AGA*IA, known to be the shortest glycan that specifically
bind and activate AT. The research group of Prof. J. Liu demonstrated for the first time the biological
activity of octa5 on the coagutan system, showing that oefabinds and activates AT with greater
potency than fondaparinux pentasaccharideo rationalise tase results, we started a structural and
conformational characterization of the oétan unbound and bound state with AT. The basic
structural characterization confirms the chemical structure/connectivity of this glycan, as predicted
by the chemoenzymatisynthesis. The preliminary conformational characterization of thebacta
urtbound state, indicated that the GIcN residues and the glycosidic backbone conformations does not

change significantly from that of the hepalike hexasaccharides previoushyestigated (hex4,
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hexa8). Molecular dynamic supportéHl-STD and the complementary wateDGSY experiments,
showthatthe AIA*IA central moiety presents the strongest contacts with the HBS of AT, while both
nonreducing and reducing ends are posittbhatherfrom the residues of AT preferring contacts

with the solvent. The most relevant conformational change ofsoafzon binding involve the two
IdoA2S, that change from mixé€s and?S forms, to a definedCs and?S conformation for the
[doA2SIiac at ea ammdfpfosi ti ons, r espect-glyesidiygeonetaesnp ar i
determined by NOEs andMOESs, weak changes of the glycosidic backbone of%etare detected.

The modelling description of ocasupports the conformational ctgge of the two 1doA2S residues

in going from the usbound to the bound state, preliminary observations suggest that the contact
network between the AIA*IA moiety and the HBS of Adfcesl d o A2S i n fAeo and 0
assume théCs andS conformaton, respectively. This evidence was the first example in solution,

in which two IdoA2S residues belonging to a single oligosaccharide, adopted two different
conformations when bound to protein, highlighting the importance of the conformational flexibility

of IdoA residues in intermolecular interactions. A refined analysis of-giyeosidic trNOEs

signals, together the MD simulation description of the-6@a complex through a sergjuantitative

analysis based on the CORCEMA approach, is still in pregiidsese results are important because

they contribute and refine the Structure Activity Relationship description of the still growing set of

heparinlike oligosaccharides able to bind and activate AT.
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5. Structural and Conformational Studies of
the Hepaan Sulfate Mimetic PB8

5.1. Background
The heparan sulfate (HS) mimetic-®8 ( al so known as muparfostat
s u | f’%ig am dnhibitor of angiogenesis, tumor growth and metastasis that has been in clinical
development for the past two decadi@svarious cancer indicatiof’s’® Most recently, RB8 was
evaluated in an international, muttenter Phase 1l clinical trial as an adjuvant therapy for-post
resection hepatocellular carcinofhaPI-88 isa potent inhibitor of angiogene&s This activity is
mediated through inhibitionfdveparanasé an endeb-glucuronidase that plays a key role in both
metastasis andngiogenestS, and more directlypy blocking the interactions of angiogenic growth
factors, such as FGE, FGF2 and VEGF, and their receptors with 1S
PI1-88 (1, Figure 3P is a complex mixture of monophosphorylated, polysulfated mannose
oligosaccharides. It is prepared by the exhaustive sulfonation of thesadicharide phosphate
fraction (OPF) obtained following mild acithtalysed hydrolysis of the extracellular phosphomannan
produced by the yeagichia holstii NRRL Y-244&182 This mixture is primarily composed of
phosphorylatedd1- 3)/U1- 2)-linked penta and tetrasaccharides, which together account for
approximately 90% of the total oligosaccharidontent, with the remaining 10% comprised of
phosphorylated dj tri- and hexasaccharid€fkecently, the OPF was successfithctionatedfor
the first time by preparative ion exchange chromatography and the major oligosaccharides were
isolated and characteed by NMR spectroscopy and MSThe presence of theeviously reported

oligosaccharide phosphates 2, 4, 6 and 8, which poskkssS)- linked mannoses with a terminal
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U1- 2)-linked residue, wa confirmed with 4 and 6 ahe nmajor components [Figure6R The
presence of the all{1- 3)-linked isomers 12, 14, and 16 resulting from hydrolytic cleavage of higher
oligosaccharides, and present in amounts that vary inversely with oligosacchariderogifinwas
also confirmed. It was also shown that the only disaccharide phosphate preddnat 8)-linked®.
Given that the OPF is exhaustively sulfonated to pro&U&8, it was proposed that the structure of

P1-88 is best repsented by structurk [Figure 36 as this more accurately reflectsatsmposition.

where R = Na0)30 OSO3Na
Naz03PO~ s0,Na n=0-3 NaO3;SO = O
Na03SO O 0SO;Na i 0SO3Na
Naosggj, 0SO3Na =
Na03S0 O or
n \
NaO3;SO
R _ 3 o
1 where R = Na0;SO (o]
n=1-4 NaO3;SO

0OSO3Na
Na,0;P0 OR
RO fo) OR N3203PO OR
RO OR RO o) OR
- (o] OR
RO RO
n RO" oQ MR
RO~ 8 0 n{ OR
RO 0 S %
/&q’ ROS
O

OR R
n R n R
2 1 H 10 0 H
3 1 SO3Na 1 0 SO3Na
4 2 H 12 1 H
5 2 SO;3Na 13 1 SO3Na
6 3 H 14 2 H
7 3 SO3Na 15 2 SO;Na
8 4 H 16 3 H
9 4 SO;Na 17 3 SO3Na

Figure 36 . Revised structure for P88 (1), and structures of the
oligosaccharides from P88 and its nonsulfated precursor ¢27).
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Herein we describe the preparation of the individual components-88 om the successfully
separated OPF oligosaccharides and their detailed structural characterization by NMR&@Gtro
which, when combined with detailed NMR spectroscopic analysis 8Rtself, allowed for the
assignment of many minor resonances intHh& MR spectrum of RB8 and provided new insights
into its composition and level of sulfation. In additiondetailed conformational analysis dfet
phosphomannopentaose sulfate, the major component&#, Rlas carried out by combining data

from NOESY spectra with molecular dynamics simulations.

5.2. Results and Discussion
Samples of the purified OPF oligosacchasileere individually sulfonated by treatment with excess
sulfur trioxide pyridinecomplex to yield the corresponding-88 component oligosaccharides
following purification by size exclusion chromatography el P2). The purity was determined to
be 095% by capillary electrophor esi ssacchafideer
fraction was examined in D20 at both 500 and 600 MHz using ame twedimensional NMR
techniques and thi#d and**C NMR chemical shifts were fully assigned using the HSQC, HMBC,
COSY and TOCSY pulse sequences (data not presented). Ambigusgisents, such as the
interring connectivity &re resolved by NOESY [Figure B&8nd HMBC experiments [Figure B9
These data clearly established the fully sulfatednomer of pentasaccharideas the major
component, with ~10% of thie-anomer also present. A significant downfield shift was generally
observed in théH NMR spectrum for the resonances of protons geminal to hydroxy groups upon

sulfation, with no signalbetween 3.6 and 4 ppm, indicative of fdsulfation [Figure 3P
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Figure 37. Partial 600MHz NOESY (blue), COSY (green) and TOCSY (|
spectra of P88 (1).
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pentasaccharide fraction, showing significant chemical shift differences
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Similarly, the resonances of carbon atoms attached to sulfo groupsvéme shifted downfield
relative to the corresponding resonances in thesutfated precurso [Figure 3]. Carbon atoms
involved in glycosidic linkages were observed at slightly higher field upon suligisewhere in the
molecule(<3 ppm for'3C). The average resonances of the hydroxylated carbon atoms shifted 6.0
ppm downfield upon sulfation, and therresponding shifts in the proton spectrum were 0.73 ppm.
The small shift for C6 of the nereducing end mannose residue is consistent with the presence of a
phosphate group in this position. The shapes of the signals for the anomeric protons of thg reduc
end residue (A) in the NMR spectrafdire noteworthy. Thieroadefine widths (i.e., A1Uin Figure

40) are probably due to shorter relaxation timeg ({ith respect to the other anomeric protons. The
presence of a very high degree of sulfation influences the internal mobility of the molecule with the
introduction of local rigidity due to stic hindrance and/or inteesidue interactions, as discussed in

the MD simulations section. The major components of the sulfated, tetraand disaccharide
fractions were similarly assigned as described above. The anomeric ratios observed in the non
sulfated oligosaccharide precursors were roughly preserved upon sulfation. Although thé-minor
anomers (A ring) were fully assigned in the caseadf( 1 Y-Bnked structures 11 and 13, in the
case of oligosacchar i de slink8dresiBue,dhe ohindFanomers lerea t e

much less abundant.
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Figure 40. Partial HSQC spectrum of 88 (1) in which is possible to obsen
differences in linewidth correlate to different T2.
The NMR spectral resonances the latter compounds were insufficiently resolved for full
assignment; partial assignments were made as illustrated for the pentasaccharide 7 where the protons
nearest the reducirgnd residue could be determined. Confirmation ofttieconfigurationat the

anomeric centre was available from the unusual downfield shift of the anomeric proton of residue (B)

(labelled peak H1 BAD) in Figure 4) upon NMR analysis.
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Figure 41.1H NMR (600 MHz) spectrum of pentasaccharitlen DO showing peaks
associated to the minor{anomer and major aanomer of residues A and B, highliglatén red
and black, respectively.

This proton resonates at a chemical shifité6.76, which is at unusually low fiefdr a nonsuffated
anomeric center. Figure 4lso shows the peak assigned to proteh Ab at the sulfated anomeric
center. The chemical shift of peak H1(Bb) can be rationalised as the result of deshielding by a
throughspace interaction with at ledbtee sulfate groups that are linked to C2 of residue B, and also
to C1 and C3 of residue®? Further confirmation of the assignment of peaks HAB) and H1 4

was available from the NOESY spectramd as the expectedrosspeaks wer@bserved between
both protons and H2@\[Figure 33. The NMR spectra of P88 and of the sulfated tetrasaccharide 5
exhibited a very similar pattern of resonances assigneéd smd b-anomers [Figure 40 NMR
spectroscopic characterization of the sulfatedaccharide fraction confirmed that the major

components were tHg andb-anomers of compound 13, and theandb-anomers of compound 3,
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in the ratio of 5:2:3:0.2. ThiH NMR spectra of the first three compounds were fully assigned. The
reducing end momeric proton of thélanomer of compound 13 is very distinctive, resonatingHat
6.02ppm the lowest field of any anomeric proton observed in this study. Thus, the small group of
signals around 6 ppm in tHel NMR spectrum of RB8 are characteristicf the minor all( 1 Y-3)
linked isomers. The reducing end anomeric proton obtheromer of compound 13 is hidden by the
strong signals at approximateH 5.5 ppm As discussed above, the NMR chemical shifts of
hydroxylated carbon atoms and their attachedgms were significantly increased upon sulfation of
each OPF fraction. As this shift was observed for all 16 free hydroxyl groups in pentasaccharide 6, it
was concluded that the major component in the pentasaccharide fraction was the compi€ely per
suffated pentasaccharide 7, with tieonfiguration at the anomeric center. The presence of a small
amount (~10%) of the correspondibganomer was also noted. Similarly, the major components in
the sulfated tetra tri-, and disaccharide fractions were shown to be fully sulfated, with arlome
ratios consistent with those observed for the unsulfated precursors. This is well illustrated by
superimposition of the HSQC spectra of compound 7 and its precursausd 39. As the NMR
spectra of RB8 were very similar to those of pentasacchearid it was concluded that the major
components in P88 were also fully pe©-sulfated. This is consistent with the C:S ratio data from
elemental analysi¢and LGESFFTMS. The LGMS profile shows a main peak corresponding to the
mass of compound 7 determined as Mw = 2189.6 Dalton, and minor peaks attributed to the mono
desulfated pentasaccharide and shorter oligenfieam di to tetrasaccharide3.he original P188
sample in this study was split into two portions, with one sample examined in Australia at 600 MHz
and the other sent to Italy for independent analysis iyit#lb00 MHz. Although the F8B8 samples

were identical, the delay in sample measurement due to the long trip to Italy presumably resulted in

more opportunity for decomposition as the 500 MHz spectrum exhibited significant differences
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compared with that 8800 MHz; the anomeric proton signal of the redueingl mannose residue
was slightly reduced in intensitsgnd new resonances appeared around 5.42 ppm and 5.56 ppm. The

intensities of these signals further increased after two days from NMR tube pmepffagure 42

| '- !wl ”‘ /| |
Ll LJ \-' /!

f T T T T T T T T T T 1

6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 ppm

Figure 42. Decomposition of R88. The peaks indicated by the dotted lines differ significantly between the 1

samples. The bottom trace corresponds to the sample measured in Australia while the intermediate and t

traces correspond to the sample measured in Italy immediately after NMR tube preparatizhafter two days,
respectively.
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These NMR spectral features are consistent with slight decomposition by anomeric desulfation. This
was confirmed by superimposition of the HSQC spectra @8Pand unsulfid pentasaccharide 6
[Figure 43. The nascent anomeric resonarcorresponding to the reducing end of compound 7,
correlatesvith thatof the reducingend anomeric resonance of pentasaccharide 6, indicating that they
are in very similar chemical environments, i.e., both are unsulfated.eXtemt of anomeric
desulfaion in the sample was estimated to be 14%, calculated by comparison of theeakss
volume of its signal with that of its sulfated counterpart. The second p&eksab6 was assigned to
mannose residue B linked to the reducing mannose desulfatechabtheric position. Again, this is

best illustratedy the HSQC spectrum [Figure]38here small resonances afiH/ UC 5.4/95 and ~

UH/ UC 5.55/101 corresponding to the anomeric proton of residues A and B of the desulfated product

are indicated by the amo

5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0

Sulfated pentasacch. - black
824 Pentasacch. -red - 92
P1-88 - violet
4 . - o4
[+~
a6 A-10H -
. - | cs
L]
A-15
1004 Y -1
-
102 % -102
1044 ~ b 104
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10e -1
108 -1
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5.9 5.8 5.7 5.6 5.5 5.4 5.3 5.2 5.1 5.0 PEm

Figure 43. Identification of the NMR resonances due to slight anomeric
desulfation, by comparison of the HSQC spectra eB8(violet) with that of
pentasaccharide$ (red) and 7 (black).
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A detailed conformational analysis of-88 in solution was also accomplished. A fresh sample-of Pl

88 was analysed by NMR spectroscopy at 600 MHz and a complete assignment of the chemical shifts
was carried out via COSY, TOCSY, HSQC, HMBC and NOESpeexents. ThéH/*3C chemica

shifts, summarized in Table 1&re largely in agreement with those obtained for the pentasaccharide

7, despite the systematic shift of the carbon resonances (minor for proton), due to the use of a different

reference standdr

Table 17

1H and3C NMR chemical shift data for 8 (1) at 600 MHz in D20

Residue H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6a,b/C-6

U-Man-6-PO4 E 5.53 5.3 4.91 4.84 4.33 4.22/4.18
102.4 77.9 77 74.9 735 64.8

Y 3 y0-Man D 5.51 5.06 4.43 4.72 4.39 4.61/4.44
102.7 78.9 78.1 75.5 72 68.8

¥ 3 )0-Man c 5.52 5.1 4.42 4.67 4.43 4.43
103.1 79.1 785 75.2 72.1 68.9

¥ 3 )0-Man B 5.59 4.87 4.39 4.58 4.17 4.4
101.2 79.2 79.8 75 72.5 69.3

¥ 2 J0-Man-OSO3Na A 5.845 4.56 4.83 4.67 4.3 4.55/4.28
98.9 75.2/77.7 775 75.2/74.4 74.2 69.7

¥ 2 %-Man-OSO3Na A 5.63 4.69 4.78 ? 411 4.60/4.23
98.2 75.1 79.2 ? 76.9 70.3

Y 2 30-Man-OH A 5.42 4.44 4.83
94.9 75.5

Y 3 0Man-( 1 Y-2-Man-OH B 5.56
101.3

Y 2 %-Man-OSO3Na A 5.63 4.68 4.78 4.1 nd
98.2 75.3-75.7 79.2 nd 76.9

Y 3 0-Man-( 1 Y-B-Man-OSO3Na B 571 4.89 4.91 4.84 4.33 4.22/4.18
100.4 79.3 77 74.9 735 64.8
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The interresidue NOEs not only confirmed intesidue connectivitiesbut also provided
information on the gometry of the glycosidic linkages. To reduce gfiffusion effects, the inter
glycosidic protorproton distances were estimated by 4spin approximation at short mixing time
(200 ms). The HH2 distance of internal mannose residues (2.53A) was usaéfesence distance.
Crosspeaks between H1 and H3 abhdtween H2 and H5 were observed across each glycosidic
linkage in going from residue E to B; while the glycosidic linkage involving residues B and A showed
H1B-H2A, H1B-H1A and H1AH5B NOE correlation§See Figures 37 and R8The corresponding
estimated distances are reportedhe second column of Table .18Bhis set of NOE crosgeaks
observed between E to A residues of8B] agrees with 4C1 chair conformation of all mannose
residues, similarly tehat previously described for unsulfated M- 3)-Man oligosaccharidé$
Unfortunately, the heterogeneity of the mixture and the consequent signal broadening does not allow
the determination afelected three boridin coupling constants, to directly support the conformation

of these residues.
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Table 18

Intra- and inter-residue HH distances of compound 7, estimated by the spin pair
approximation using NOE% at the lowest available mixitime (second column)

Atom Pair Experimental MD simulation 2D histogram bins (A)
Distance (A)

E1-D3 2.2 2.3
E2-E1 2.6 2.5
E2-E3 2.8 2.5
D1-C3 2.3 2.2
D2-E5 25 2.9
D2-D1 2.4 25
D2-D3 25 2.4
C1-B3 2.4 2.2
C2-D5 25 3.1
C2-C1 2.4 2.5
C2-C3 2.5 2.4
B1-Al 3.4 3

B2-C5 25 2.8
B1-A2 2.4 2.2
B2-B1 2.7 25
Al-B5 3 3

Al-B1 2.8 3

E1-D3 2.2 2.3
E2-E1 2.6 25
E2-E3 2.8 25
D1-C3 2.3 2.2
D2-E5 25 2.9
D2-D1 2.4 25
D2-D3 25 2.4
C1-B3 2.4 2.2
C2-D5 25 3.1
C2-C1 2.4 25
C2-C3 25 2.4
B1-Al 3.4 3

B2-C5 25 2.8
B1-A2 2.4 2.2
B2-B1 2.7 25
Al-B5 3 3

Al-B1 2.8 3
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5.3. MD Simulation

The conformational characterization of the polysulfated pentasaccharide and its nonsulfated precursor
(compounds 7 and 6, respectively), wasiedrout by a succession of eleven MD simulation steps
with temperature increasing from 300 K'(@tep) to a maximum value of 400 K"(6tep) and then
decreasing back to a final value of 300 K in the final"{Xstep, with this last step further consieter

for glycosidic backbone optimization. The MD simulation procedure was then terminated by a
simulated annealing process, in which the temperature was progressively reduced from 300 K to 20
K, until a final energy minimization was applied to generatdfitied structures to be optimized in
their glycosidic backbone, before their comparison with th88measured NOE restraints. The
length of each MD simulation step was set to 20 ns, while the duration of the whole MD simulation
sequence was 220 ns (seetdfml and Methods). This variable temperature approach was chosen
considering the high conformational stiffness of the glycosidic linkages of thesesyjfalied
oligosaccharides and should allow a more efficient exploration of their conformational space
compared with a constant temperature MD simulation of similar length. Conformational transitions
of each Man residue, set initially in tf@: chair for both sulfated and neulfated pentasaccharides,
was monitored by the intneesidue distance HB5. Even if each residue maintains its initfal: chair

for the whole MD simulation, the HB5 distance calculated in the final MD simulation sampling
(step 1Y), suggest a significant distortion of théCi chair in the polysulfated pentasaccharide
(compound ¥, in comparison with the less crowded nonsulfated precursor (compound 6). In fact, the
average H&H5 distance is significantly greater in compound 7 (> 2.6 A) than in compound 6 in all
the rings except in residue B. (data not presented). The ideal @asgobdhexane chair conformation
shows equal inteproton distances: HH3, H1-H5 and H3H5 approaching the 2.6 A value. The

optimization of the glycosidic backbone conformations of compound 7 and 6, obtained at the end of
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the simulated annealing, involvéhe determination of the most populated states on the MD
simulation trajectories of the last step {Llin the previously cited mulstep procedure.
Ramachandran plots &fy dihedrals were drawn combining a 2D histogram binning and colored

densitymaps [Figure 44
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Figure 44.Glycosidic linkage /¢ Ramachandran plots of polysulfated
pentasaccharide 7 (left column), and nonsulfated pentasaccharide 6 (right colum
sampled in the last step of the MD simulation procedure. The glycosidic linkages
indicated by the pairs of residues connected in going from the nonreducing (E) tc

reducing end (A). The density color maps qualitatively indicate the population of si
/G that increase in going from blue to red color
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Table 19

Glycosidic dihedral angle pairs/ ¢ as determined from the densityolor map
reported in Figure 44

G/y Dihedrial angle

Glycosidic linkage Sulfated Pentasaccharide 7 Pentasaccharide 6
E-D 130/30 130/ 50,140/ 2
D-C 130/40 150/ 110
C-B 140/30 140/ 1720
B-A 130/40 140/50

The estimated glycosidic dihedral angles with an uncertainty of approkymd®@® are reported in
Table 19 The efficiency in the glycosidic backbone conformational sampliagverified on the
stiffest molecule (compound 7) comparing the 2D histogram binning analysis oty the &', and

the 11" MD simulation steps; the obtained Ramachandran plots aretedporthe first, second and
third column respectively of Figure 45. Figureghows significant glycosidic linkage conformational
change in going from the early to the later stages of the-staftiMD simulation, showing how the
stiffest polysulfated phsphomannopentose appears tootesidein its initial conformation, buto

visit a growing number of states as the temperature increases, improving the postpmlylatng

the mat favored conformers. Figure 4ghows for both pentasaccharides a cawpia (i/y
distribution at central linkages (O and CB), while the norreducing and reducing {B, B-A)
glycosidic linkages significantly differ from the previous. This result is expected considering that the
last two glycosididinks include the two terminalesidues, and BA has-(12) instead of (4 3)
connectivity. Figure 44learly shows the decrease in dihedral angle conformational freedom in going

from a nonsulfated pentasaccharide to a polysulfated analogue, theldaitgycharacterized by a

94



stiffer glycan backbone (compare the higand left columns in Figure %4in fact, all glycosidic
linkages show a significantly narrow@ty distribution and higher gradient of colors (from the red to
the blue shadows) in the polysulfated pentasaccharide (compound 7)xDrgky&osidic junction of
compound 6 shows a widéry conformational space, possibly split in three different regions
approximately centeredt -30/50, -40/20, -40/-20, considering the continuity of the yellow/red
shadove of the colored bins (Figure 4B-D panel, right and left columns). A deeper conformational
analysis 6this glycosidic bond is required to confirmgtpotential energgninimum The predicted
linear conformation and selected intgycosidic distances of compadii and 6 are shown in Figure
46 right and left respectively, both molecules appear linear, even if compound 7 shows the stiffest
conformation ér the highest crowding. The selected irggrcosidic distances for the polysulfated
pentasacchaie are then compared in Table 4&d found qualitativelyfo bein accord with the

corresponding distances estimated by NOEs.
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Figure 45. Glycosidic backbone conformational changes of pslifated
phosphomannopentaose (compoufjlin three different steps of the MD simulation procedt
in that order: Iststep at T = 300 K (Xsolumn), 6" step at the highest temperature T = 400
(2nd column), the 11 (final) step at T = 300 K (3th column). On each Ramachandran pfdgs
a 2D histogram binning with a density colour map is reported to underline glycosidic bon
conformational states in different thermal conditions.

96



Figure 46.Polysulfated phosphomannopentaose 7 (right) and the corresponding nonsulfated precurso
(left), structures and conformations. The interglycosidic distances matching the corresponding restraints
reported in Table 7.TheMap OAOEAOA 1 AAAT O AOA OADPI OOAA A&EOT I

5.4. Conclusions
The major olgosaccharide constituents of&8 were prepared by sulfonation of individual purified
phosphorylated oligosaccharides isolated from th@8recursor and subjected to detailed 1D and
2D NMR spectroscopic analysis. The spectra of the individual commogeaatly assisted the
assignment of minor resonances in tHENMR spectrum of PB8. The data also showed that most
of the oligosaccharides in 8B are fully sulfated and thany undersulfated species present are
largely due to anomeric desulfatiorh&se studies then allowed the full assignment ofthend'C
NMR spectra of RB8. For the first time, the conformational characterization of the

phosphomannopentaose sulfate with M&n1 Y-B1an connectivities and terminated at its reducing

97



end by the Mas{ 1 Y-R1an glycosidic linkage is reported and compared with the corresponding
unsulfated precursor. The NOE signals determined from the complex mixture, in which
pentasaccharide 7 isqvalent, show correlations across each glycosidic linkage, involving different
pairs of protons between internal arducing end residues. Tf@: chair conformation of each Man
residue, already described for unsulfated Nlanl Y-B1an oligosaccharidé§ appears to be
unaffected by sulfation as supportegthe series of integlycosidic NOEs proton pair correlations
observed, even if a weak distortiofthe*C: conformation appears correlateith the high degree

of sulfation of compound 7, in comparison with the corresponding unsulfated precursor 6. MD
simulations in implicit solvent and a 2D histogram binning procedure allowed the sampling and
qualitative prediction of the conformation of Mdu1 Y 3)-Man and the reducing end Mk 1 -

Man glycosidic junctions (Ramachandran plots) in both polysulfated and unsulfated
pentasaccharides. In particular, the glycosidic conformation predicted lofytB® density maps of

the former compound qualitagly matche the interglycosidic NOE restraint€omparison of the
Ramachandran plots of polysulfated and unsulfated pentasaccharides suggests a decrease in
conformational freedom (increase in backbone stiffness) upon sulfation at each glycosidic junction.
These results predict a linear and rigid backbone conformation for the longest, and most abundant
polysulfated oligosaccharides in the&8 mixture, and a similabut less stiff conformation for their
corresponding unsulfated precursors, providing use$ights to understand the binding interactions

of PI-88 with target proteins.
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6. Practical Application of Chemoenzymatic
Synthesis

6.1. Background

As discussed in the introduction section the high diversity and complexity of HS represent an obstacle
for structural characterization and biological activity studies. The possilfilitigtainingstructurally

defined oligosaccharides is a crucial target for the successful developrnepardn sulfate structure
Tactivity relationship. The synthesis seridsstructurally defined HS oligosaccharides with high

purity is generally required for higdiffinity interactions with hepartbinding proteins. There are two

main approaches for the target driven synthesis of a library of structurally defined HS ana hepari
oligosaccharides. The first approach is based on a purely chemical synthesis method, involving
repetitive steps of protection, activation, coupling angbiaeection, and isery challenging for the
preparation of oligosaccharides larger than pentasddesa For example, Arixtfa an FDA

approved pentasaccharide anticoagulant drug, requires as many as 60 chemical steps, and is produce:
in a reported overall yieldf only 0.19%* In addition, during the preparation, there are many
separation steps needed to remove undesirable isomers (especially the incorrect anomers) as well as
the unavoidable side products thatreasethe st and decreasthe overall yield. The secah
appoach, thechemoenzymatic synthesis, relies on combined chemical and enzymatic methods,
mimicking the biosynthetic pathway of heparin, and represents a promising strategy to address many
of these synthetic challenges. The enzymatic component of sisithesually performed under mild
conditons (2037 AC) using aqueous fAgreenod sol highnt s ¢

stereoselectivity ¢ or b-glycosidic linkages) and sulfonation reactions with excellent
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regioselectivity, without the need for repetitive protection and deprotection stdpantages in
recombinant enzymes production and the possilmlitgtartingfrom an inexpensive comencially
available acceptor, easily ultraviolet detectable, allow chemoenzymatic synthesis to become a
flagship methodf obtainingHS oligosaccharidegjuickly andin high overall yield. Furthermore,
synthetic HS could be engineered to introduce additioe@eficial pharmacological properties that

do not exist in HS from natural sources. The oligosaccharides analyzed in the previous chapters were
fully obtained by chemoenzymatic synthesis. Hesereport this technique to obtain new efidD-
glucuronidaséinding compounds that will contribute to a structure activity relationship of a set of

HS like oligosaccharides, able to bind and inhibit heparanase. Heparanase is an enzyme capable of
cleaving heparan sulfate (HS) at the -seitface ad within the extracellular matrix (ECM), through
b-(1-4) glycosidic bond hydrolysis inGICUA- b-(1-4)-GIcNX linkages, andtherebycontribue to
remodeling of the ECMand intheregulation ofmanifoldcellular processes. The ovexpression of
heparanasdnas beerlinked to numerous malignancies, and is associatétth the release and
activation of growth factors, facilitating cell migration through intact capillary walls into the tissues
and promoting angiogenesis. Inhibition of this enzyme has geneigteficant interest to design
potential antimetastatic drug) During the last decades several classes of heparanase inhibitors have
been proposed, spanning from nucleic acids, proteins, monoclonal antibodies, polysulfated
saccharides to smatholecule; dl of these compounds act as competitive inhikitdrthis enzyme,
mimicking the substrate molecule (HS) in the molecular recognition event. Howeveg, femyof

them reached clinical trials and the majority of them belong to the class of polysac¢udnidiesd

through semisynthetic methods or total synt/fsis
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6.2. Enzymesnvolved in chemoenzymatic synthesis

The chemoenzymatic synthesis of HS requires several classes of biosynthetic enzymes, some
comprised of multiple isoforms. Glycosyltransferases are used to build the HS backbone structure
consisting of a disaccharide egiing unit of GIcA and Mcetylglucosamine (GIcNAc). An
epimerase (C&pi) is responsible for converting a GIcA residue to an IdoA residue. Sulfo groups are

t ransf er-phegbhoddenosive-phddphosulfate (PAPS) to oligosaccharide by specialized
HS sulfotransferases. For exampleQzZsulfotransferase (DST) specifically transfers a sulfo group

to the 2position of an IdoA residue and, to lesser extent, to {pestion of a GIcA residue. The 6
O-sulfotransferase (@ST) and the ®-sulfotransferas (30ST) transfer sulfo groups to the 6
position and Joosition of glucosamine residues.deacetylase/Mulfotransferase (NDST) converts

a GIcNAc residue to a Nulfoglucosamine (GIcNS) residue. NDST is unique displaying two
activities, Ndeacetylase aeity removing Nacetyl group from a GIcNAc residue, and N
sulfotrasnferase activity transferring a sulfo group to a GlcN residue, forming a GICNS residue.
Currently all the enzymes, that are predominantly mammalian proteins, are expressed with high yield
in E. coli, with the exception oNDST, EXT-1 and EXTF2. Only the N-sulfotransferase (NST)
domain of the NDST can be effectively expressedincoli and, thus, this protein lacks-
deacetylase activityTo build the oligosaccharide backbone EXTBnd EXTF2 are substituted by

two bacterial glycosyltransferases known as KfiA [acetyl glucosaminyl transferase frdm

coli K5 strain) and pmHS2 (heparosan synthase 2 fPaisteurella multicida
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Figura 47 . Enzymes involved in the biosynthesis of WBbreviations: EXT1; exostosin glycosyltransferase
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6.3. Design of cascade enzyme modifications

To syntheie ourendceb-D-glucuronidasenhibitor we followed the synthetic route used by Liu

and cavorkers tosynthesize structurally homogeneous ultree molecular weight heparins, lew
molecular weight heparinsnd HS oligosaccharid®s

Chemoenzymatic synthesis of HS requires a precise cascade of enzymatic rod#icane the

most important stepfor the success of all enzymatic modifications is thesulfation of
glucosamine. The synthesis of the HS backbone containing GICNS residues represented a major

roadblock due to the lack of efficient recombinant NDST. oM@rcome this problem an un
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natural sugar nucleotide, UDBBICNTFA (uridine diphosphate N-trifluoroacetylated
glucosamine), was introduced. For HS backbone synthesis,-GIDRTFA appears to be an
excellent substrate for KfiA with nearly quantitative corsien in the preparation of heparin
oligosaccharide backbone. After the elongation, GICNTFA residues are then converted to a GICNS
residues by removing the trifluoroacetyl group under mild alkaline conditions followed by
sulfotransferase modification [Fige 4§. The use of UDRGICNTFA provides a means to

introduce a GIcNS at precisely tdesired position within an oligosaccharide
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Figura 48. HS backbonés elongated using a nenatural sugar nucleotide (UDPGICNTFA). The trifluoroacet
group of sugar nucleotide donor can be removed under mild base condition to form-andubstituted
glucosamine (GIcN) residue.
In vivo, a HS biosynthetic pathway is responsibledtiachingthe multiple layers of sulfation on
the polysaccharide bkbone by following a specific order. The cells probably utilize the

modification sequence to achieve the control of HS polysaccharide structure. HS biosynthetic

enzymeswvereevolved to only react with selesd substrates having unique sulfation patterns,
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while other saccharide substrates lacking these sulfation patterns remain unmodified. Such a
feature assurehatthe biosynthesis of HS follows a pregrammed modification sequendeof
example, 20-sulfation step catalyzed byQST occurs only afteN-sulfation step, but prior to

the 60O-sulfation step.

6.4. |doA2S units as enzymeeavage blocker
In heparin, more than 80% of the disaccharides are composettl@f2S GIcNS6S. The
synthesis of a domain witlthe repeatingi IdoA2S-GIcNS- disaccharide units igritically
important in our work for preparing high sulfation Hi&e noncleavable motifs (i.e<ldoA2S
GIcNS6S linkage cannot be cleaved by heparanase)
The synthesis of repeatingdoA2S-GIcNS6S units is harder due to a unique property ¢ .
Unlike other HS biosynthetic enzymess-€hi is a tweway catalyst: it transforms a GIcA to an
IdoA residue, but also converts IdoA to a GIcA residue, so the final product will be a mixture of
GlcA and IdoA after G-epi action. Recent studies suggested that|@ acts as a on@ay catalyst
within a unique distribution of GIcNAc and GIcNS residtfe3hese results show that-€pi can
display both tweway and onevay catalytic modes by recognizing a sequence motif designated
as the G-epi recognition pentasaccharide donfdihis pentasaccharide domain consists of an
epimerization site (EPS) and a mode of reaction recognition site (MRRS). The MRRS is located
threeresidues away from the ngeducing end side of the EPS. TResubstitution status of the
MRRS residue, controlled in biosynthesis by NDST, dictates the mode of actioseyfi.CA
GIcNACc residue directs £epi to display an irreversible reaction mode, itda GICNS or GIcN

residue (or the MRRS site being unoccupied) driveg@ to display a reversible reaction mode.
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The presence of GICNS at the residue is essential for rendering the susceptibility 4@
modification. The 20-sulfation reaction, de by 20ST, allows to form an IdoA2S residue. This

step is essential because it prevents further reversing actiors-epi®n this residue and

accelerates thesepimerization reaction.
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CH,0H COOH OH A il i
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-0 o}
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Figure 49. Gs-epi catalyzes the reversible conversion of epimers GlcAd IdoA. The designed epimerization

site (EPS) is at the residue 0. The residu& must be a GIcNS residue to serve as an ESP, if not the site is

reactive. If the MRRS site-8) is a GICNS or GIcN residues or unoccupiéd;epi displays a reversible action
while if a GIcNAc residue is at the MRRS site the reaction is irreversible.

6.5. Synthesiof hexasaccharideGompound )

The elongation of compmd 1 started from a previously chemically synthetized trisaccharide
GIcA-GIcNTFA-X- in which X is the residue directly involved in the binding.

In the curent work, weapplieda chemicalchemoenzymatimixed approachThe first step is to
assembleahe oligosaccharide backbonr®y enzymecatalyzed glycosylatiomnd then we used a

used a pure chemical aaich to overcome all the issues coming from api@tise recognition

by some enzymes of the residue X.
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The tisaccharide was synthetized using a purengitcal approach becaugbe X group is
completely different fromthe GIcA-pnp usually used as primer for chemoenzymatic synthesis.
The demical synthesis required a large number of steps with a very low yield. We decided to
further elongate up to trisacatide to avoid the possibility that glycosyltransferase PmHS2 does
not recognize it as specific substrate. The limited availabilitheétarting material was the first
problem toovercomein our synthetic route. Fortunately, usinige reported conditiondor
heparosasynthase fromPasteurella multocidgpmHS2),tris (hydroxymethyl) aminanethane
(TRIS) buffer pH 7.2 and Mn@J only trace amounts of trisaccharide starting material were not
converted after overnight incubation time at 37°Ke risacclaridewas elongated using pmHS2
with donor UDRGIcA to form a tetrasacchariden 85% vyield. It is noteworthy that the
glycosylationyield increases as the elongation of the carbohydrate chain proceeds. This is
probably because the elongated acceptors hasleser structural similarity to natural substrate
structures. The elongation proceeded adding additional GICNTFA and GIcA moieties to reach an
hexasaccharides backbone structure.

After single elongation ste@ following purification step was requirdgcause the saccharide
donors UDPGIcA and UDRGICNTFA act itself as abuilding block in a chain growth
polymerizationreaction withPmHS2. The purification approach was based on the use of BioGel
P2 resingxtra fine polyacrylamide beads for size exclusitbromatography with 10800 MW
fractionation range. Usually in the chemoenzymatic method the purifications with BioGel P2
resin were conducted in basic condition using gldldnd NHHCO30.1 M as solvent. Due to the
presence, in theX- moiety, of a susqaible functional group in basic environment we decided

to conduct the purification in acidic condition (dgPland TFAO.1 M). These purification steps

were conducted at very low flow rate (3#5min') in order to better separate productsith
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comparablemolecular weightWith hexasacchairde in hand,-8ktrifuoroacetylation was first
attempted using Li(OH) in the water system at 4°C. However, these reaction conditions were too
harsh generating theleavage of the intglycosidic bondof i X- unit. A mixture of Methanol,

water and Triethylamine (v/viv 2:2:1) was subsequently used and successfully aftbeded
hexasaccharide having three fiimino groupin >85% yield.

After NTFA group deprotectionenzymaticN-sulfonation catalyzed biN-sulfotransferasend

PAPS was attempted on hexasaccharide. Unfortunately, ublegeported conditions the
desidered Nsulfated hexasaccharideas not obtainedWe speculate that the difference of the
reducingend part of the backbone could affect thelecularrecognizirg of NST for its substrate

cutting out the possibility to introduce new sulfo group on desired positions.

6.6. A HPLC based approach for rapid access to pure HS
like oligosaccharides

Gel filtration chromatography relying in Bigel P2 columns represents an dbere way of removing

salts but is inefficient for oligosaccharide purification, since reaction byproducts, often introduced
through incomplete glycosylation, have molecular weights similar to the target compdueds.
introduction of a UVWdetectable paraitrophenol tag directly linked to NHjroup of norreducing

end Glucosamine allowed access to easy monitor the reaction using simple LC niathidé.C

based approacipreviously developedor rapid access to pure HiRe oligosaccharides wassed

The elongated products of the HS backbone prior to sulfation reactions were purified usit§) a C
column, while all the sulfated products of the oligosaccharides were purified uSegl@rose fast

flow column.
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6.7. Synthesiof octasacchariddCompound 2
UV-tagged trisaccharide was used as starting material for the backbone elongation. In this case
five glycosylation steps were conducted in order to obtain a longer chsipreviously seen in
heparirAntithrombin molecular recognitionye thoughtthat longerchains correspond to greater
binding affinity with theenzyme figuring out stronger inhibition activityT he followed protocol
was the same used for compound 1 but the presence-0aty¥llows us to quickly move further.
HPLC separation were conducted afémy elongation step. In this way we were able to perform
glycosylation with an overnight reaction and purify the day after maximizingtth@ency of
the processDe-N-trifuoroacetylation step was conducted in the same conditions for compound 1
to avod degradatiorof thei X- unit. Due to the failure withhe N-sulfation reaction conducted
with NST enzyme we decided to use a pure chemical approach to intradutfe group on our
compound(octasaccharidePy-SOs in mild basic condition (NaHC€) was ugd as donor of a
sulfo group. The lability of this salt was the road block in this reactida.overcome this issue,
we decided to add P8GCs in portions in order to let salt in condition to transfer all the sulfo
groups and avoid its degradation overdinThis approach allows us to obtain more than 75%
yield. The possibility to modify experimental conditions could let us to significantly increase the
yield. Unfortunatelythe low amount of starting material walse bottle-neckin the setup of all
the reaction schemerhe last modification step in this synthetic scheme was the conversion and
consequentiallyhe 2-O sufation of GIcA residues in order to obtain as more as possible IdoA2S
units to avoid the breakdown of gbsaccharides by the action ottheparanaselhe reatment
of N-sulfated octasaccharide with-€pimerase and-@ST afforded IdoA2Ssontaining product
2. This specific reactioshowed thdowest yield (<30%) and did not give us the desired product.

The octasaccharide previously synthetizontains three potential sites that could be recognized
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by the Cs-epi even if thatat the noareducing end has very low probability to be converted
becausaloes not fit theViIRRS of the enzymeln such condition only two sites are eligible to be
epimerzed. Due to theeversibleaction of G-epi and the 2 sulfation could happens, at high
concentration of PAPS, also in GIcA residues, tluenber of byproducts increased-or this
reason, we obtained a reaction mix with a several number-prducts thaactually are not
well purified. The strategthat wasfollowed in the furthe tests to convert GIcA in IdoAshould
beastep by steprocedurdn order to minimize th@umberof by-products and better purify the

reaction mix to obtain higi pure internediate for further reactions.

6.8. Conclusion
In this study, wedescribedthe chemoenzymatic synthesis developed by Liu at WdlGbtain
endob-D-glucuronidasenhibitor/HS analogues tlough a chemoenzymatic approa&mzyme
basedpolymerizationwas employd to synthesizeligosaccharidéackbones with controlled
sizeand chargelistributions. A weHldefinedsulfationpatterns wer@btainedhrough a chemical
and enzymati@approach.In summary, we present herein a conasemicalichemoenzymatic
mixed appro@h for thesetup of a forthcomingobust synthesis of HS analogues as potential

endaeb-D-glucuronidasenhibitors.
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7. General Conclusions

This work provides new insights into the detailed descripiotme synthesis and tlewnformation
of chemoenzimatically obtained oligosaccharides in free solution wwh binding with

Antitrhombin.

The aim of the first part of the project was the characterization of the dynamic and conformation of
two hexasaccharidefhexa4 and hex&) in solution. Detail study involving NMR, MD and
numerical analysis of the data generated provided information regatte conformation of the
hexasaccharidesnd also their dynamic properties during the binding with Antithronfon.both
hexasaccharidessxperimental and simulated daadicated asimilar glycan binding epitope
extending from the nereducingend GNS6 S t o t he r eduGdicnAg 6e mde sGlda
particular, the two central GIcNS3S6S and IdoA2S/IdoA residues showed the stronger interaction
with AT for both glycans, whereas the reducin
AT.1doA2S and IdoA remained in tH& conformation during the MD simulations in the cases both

of hexa4tAT and of hexeBtAT, independently from the-® sulfation state, thus supporting the idea

that the HBS surface enforces fi@ to 2So transition upon bindingn this work we foundthatthe
residuesGIcNS3S6S, IdoA2S/IdoA and, to a lesser extent,thered ng end Gl cNS6S06C
contacts previously observed in the reference NMR amdyXdiffraction AGA*IATAT complexes

These results also confirm the significant role of the contact network between AT HBS and residues
surrounding the trisaccharidequence GIcCNS3S6lH0A2S/IdoAGI ¢ NS6S66 i n chang

conformation fromCs to 2So upon binding, independently from the®sulfation state of IdoA.
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In the second part of the work the investigation feassed orthe characterization of the interiact
between a novel chemoenzimatically synthesized octasaccharide withratnoal sequence and
Antithrombin. The new artificial heparinlike octasaccharidevas characterized by a central
pentasaccharide sequence variant: GICNGER-GICNS6SIdoA2S-GIcCNS3S6SIdoA2S-
GIcNS6SGIcA-PhNQ;, in which -IdoA2S-GIcNS3S6S replaces the typicalGICA-GICNS3S6S
sequence of AGA*IA, known to be the shortest glycan thatipaity bind and activate ATNMR
experiments likdH-STD and the complementary wateDGSY supported by ralecular dynamic,
showthatthe AIA*IA central moiety presents the strongest contacts with the HBS of AT, thieile
strengthdecreasingooth to nonreducing and reducing ends. The most relevant conformational
change of ocsaccharidaipon bindng involve the two IdoA2S, that change from mixXéd and?S
forms, to a defineéC4 and®Ss conformation for the IdoA2S locatedtime nonreducing and reducing
end partsrespectively. The modelling description supports the conformational change tafothe
IdoA2S residues in going from the dmound to the bound statéhe contact network between the
AIA*IA moiety and the HBS of AT forcesldoA2S inthe nonreducing and reducing embsitions

to assume théCs and?So conformation, respectivelyThese reults are important becausieey
contribute and refinghe Structure Activity Relationship description of the still growing set of

heparinlike oligosaccharides able to bind and activate AT.

During the last part of the study, the practical chemoenzymatibesis was studied and applied.
Using the strains of engineered enzymes involved in HS biosynthesis we tried to obtain a HS
analogue that acts asendoeb-D-glucuronidase inhibitor. Enzymebasedoolymerizationwas
employed to synthesiz#igosaccharidéackbones with controlled size and charge distributions. A

well-definedsulfationpatterns were obtained through a chemical and enzymatic approach
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The fuure of developments of this project will regard the chemoenzymatic synthesis of new HS like
moleculesand characterize the conformation and topology of interaction with Antithrombin and other

proteinsto go deeper in th8tructure Activity Relationship degption. These efforts may lead to the

development of new wetargeted and safer drugs.

112



8. Experimental Section

8.1. Hexasaccharides and Octasaccharide

8.1.1. Antithrombin Purification
Pasteurized Antithrombin (Kybernin P) was solubilized imil®f buffer A (10 mM PBS, 0.25 M

NaCl pH 7.4) and was loaded onto aXK 16/40 column (GE Healthcare, Italy) previously prepared
with50 ml of Heparin Sepharoséa st Fl ow and equi |l i brated at 41
fraction was eluted with@ ml of buffer A, while the high affinity fraction was eluted with the same
volume of PBS, 2.5 M NaCl pH 7.4 elution buffer. The fractions were loaded dRé@3ViwCO

filters (Millipore, ltaly) in a stirred ultrdilt ration cell (Millipore, Italy) for dealting and buffer
exchanged, with 20 mM phosphate buffer pH 7.4. The final concentratitime adolutions was

determined using the bicinchoninic acid assay

8.1.2. ITC
The equilibrium dissociation constamtd was assessl at 28C in 10 mM PBS (pH 7.1) and 0.5 M
NaCl. The Kq value was obtained by MicroCal ITC, monitoring the heat released during a
biomolecular binding event and obtaining a direct measure of binding affinity and thermodynamics
parameters. The sample cethve f i | | ed wiM df pra2elh Golutoh whie the 8yringe
rel eased M aliguot of ligahd evéy 150 s to perform the titratiét. were measured
using a MicroCal PEAQTC and ITC200 Malvern. The titration curve of kcal mek molarratio
(l'itgand/ sample) was obtained sampling the hea

integrated with respect to time and normalized for concentrationK&values were determined
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fitting the thermodynamics data of the binding enthpy ( opH) during titrati
free energy of binding (pG) and the wvariation
data were elaborated with MicroCal PEATC Analysis Software. In this study the stoichiometry

parameten wasset to 1 considering the ratio 1:1 glycan/AT.

8.1.3. NMR
NMR spectra were recorded using a Bruker Avance Ill spectrometer operating at 600.13 MHz
equipped with a higisensitivity 5 mm TCI cryoprobe at 303 K. Samples were lyophilized two times
to remove residuaolvents hen wer e dissolved in 220 €L 10 m
7.4) and 3 mM EDTA irfH20 (99.996%) and placed inBm NMR tubes. For the experiments
involving free ligands, the samples were prepared to obtain a final concentratiorantl 112103
M by dissol ving 5 0G@Gndsogasaocharide eexpactiveyplvosphateibdffer.
Proton spectra were recorded with water presaturation with a recycle delay of 12 s and 16 scans.
HSQC (heteronuclear single quantum coherence) experimentpadoemed in phase sensitivity
enhanced purabsorption mode using 16 dummy scans, 4 scans with decoupling during acquisition
period and 2.5 s of relaxation delay. The matrix size of 2048x128 data points was increased to
4096x1024 by linear prediction amdro filling.2D homonuclear correlation COSY experiment were
obtained in phase sensitivity mode using 8 scans with water presaturation during acquisition. The
matrix size of 2048x128 data points was zero filled to 2048x1024. Bidimensional TOCSY were
acqured using 8 scans per increment of 1024x320 data points with zero filling in F1 (2048x1024).
HSQC spectra were obtained in phase sensitivity enhancealpsweption mode with decoupling in
the acquisition period. The matrix size of 2048x128 data poiassa&ro filled to 4096x1024&0r

the trNOE experiments the samples were prepared by dissdlvipgosphate bufferespectively
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1.61 mg of AT and 25 @ndoOBugd AT anch2® (ofkgpctasacaharicdr ar i
reaching a molar ratio of 1:5 Adligosaccharides. All bidimensional NOESY andN®DESY
experiments were performed at 303 K and 308 K respectively, in order to®lassuitable ligand
exchange upon binding. A total of 16 scans were collected for each free induction decay (matrix
2048x320 points), the data were zero filled to 2048x1024 points before Fourier transformation and
mixing time values of 200, 300 and 500snwere used.!H-STD experiments involvig
oligoasaccharid&T interaction were prepared so that the final protein concentration was 6X 10

with a ligand/AT molar ratio of 100:1. To remove broad resonandegpfotein, the pulse sequence
used for monodimension&i-STD experiments includes a 10 ms sluiok pulse. The omesonance
irradiation was performed at the hifjeld protein resnances (548 Hz) whereas the-§onance
control irradiation was performed at 644000 Hz. THeSTD spectrum was obtained by phase
cycling subtraction of the eresonance and efesonance data acquired in interleaved mode. The
number of scans and dumragans were 128 and 32 respectively with a recycle delay of 8 s and a

saturation time respectively of 1, 1.5 and 3 s were used.
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8.1.4. MD simulation
Atomic scale models for the HextaandHexa8 in free and bound state with AT were built, using
the fAstate of FRFolceFiekgwhiledAT Bds YeSchilddsifg the Amber Force Field
Explicit solvent TIP3P water atel were used in all case€Bhe parameters of the terminal residue
PhNO:2 at the reducing end of each glycans, were obtainedthierimber parameters and added to
the GLYCAMOG6 Force Field. The partial charges of this residue were calculated after geometry
optimization using the quantbh e mi ¢ a | software G A Miitl S\Blec@lab Ge n e
Electroni c St randthe HE8S81& yeve ef théoyy, while the RESP (Restrained
Electrostatic Potential) method was applied for charge determination as in GLYCAMO06. Ambertools
1.4 was used to build the parameters and topoldgy for MD simulation. The initial conformation
of the free state hexasaccharides was giwreraccord toprevious studies on éparin like
oligosaccharides.The initial dihedrals for the glycosidic linkages: GICNSBEBA, GIcA-
GICNS3S6S, GIcNS3S6B0A2S/IdoA, IdoA2S/IdOAGI ¢ NS 6 S0 6 ,-GIGd ANGB,6 S&Od G
PhNQ were defined ast9/-14, 59/6, -59/-26, 57/11;-59/-26, 50 in that order. The conformation of
each residue wd€: chair for GIcNS6S, GIcNS3S6S and GIcA, while the 1doA2S and IdoA were set
in 2S and*Cs conformation for Hexat and HexaB in free state. In fact, in accordance with Hsgéeh
al. and Ferreet al. Hexa4 and Hex&8 showed IdoA2S and IdoA conformation dominated3ayand
1Cs respectively. Differently in bound state with AT: TheARS and IdoA residues of Hexaand
Hexa8 were set irfSo conformation in agreement with NOESNOES results. The AT model was
built using the 3D structure of the-dhain (Latent AT) in PDB ID 1AZX. The specific
pentasaccharide sequence AGA*IA definieel initial glycosidic linkage conformations and positions
for Hexa4 and HexeB in bound state with AT.dchain instead of-thain (inhibitory AT) was used

to model AT, because the initial idea was to reproduce the glycan/AT complex at early time instants
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of the interaction. This was justified considering that contact between AGA*IA and AT RBS does
not change significantly during Adonformational rearrangememefore MD simulation the values

of glycosdic linkage dihedrals in Hex& AT and Hexa3-AT: GICNS6SGIcA, GIcA-GICNS3S6S,
GIcNS3S69doA2S/IdoA, 1doA2S/IdoAG] ¢ NS6 S 6 06 ,-GIGd AWNG,6 SRND wee c AG 0
set up-31~35, 41/1,-71/-33, 44/16-59/-26, 50. The missing amiracids between 26 to 38 (1AZX
sequence numbering) were added by moleculdingdusing as template the 3D structure of the
corresponding sequence in PDB ID 1E03, in which only 27, 28, 29, 30, 31-anidsoare missing.
These last missing residues were then included by molecular editing (MAESTRO 9.8 graphical
interface), adjustig the polypeptide dihedralangldlsy unt i | t he t wo -4aead mi n a
Hexa8 were superposed to the AGA*IA sequence (1AZX) matching the H1 position of GIcA,
GIcNS3S6S, and 1doA2S/IdoA, achieving a RMSD of 1.74 A. The simulation cell was set by
enveloping each macromolecule witlwater layer 15 A wide in the three directions, resulting in an
orthogonal cell with edge lengths of approximately 100 A. Theoraled potential energy applied

the standard cutff technique (12 A) for both electrostatic and dispersive interactions.detiakias
minimized using 100K steps of the default minimization algorithm included ilN#i&D 2.12
simulation engineThe MD simulations were run sampling the NPT ensemble for the whole length,
even if cell density equilibration required approximatelys3The simulation temperature was set at
300 K and maintained by lcowe-Andersenthermostat as implemented in NAMD 2.12, while the
Nos®& Hoover Langevin piston algorithm controlled the pressure (1.01325 bar) applied on the cell
walls. During the cell deity equilibration steps (3 ns), a harmonic potential energy restraint was
applied (harmonic constant of 5 kcal ko all atoms of the complex, while water molecules were
left free to moveThe total length of the MD simulations were 100 ns andZ50ns for both glycans

in free state and in bound stat@ahwAT respectively. The glycaAT complex relaxation could be
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visualized plotting the RMSD distance between the two glycans upon superposition dighe &f

AT (CU backbon eacids B5andWw@).eThe ligands RMSD showed an oscillation
behaviar that decrease after 820 ns (approximately) indicating a convergence toaatel ve fA mor
rel axedoThadRMSD reported in table@®rrespond to average values of the RMSD (Root
Mean SquareDistance) calculated between residue pairs of the commorerssgl AGA*IA)
concerning Hexa&-AT, Hexa8-AT and AGA*IA-AT after superposition of their -Aelix. This
analysis invtves the set of hexasaccharid®B-complexes validated by the MOEs, and coespond

to geometries at instant time: 20272 240, 257, 270 ns for HexaAT and 214, 235, 243, 258 ns

for Hexa8/AT. The five Hexad-AT and four Hex88A T compl exes were supe
backbone of the Aelix (45 to 70 amin@cids in 1AZX sequenge&and the corresponding average
RMSD are reported in the second column of t&l€he residue ring atoms C1, C2, C3, C4, C5, O5

were used for the RMSD calculation.

The octab and octeb-AT complex were built following the same procedure previously redddr

the hexa4 and hexa8; in octa5 and octeb-AT the initial conformation of GICNS6S, GIcNS3S6S,

and GIcA was initially set to the chdiCi, while that of IdoA2S at the nereducing and reducing

end were set at the beginning'@sand?S respectivly, in accord to early NOEs analysis. The initial
dihedral angle conformatiorify i) of octa5 in both bound and dbound state was set in accord to

the disaccharide linkage: GICNSE&3cA-GICNS6SIdoA2S-GIcNS3S69doA2S-GIcNS6SGICA-

PhNOZ2, and correspord the sequence49/-14, 5946, -31/-35, 41/1,-71/-33, 44/16-55/-28. The

initial geometry of the oct&-AT complex was built fitting the AIA*IA sequence on the
corresponding AGA*IA pentasaccharide in bound state with AT, as included in the PDB ID 1AZX
(L chain); this goal was achieved matching the C4 and C1 carbons of the residues in the moiety

GIcNS6SIdoA2S-GIcNS3S6S of oct® with the corresponding GICNS8SCA-GICNS3S6S of the
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AGA*IA of the 1AZX complex. Octéb and octeb-AT complex were solvated wering each
molecule/macromolecule by a water molecule layer (TIP3P) 15 A wide, the final simulation cell has
an orthogonal geometry and periodic boundary condition were applied on the hedges. MD simulations
were run using the same conditions and paramedsrdone before for hed#éexa8 and the
corresponding complexes. The whole simulation time spanr3b@&0 ns for oct® and octeb-AT
respectively; while the equilibration periods were estimated to be 200 ar#DR5%s for the octé

and the complexollowing the relaxation of the set of glycosidic dihedral an@i€d/yi(t) in the

former case, and the RMSD(t) of the ligand in the latter case.

8.1.5. NOEs simulation NOEPROM
Intra-residue and integlycosidic NOEs were simated using NOEPROM softwareith the
isotropic model of motion; the single correlation time (Tc = 700 ps) were estimated matching the
simulated HIH2 intraresidue NOEs of the glucosamines with the corresponding experimental
values. The Hexd and Hex&B geometries were obtained at the efithe MD simulations adjusting
thef/y glycosidic dihedrals with the averages calculated on the MD simulation trajectories after a

relaxation period of 40 ns.

8.1.6. tr-NOEs simulation CORCEMA
The t-rNOEs simulatbn applied CORCEMA softwaren Hexa4-AT and Hexa8-AT complex
geometries selected from the MD simulation, after a relaxation time betwde28D ns. A At w
model for the interaction, in which no significant conformational changes are predicted for the AT
Receptor Binding Site (RBS), was usdthe kinetics parameters were estimated matching the H1

H2 intraresidue #NOEs of the glucosamines residues, using trial values from previous experiences
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involving octasaccharide&T complexes The kinetic parameters for Hedawere set tdor = 18 st
kon=3.27 16 M s, while for Hexa8 werekoft = 15 s' kon= 2.68 16 M s, Using these kinetic
constants, the corresponding thermodynamic dissociation constayweefe 5.5 13 and 5.6 16 M
for Hexa4-AT and Hexa8/AT, in accord to the ITC estated values. The initial concentration of
both Hexa4 and Hexeé8 was 5.84 10 M using a glycan/AT (L/E) ratio 5:1, the total AT
concentration for both4NOE experiments wasdz= 1.12 10* M. The equilibrium cooentrations of
the AT in Hexa4-AT and Hexa8-AT tr-NOE experiments were 1.10 1Gand 1.11 16 M
respectively, finally the estimated time decay constants for the CORCEMA simulatiotewesel8
10°s? ti = 0.278 &, teL = 0.0556 & for Hexa4-AT andte = 6.69 10 s, ti» = 0.337 &, teL =
0.0667 & for Hexa8/AT. The agreement between the theoretical and experimeiN&BEs was
evaluated by calculating the fitting quality parameter R factors as defined in eq 1.

R =4 [NOEZ? - NOESA] ‘/a [NoE=?]? 1)

Tmix Tmix

R Factor values higher than 0.3 are indicative ofw pacal structure description.

8.2.Heparan Sulfate Mimetic

8.2.1. General Methods
Solvents used were HPLC grade unless stated otherwise. CE anaérseserformed in reverse
polarity mode on an Agilent CESystem using 10mM -Sulfosalicylic acid, pH 3, as the
backgound electrolyte and detection by indirect UV absorbance at 214 nnpregously
describe®. Sizeexclusion chromatographyas performed over BiGel P2 eluting with 0.1M
NH4HCOS3 supplied by a Pharmacia LKB Pumyb®0 at 196 mL/hand 20 mL fractions were

collected using a Pharmacia LKB F¥200 fraction collector. Fractions were quickly checked
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using a combinatiorof the H2SO4 char test and metachromatic staining Wj8dimethyl
methylene blue, and those containing product vagkged for analysis by CE. Fractions judged
to contain a sigificant amount of salfree product were combined and lyophilized, then

redissolved in HPLC water and lyophilized again.

8.2.2. Sulfation of the pentasaccharide fraction
A mixture of pentasaccharide 6 (980 mg, 1.04 mmol, purity 94 @8d)sulfur trioxide pyridine
complex (9.0 g, 56 eq., ~3 eq. perdroxyl group) in anhydrous DMF (25 mL) was stirred for 45
h. The DMF solvent was decanted, and the gummy precipitatevasised briefly with anhydrous
EtOH (2 mL) and then dissolved wmater (5 mL). The resulting strgty acidic (pH 1.4) solution
was basified to pH 9.3 by the addition of 2M NaOH solutitk0.2 mL). Free pyridine was
removed by washing with DCM (5 & mL). The pale brown aqueous layer was decolorized by
passagethrough a Waters Selpak Vac 20cc C18g sdid-phase extractioncartridge,
preconditioned by wetting with MeOH, thenwashing t h wat er : MeOH (1:1Y
oligosaccharide wa®aded as a solution in 99:1 water:MeOH and the cartridgenaabed with
99:1 water:MeOH (60 mL) until the eluatested negativdor the presence of carbohydrates
(H2S04 char). The appropriagft@ctions were combined and evaporated to drynessréhdting
glassy solid was desalted by size exclusion chromatogripbive the sulfated pentasaccharide

7 (1.02 g, 37.9%as a whitesolid.

8.2.3. Sulfation of the tetrasaccharide fraction

The tetrasaccharide 4 (300 mg, 0.38 mmol) was sulfonatedieasribed above for the

pentasaccharide 6 to give the sulfated tetrasacchéri@7 mg, 55%) svan offwhite solid
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Sulfonation of tle trisaccharide fraction The trisaccharide fraction of the OPF (297 mg, 0.48
mmol) was sulfonateds described above to give the sulfated trisaccharide fraoiotaining a

mixture of compounds 13 and 3 (497 mg, 63%) asfénwhite solid.

8.2.4. Sulfatio of the disaccharide fraction
The disaccharide 10 (100 mg, 0.22 mmol) was sulfonateldssribed above to give the sulfated

disaccharide 11 (150 mg, 58%3 an offwhite solid.

8.2.5. Mass spectrometry
LCi MS analysis was performed on a HPLC 1100 (Agilent) coupded7.0 T Fourier transform
lon cyclotron resonance (FTICR) maspectrometer equipped with electrospray (ESI) source

(Solarix, Bruker). The ion pair reversed phase (IP RP) liquid chromatograppgration was

conducted on a Kinetex C18 column (2.1 x 100 n#@r§ m particle size, Phenomenex,

Aschaffenburg, Germany) usirdjbutylamine for ion paring. A volume of 3L of the sample

solution prepared at the concentration of 0.2 mg/mL was introducedwiautosampler; the
separation was carried out at 30°C by runrtimg mobile phases A (dibutylamine 10 mM, acetic
acid 10mM inwater) and B (dibutylamine 10 mM, acetic acid 10mM in methaal).1 mL/min
according to the following gradient scheme: isocratep at 25% B for 2 min, followed by a fast
linear gradient t®0% B in 3 min and a second slower gradient from 60% to 95% Bimin;
then, the column was held at 95% B for 5 min and reequilibriatéde initial conditions. High
resolution full mass scaspectra were recorded in negative polarity in the mass raage200

to 3000 using the following ESI source parameters: capillalbage: +3200 V, nitrogen gas used
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as nebulizer and heater gasess set at 1.0 bar and 3.7 L/min, respectively. Mass calibration was

performed by using sodium trifluoroacetate solat{0.05 mg/ml invateracetonitrile 1:1 v/v).

8.2.6. NMR spectroscopy
NMR data at 500 and 600 MHz were recorded in D20; chenstdits of the isolated
oligosaccharides are reported in ppm relativ®® at 4.80 forH and externally referenced to
TMS 0.0 for BC at30°C. Chemical shifts of P88 are reported in ppm externally referented
TSP 0.0 for 13C andH at 30°C.H resonances for oligosaccharidesre fully assigned using
the HSQC and COSY pulssequences, and the inteng connectivity was establisteusing
HMBC correlations. Oligosaccharide residues are indicated wotisecutive letters from the
reducing end. Proton spectra weeeorded with water presaturation with a recycle delay of 12 s
and 16 scans. HSQC (heteronuclear single quantum cohereameHMBC (heteronuclear
multiple bond correlation) experiments weperformed in phase sensitivity enhanced pure
absorption mode using6 dummy scans, 16 and 32 scans, respectively, with decouflimag
acquisition period and 2.5 s of relaxation del@le matrixsize of 2048 x 320 data points was
increased to 4096 x 1024 by lingaediction and zero filling. 2D homonuclear correlation COSY
and TOCSY experiments were obtained in phase sensitivity meag 8 scans with water
presaturation during acqui®n. In TOCSY experiments isotropic mixing was performed
applying aMLEV pulse train of 100 ms. NOESY experiments were obtawvéh a total of 16
scans, a mixing time of 150 ms and a recycle dalayp.5 s. All homonuclear correlation
experiments werecguiredwith a matrix size of 1048 x 320 data points with zero filling in F1

(2048 x 1024) before Fourier transformation.

132



8.2.7. NOESY analysis
The estimation of the interglycosidic distances was done by correlating the ratio between the % of
NOEs generated byselected HkHy pair across the glycosidic bond, whose distance is unknown,
and the % of NOEs of the reference paiii H2, that belong to a Man residue whose distance is 2.53
A. Only the NOE % measured at the lowest mixing time is considered. Due tog&diter widths
of the anomeric signals of residue A and B, NOE intensities were referenced to one third of H1 of E

+ C + D diagonal peak volumes.

8.2.8. MD simulations
Models of polysulfated and nonsulfated pentasaccharides (compounds 7 and 6, respectively) were
built using Maestro/Macromodel 9.8 software, where the Man residues were set initially in the
“C1 conformation, and the connectivity between residues is-Man1 ¥)-Man, except for the
glycosidic junction at the reducing end, whose connectivity is Marl 3)-Man (see NMR
section and Almond et al. 2001). For Molecular Mechanics and MD simulations the Amber* force
field as 1 mplemented i n Maestro/ Macr omodel 9
and atom types for pyranoses. The +#bmnded cubffs wer set to 20.0, 8.0 and 4.0 A for
electrostatic, van der Waals and hydrogen bond interactions, respectively. The solvent description
involved the Generalized Born Implicit Solvent method as implemented in Macromodel. The two
glycan models after building werenergy minimized (bmin) setting the Max number of steps
10 K, andEnergy GradienfThreshold =102 Kj mol*A-1. The energy minimizatioralgorithm
chosen was the PRCG (Pol&kbiere Conjugate Gradient). The two glycan models were then
submitted to a mailstep sequence of eleven MD simulation runs with temperature progressively

increasing from 300 K €lstep) to the highest temperature value of 400 Rg@p) using steps
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of 20 K, decreasing again to the final value of 300 K, this last €&p) beinghe production

step, in which the glycosidia/y distribution was determined using a 2D histogram binning
approach as further explained. The time length of each fixed temperature MD run was 20 ns for
a whole duration of 220 ns. The MD simulations wereniaated by a simulated annealing, in
which the temperature is progressively reduced (using steps of 100 ps lengil an@0 K)

from T = 300 K to 20 K, before applying a final energy minimization; the obtained geometries of
compound 7 and 6 were optimized their backbone using the glycosidic dihedral angles
determined by 2D histogram binning applied on the final stag@ §1dp) of the multistep MD
simulation. The conformational sampling of the two pentasaccharides was analyzed using
Ramanchandran plotr each glycosidic linkage; each plot was built using a 2D histogram
binning approach, where a colored density map allowed the localization of the most populated
«/y states with an accuracy of £10°, that corresponds to approximately half of the smallest unit
of a 2D histogram binning grid. To evaluate the efficiency of the multistep MD simulation
approach on the conformational sampling of compound 7, the 2D hastolginning analysis is
applied also on the first and sixth MD step and compared to the production sf@pThé R
statistical software (hexbin package)was used to generate the 2D histograms of the

Ramachandran plats

8.4.Chemoenzymatic Synthesis

8.4.1. Expresion of HS biosynthetic enzymes
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A total of fourenzymes were used for the synthesis, including NS¥ept, 20ST, and PmHS2.
All the enzymes were expressedtn coli and purified by appropriate affinity chromatography

as described previoush?.

8.4.2. Prepaation of enzyme cofactors
A sul fat e®hodosmpdo.,a dphsphesulfate (PBHES), was prepared from ATP and
sodium sulfate using adenosine phosphokinase andAilfBrylase*. The purity of PAPS was
more than 95% as measured by PAMIRLC and its sucture was confirmed by ESNIS. The
preparation of UDFGICNTFA was started from glucosamine (Sigkrich), which was first
converted to GICNTFA by reacting witkethyl trifluorothioacetate (SigmAldrich) in accord to
the protocol described previousfy The resultant GICNTFA was converted to GICNTEA
phosphate usinfy-acetylhexosamine-kinase®.
The UDRGICNTFA synthesis was completed by transforming GIcNTEAhosphate using

glucosaminel-phosphate acetyltransferaNedcetylglucosamind-phosphateuridyltransferase

(GIlmU) as describeé The resultant UDRSICNTFA was ready for the elongation reactidine
successful synthesis of UBBICNTFA was confirmed by PAMMPLC analysis as UDP

GIcNTFA was elutedt 17 to 18 min as a distinct UV 260 nm peak

8.4.3. Synthesis of compound 1
The conversion of a starting material trisacchaii@cA-GICNTFA-X- to compoundL involves
five steps, including three elongation steps, one detrifluoroacetylation and-sukation step.
Elongation of i GICA-GICNTFA-X- to GICNTFA-GICA-GICNTFAI GICA-GICNTFA-X- was

completed in three steps using bacterial glycosyl transferases heparosan sgntRagdS?2)
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from Pasteurella multocidaTo introduce a GICNTFA residuéGICA-GICNTFA-X- (1.2 mM)
was incubated with PmHS2 (250 ug_hﬂn 4 ml buffer containing Tris (25 mM, pH 7.2), MnLlI

(5 mM) and UDPGICNTFA (2 mM) at 37°C overnight. To introduce a GIcA residue,

tetrasaccharide substrate, GICNTHACA-GICNTFA-X- (1.8 mM), was incubated with PmHS2
(250 ug mil) in a buffer containing Tris26 mM, pH 7.2), MnCJ (5 mM) and UDPGIcA (5.5

mM) at 37°C overnight. The product after each elongation step was purified using a BIOGEL P2

column (1 x 220 cm), which was eluted with®and 0.1% TFA in 18 hours at a flow rate of 125

pl min'l. The identityof the product was confirmed by E®IS only because this compound lacks

of UV detectable groups. The addition of GICNTFA residue was repeated one more time to form
a hexasaccharide backbone for the subsedueldtrifluoroacetylation anéll-sulfationreacon.
Purified Ntrfuoroacetyl hexasaccharides was dried and resuspended in a solution of 1 mL
containing Methanol, dd#D and Triethylamine (v/v/v=2:2:1). The reaction was incubated at
room temperature for 20 hours. Toenversion degreef the detrifluoroaetylation reaction was
monitored by ESMS. The sample was then dried by a vacuum concentrator (Centrivap
Concentrator, Labconco) and reconstituted in gdHto recover the Meacetylated
hexsacchariddJpon the completion of detrifluoroacetylation, the pHhe reaction mixtureet

to 7.0 andl00 pg of the compoundncubat ed with 50 mM!NEEadIL pH
mM PAPS at 37°C overnight, where the amount of PAPS was abotihieS molar amount of

NH2 groups in the pentasaccharidéne reaction was monitored by ESIS.

8.4.4. Synthesis of compound 2
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The conversin of a starting material trisaccharitl&lcA-GIcNpnp-X- to compoundL involves five
steps, including three elongation steps, one detrifluoroacetylation and\-@uéfation step.
Elongation ofi GICA-GIcNpnp-X- to GICNTFA-GIcA -GIcNTFA-GIcA-GIcNTFAI GIcA-GlcNpnp-

X- was completed ifive steps using bacterial glycosyl transferases heparosan sygtlilaseHS2)

from Pasteurella multocidalo introduce a GICNTFA residuéGIcA-GICNTFA-X- (1.2 mM) was
incubated witPmHS2(250 g m]l) in 4 ml buffer containing Tsi (25 mM, pH 7.2), MnGI(5 mM)
and UDRGICNTFA (2 mM) at 37°C overnight. To introduce a GIcA residue, tetrasaccharide

substrate, GICNTFAGICA-GICNTFA-X- (1.8 mM), was incubated with PmHS2 (250 ugjl)rih a

buffer containing Tris (25 mM, pH 7.2), Mn{tb mM) and UDRGIcA (5.5 mM) at 37°C overnight.

The product after each elongation step was purified usingseomn (0.75 x 20 cm; Biotage),
which was eluted with a linear gradient 6fl00%Methanol and 0.1% H20 and 0.1% TFA in 60
min at a flow rate ©1 ml min't. The eluent was monitored by the absorbance at 318260 and
the identity of the product was confirmed by B$. The addition ofurther GICNTFA, GIcA and
GICNTFA residues was repeated to foram octasaccharidbackbone for the subsequeN-
detrifluoroacetylatiorM-sulfation. Purified N-trfuoroacetyl octasaccharidevas dried and
resuspended in a solution of 1 mL containing Methanol @dhd Triethylamine (v/v/v=2:2:1). The
reaction was incubated at room temperature for 20 hours. cbheersion ratio of the
detrifluoroacetylation reaction was monitored by #8. The sample was then dried by a vacuum
concentrator (Centrivap Concentrator, Labconco) and reconstituted wOddHrecover the N
deacetylatedctasaccharideThe deacetylatedompound were resuspended in ddHand NaHCQ®
(40 eq for free NEIgroup) and then added in four different portions in 2 hourS®y(20 eq for free
NHzgroup). The reacton mixture was let under stirring a room temperature ovefigineaction

was monitoed using a Gscolumn (0.75 x 20 cm; Biotage), which was eluted with a linear gradient
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of 0i 100% Methanol and 0.1%n H20 and 0.1% TFA in 60nin at a flow rate of Iml min™.
N-sulfated product was purified by-8epharose (GE Health Carahd the purified product with the
structure of GICNSGIcA -GIcNS-GIcA-GIcNS GIcA-GlcNpnp-X- was dialyzed.The reaction
mixture was inabated in 50 mM MOPS (pH 7.0), @2 mM, 1'Csepi, @8 T 10 & g ml
and 0.2 mM PAPS at 3C overnight, where the amount of PAPS was aboutith&s molar amount

of the pentasaccharide. The reaction mixture was then purified®gpQarose column to obtein
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9. Abbreviations

AGA*IA: Minimun pentassacharide sequence that binds and activates Antithromk
AT: Antithrombin

EXT1/EXT2: Exostosirl/2

GAG: Glycosaminoglycan

GalN: Galactosamine

GIcA: Glucuronic Acid

GIcN: Glucosamine

HBP: Heparan sulfate/Heparin binding {@ins

HBS: Heparin Binding Site

Hep: Heparin

HS: Heparan sulfate

HSQC: Heteronuclear Single Quantum Coherence
I[doA: Iduronic Acid

NMR: Nuclear Magnetic Resonance

NOE: Nuclear Overhauser Effect

STD: Saturation Transfer Difference

UFH: Unfractiorated Heparin
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