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Abstract: A practical approach for addressing the computenulsition of protein-
carbohydrate interactions is described here. Ainuated computational protocol was set
up and validated by checking its ability to pred&tperimental data, available in the
literature, and concerning the selectivity showntly Carbohydrate Recognition Domain
(CRD) of the human asialoglycoprotein receptor (ASK) toward Gal-type ligands. Some
required features responsible for the interactiese identified. Subsequently the same
protocol was applied to monomer sugar moleculeat tbnstitute the building blocks for
alginates and ulvans. Such sugar polymers may paplolw-cost source of rare sugars with
a potential impact on several industrial appliaagiofrom pharmaceutical to fine chemical
industry. An example of their applicative exploibat could be given by their use in
developing biomaterial with adhesion properties dovhepatocytes, through interaction
with the ASGP-R. Such a receptor has been alreaglyoged as a target for exogenous
molecules, specifically in the case of hepatocytes,diagnostic and therapeutic purposes.
The DOCKS5.2 program was used to search optimatitmts of the above ligands of interest
into CRD binding site and to roughly estimate iatsion energies. Finally, the bindidg> of
theoretical protein-ligand complexes was estiméedsing the DelPhi program in which the
solvation free energy is accounted for with a gcandim solvent model, by solving the
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Poisson-Boltzmann equation. The structure anabyfsibe obtained complexes and th&
values suggest that one of the sugar monomers$esést shows the desired characteristics.

Keywords. human asialoglycoprotein receptor, molecular dagkibelPhi, natural sugar
polymers.

1. Introduction

The human asialoglycoprotein receptor is an infegr@mbrane protein belonging to the C-type
lectin family which is located on the surface o tiepatocyte plasmatic membrane.

C-type lectins are grouped into several subclas$es most abundant ones are the Man-type
(capable of linking D-Mannose, D-Glucose or L-Fugoand the Gal-type ones [that link D-Galactose
or D-N-Acetylgalactosamine (NAG)]. The ASGP-R bwels to the Gal-type group and its affinity for
NAG has been proved to be significantly highehwéspect to galactose.

ASGP-R is responsible for the clearance of deakyl, galactose-terminal glycoproteins from the
circulation by receptor-mediated endocytosis. Théycdproteins, after accomplishing their
physiological functions, lose sialic acid molecules the end of the glucydic chains, becoming
galactose-ending or NAG—ending proteins. The Recagacts with the carbohydrate moieties at the
end of the carbohydrate chain giving rise to remefigands complexes which penetrate the cells by a
receptor-mediate endocytosis event. Once the compleches the acidic compartment of a mature
endosome it breaks down, the receptor is recyafethe cell surface while the ligand is metabolized
into the lysosomes.

The functional ASGP-R is an hetero-oligomer madeifwo different kinds of subunit referred as
H1 and H2. Different domains are recognizable wighch subunit: a cytosolic, a transmembrane, and
an extracellular moiety that comprisesstatk” and the carbohydrate recognition domain (CRD)clvhi
includes binding sites for galactose and NAG J1-2

The ASGP-R has been considered for several ydaer apecific receptor which could be exploited
for targeting endogenous molecules to hepatociese recently C-type lectins with high affinity for
glycoconjugates bearing terminal galactose resicwege also been identified on the surfaces of
peritoneal macrophages and Kupffer cells and apjgearediate recognition of tumor cells. Due to the
above characteristics, the interest presented dABGP-R for diagnostic and therapeutic purposes is
still remarkable [3].

In this paper several computational methods, basethe receptor structure, were exploited with
the aim of understanding the molecular features@aating for the binding selectivity showed by the
CRD toward Galactose and NAG with respect to olugrar molecules, such as fucose, mannose and
glucose, according to reports taken from the ktesa

The theoretical models for complexes were firsideaéd by comparison with the experimental data.
The same computational approach was then usedtitoass the affinity between CRD and other
monosaccharides deriving from natural polymersnbérest. In particular monomers deriving from
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alginates and ulvans were screened silico” against the receptor in order to acquire infoliorat
enabling to increase the potential of their apptices in the biomedical field.

Indeed alginates [4-7] and ulvans [8-9] displayquei properties, that strongly encourage their use
for biomedical application, such as i) high gelgmity allowing high diffusion rates of macromoléss)

ii) possibility to tune porosity with simple coagiprocedures, iii) dissolution and biodegradatibthe
system under physiological conditions, iv) mucoaileeproperties.

Commercial alginates consist of biopolymers mostiracted from three different species of brown
algae such asaminaria hyperborea, Ascophyllum nodosum andMacrocystis pyrifera. In these species
the primary polysaccharide is the alginate, asjfiresents the 40% of the dry weight. In terms of
chemical structures alginates are random, anidmear polymer consisting of different ratio of
guluronic and mannuronic acid units. The physicapprties of alginates are accounted by composition
and extent of sequences as well as by the moleaelgiht.

Ulvans represent the major bio-polymeric fractidithe cell wall ofUlva andEnteromorpha marine
green seaweeds. They are capable of supplyingesardl biomass that is only slightly exploited at
present. Additional ways to use such a biomassjé®sompost, methane production or paper making,
could be based on specific properties of theirwall polysaccharides. These macromolecules retain
heavy metals and sevendlva and Enteromorpha species are used as bioindicators of pollution. In
edible Ulvans, cell-wall polysaccharides play ariionhal role as dietary fibre and, from different
genera, they demonstrate biological activitiesellirgy abilities [10].

Ulvans mostly consist of different ratio of D-gluonic acid, D-xylose and two uncommon sugars
such as iduronic acid and sulfated L-rhamnose.

2. Resultsand Discussion
2.1. Molecular modeling and validation step

The thee-dimensional (3D) structure of the H1 sithafithe CRD of human asialoglycoprotein was
taken from the Protein Data Bank (PDB) [11] (ID: \A%). Molecular structures of the
monosaccharides were built within the Insightll lgage [12]. The starting orientation of galactose in
the CRD binding site was obtained by replacing elkggen atom of the two crystallographic Ca-
coordinated water molecules (11 and 13) with thgger atoms of 3 and 4 OH- groups of galactose in
order to retain the correct geometry coordinatidntlee calcium ion, since the calcium ion is
coordinated to eight oxygen atoms within the bigdiiie[1]. The other monosaccharides were built on
the basis of galactose, taken as the starting sgepl'he putative complexes with CRD were built by
Insightll as well and simply relaxed by energy mmziation before molecular docking. More accurate
optimization did not seem to be required at thigllesince, the active site structure of calciumdirg
proteins is considerably stabilized by the struaittequirements related to the coordination geontr
the calcium ion [13]. The structure of the CRD anmplex with ligands is expected to show quite high
similarity with regard to its free form, on the Isasf the low RMS values obtained for other C-type
lectins, available in the PDB, when comparing tlfiee forms with the ones in complex with ligands.
As an example, the RMS values calculated for tloklii@ane atoms of two C-type lectins, are reported
below. The crystal structures refer to their umigded form and the corresponding complex with a
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monosaccharide ligand. The calculation was madesnobset of 5 A radius centered on thé*@an:
RMS = 0.13 was obtained in the comparison of 1PiM® (form) with 1IPWB (complex with glucose);
RMS = 0.30 was obtained when comparing 1AFD (fozenj and 1AFB (complex with NAG).

2.2. DOCKS5 calculations

The DOCKS5.2 program [14] was initially used to sfaoptimal orientations of Galactose, NAG
(Gal-type ligands) and fucose, glucose, mannosen{iige ligands) into the putative high affinity
binding site of the H1-CRD, by roughly estimatingeraction energies of many different complex
configurations, sampled during the docking procedand by ranking them according to their scores.
On this basis, plausible configurations of protgjgand complexes were selected. The DOCK energy
components are based on the implementation obtiee field scores, which are approximately given by
molecular mechanics interaction energies, congistinvan der Waals and electrostatic components.
Three runs were performed for each ligand by udifigrent seed numbers in order to perform a better
sampling and to make sure that the convergenceeaabed in the pose found for each ligand. In spite
the strong approximations contained within the DO@ergy scoring function, the GAL and NAG
(Gal-type ligands) were observed, yet at this leteelshow a more favorable interaction energy with
CRD in comparison to mannose, fucose and glucosatype) ligands. Moreover, NAG was observed
to bind the CRD more efficiently than GAL. All tladove observations are in good agreement with the
well known qualitative data regarding Gal- and M&pe ligands, and the;Kalues reported in the
literature for GAL and NAG (Kean/Kinag) = 60). It has to be pointed out here that only&ues
referring to the rat protein are available, but #ffnity toward the human and the rat proteins are
expected to be very close to each other, as thepiwteins show very high sequence homology,
especially in the binding site [3, 15-16].

After accomplishing the preliminary step of molesutocking, the models appeared to be valid.
Nevertheless, due to the complexity of the analyzgstem, where hydrophobic and hydrophilic
contributions are known to be involved in the pmodgand interaction energies, more accurate
estimate of interaction energies was attemptedsinguihe DOCK5 GBSA scoring function.

2.3. DOCK5 GBSA calculations

The three poses obtained in the previous dockilyleéions for each ligand were then re-scored by
using the Generalized Born Solvent Area (GB/SAYisgofunction [17].

The GBJ/SA scores for these systems did not coyreefiroduce the experimental data reported in
the literature. In fact, NAG, i.e. the ligand thmabst strongly binds to CRD, shows a less faverabl
score in comparison with glucose and galactoséceShe GB/SA scoring function showed do not be
able of realistically representing the systemantdrest, a more accurate validation approach was
considered, before affording the prediction stelpe DelPhi program was selected for more accurate
estimates of the interaction energies in the coxeglénvolving Galactose, NAG (Gal-type ligands) and
fucose, glucose, mannose (Man-type ligands).
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2.4. Sructure analysis

The analysis of the complexes obtained after th&€€R@alculations shows that the orientations of
the ligands in the binding site allow retaining thpyramidal pentagonal coordination geometry @f th
calcium ion. It is mainly due to the oxygen atooighe 3-OH and 4-OH groups of the sugar. The
mean values of the inter-atomic distances betweertdlcium ion and the oxygen atoms of the ligands
(obtained from the three structure collected farhelgand) are reported in table 1. In the samétisb
also reported the maximum number of H bonds obdanvthe three orientations for each ligand.

Table 1. Interatomic distances (A ) between the calciumaind the oxygen atoms of the ligands, and
maximum number of H bonds for the three confornmatiof each ligand.

02 03 O4 Max. Nr. H bonds
Mean Stand. Dey. Mean Stand. Dev. Mean Stand. Dgv.
fucose | 3.33 0.09 4
glucose 3.09 0.10 3.12 0.02 4
mannose 3.34 0.27 3.37 0.30 2
Galactose 3.03 0.07 2.88 0.05 5
NAG 3.05 0.07 2.89 0.07 5

In the case of Gal-type ligands, the 3- and 4-Oéligs of the sugar are approximately in the same
position of the two water molecules 11 and 13 &y appear to be close enough to the Ca ion, $o tha
they can form the required coordination bonds. His tase, the retention of the Caordination
geometry allows the pyranose ring to have an optiongentation, stabilized by good stacking
interaction with Trp 243. In fact, the apolar pateshmed by the 3, 4, 5, and 6 carbons of galactose
NAG packs against the Trp 243 side chain, accordingn interaction mode observed in all the
galactose-lectin complexes analyzed to date.

The angle between the least squares plane thrdnegpyranose ring of the ligands and the plane of
the indole ring in the Trp243 side chain is 22.28@ 28.25 for galactose and NAG respectively (See
Table 2). This is in agreement with previous figdirreported in the literature [3], where it hasrbee
showed that, in several galactose-binding leciosh an angle ranges within an optimal interval 6f
52 degrees.

Table 2. Measured angle (degrees) between the least squlanesthrough the pyranose ring of the
ligands and the plane of the Trp243 side indolERD.

Runl Run2 Run3 Mean Stand. Dev.

fucose 102.41 104.8 101.23 102.81 1.82

glucose 42,71 79.84 96.34 72.96 27.47
mannose 65.31 71.36 47.54 61.40 12.38
galactose 17.3 28.14 21.44 22.29 5.47

NAG 26.79 26.1 31.85 28.25 3.14
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Furthermore, galactose and NAG (figure 1) make foudrogen bonds with residues Gin 239, Asp
241, Glu 252 and Asn 264, i.e. with the same residhat are involved in the binding of the calcium

1on.

Asp241 Glu252

Asn264

Figure 1. One of the three structure of NAG optimized in bireding site.

In the CRD-Mannose complex modeled in this worguffe 2), the location of the sugar ring is
different from the one observed for the CRD-Gal ptax. The pyranose ring rotates in the binding site
So that its oxygen atoms belonging to the hydrgxgups 2—OH and 3—-OH adopt the required distance
with calcium. This orientation dictated by the €a@ordination geometry requirement is only staldize
by two H bonds and the hydrophobic interaction Witp243 has a minor extent as indicated by the
value (61.40 degrees) assumed by the critical ategeribed above.
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Trp243

Asp241 Glu252
Asn264

Figure 2. One of the three structure of Mannose optimizethénbinding site.

Glucose is capable of satisfying the €aordination geometry requirement with its O3 andl O
oxygen atoms and forming four stabilizing H bondSevertheless the hydrophobic interaction with
Trp243 is weaker (angle of 72.96 degrees), likehencase of mannose. L-fucose, even if capable of
forming four H bonds with CRD, is unable of satisfythe Cacoordination geometry requirements. In
fact only the O2 atom appears to be close enougbatato form a coordination bond, moreover it
shows a weak hydrophobic interaction with Trp243y(@ of 102.81 degrees).

2.5. DelPhi calculations

The DelPhi program [18] is designed to calculate #fectrostatic potentials in and around an
irregular macromolecular structure (e.g., protdihat is embedded in a homogeneous dielectric
environment (e.g., water). It enables quite aceuestimate of ligand-protein interaction energigs b
solving the Poisson-Boltzmann equation with thedhdifference method.

For each systems Linear Poisson-Boltzmann equatias solved first at physiological salt
concentration (I = 0.1) then all the runs were atpé at zero salt.
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In table 3 the energy contributions calculated lBiFDi and the correspondilyG values (as
described inmethods) are shown. The simulations were performed usargefich ligand its lowest
energy conformation among the three ones suggbgtBdCK.

Table 3. Energetic contributions computed by DelPhi and Ived in theAG calculation.

Gal NAG Mannose Glucose Fucose
AG (coulombic) -28.84 -33.39 -2.90 -9.29 -15.38
AG (reaction field) 18.93 22.70 541 25.42 18.85
AG (ions) -1.07 -0.88 0.31 0.17 0.22
AG (binding) (KT) -10.98 -11.56 2.82 16.30 3.69
AG (binding) (kcal/mol) -6.50 -6.84 1.67 9.65 2.19

The observed\G values seem to correlate quite well with respedhe trend of affinities reported
in the literature for the analyzed know ligandsfdat the only ligands showing negative value£\Gf
are galactose and NAG (Gal-type ligands), while ¥ge ligands, as reported in the literature, do no
appear likely to bind ASGP-R and they show posit\&s. Moreover, the obtained absolute values
suggest that NAG binds ASGP-R more tightly tharagtalse, even though the differencelAGs
appears to be underestimated.

2.6. Affinity prediction for other monosaccharides

The studies on complexes involving known ligandbtamed by analyzing interaction energies
estimated by means of DelPhi, as well as the obiens coming from structural analysis of the bugdi
sites, are all consistent with the data reportethanliterature and they are capable of satisfagto
explaining the selectivity toward Gal-type liganslsowed by the sugar binding site of the human
asialoglycoprotein receptor.

The results of these studies show that the ligaar@smore likely to bind the CRD when:

— at least two oxygen atoms of the sugar (prefgraiDH and 4-OH) are close enough to the
calcium ion so that coordination bonds are made possible.

— the position of the ligands in the binding sgestabilized by an high number of H bonds.

— the pyranose ring of the sugar is oriented so e hydrophobic interaction between Trp
243 and the C3, C4, C5 and C6 atoms of the liganasximum.

The strategy described above was then applied dosélarch for favorable interactions occurring
between the sugar binding site of the human adyalogrotein receptor and other monosaccharides of
interest, such as D-mannuronic acid, and L-gulaer@aid deriving from alginates and L-rhamnose 3-
sulfate, D-glucuronic acid, L-iduronic acid, D-xgl® and D-xylose 2-sulfate deriving from ulvanes
(figure 3).
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0SO,-
L-rhamnose 3-sulfatédiR D-glucuronic acid (Glu)
HOOC,, O OH O OH O OH
HO" Y “OH HO" ™ “OH HO" Y “oso,
OH OH OH
L-iduronic acid (Idu) D-xylose (Xyl) xylose 2-f&atke (XylSu)

HOOC, _O._LOH

.
W

HO™ OH
OH

D-mannuronic acid (Man) L-guluronic acid (Gul)

Figure 3. Structure of the monosaccharides deriving frommalgis and ulvans.

2.6.1. DOCKS5 calculations

Optimal orientations of the ligands into the birgisite were obtained by means of the DOCKS5.2
program. As already done, during the assessmetiteotheoretical models involving known ligands,
three runs were performed for each ligand by usiifigrent seed numbers in order to perform an
accurate sampling and to make sure that convergeasereached when searching the best pose for
each ligand.

Among the above monosaccharides, roughly rankedhenbasis of the DOCK energy scores,
mannuronic acid, rhamnose 3-sulfate and xyloselfatsushowed better interaction with the CRD. It
must be pointed out that these ligands (excepxyitmise) bear a net negative charge: it implies that
score comparison may be done only within the swoygrof charged molecules. More accurate
estimates of the binding energies were performedsinyg the DelPhi program. In analogy to what has
been done during the model validation step, the R@&lculations previously performed mostly served
to identify optimal conformations of the ligandstire binding site.
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2.6.2. Sructural analysis

The analysis of the complexes obtained after th€ R@alculations showed that all the ligands (with
the exception of rhamnose 3-sulfate and glucuraewid) are oriented in the binding site in a way
capable of retaining the bipyramidal pentagonakdimation geometry required by the calcium ion. In
particular, xylose 2-sulfate engages the oxygematof its 3-OH and 4-OH groups in this interaction
by the same way as galactose and NAG do. This nagobaride is also able to form four H bonds. In
table 4 the values (averaged over the three steuctallected for each ligand) of the interatomic
distances between the calcium ion and the oxygemsabf the ligands are reported. In the table the
maximum number of H bonds observed in the threentations for each ligand is also shown.

Table 4. Interatomic distances (A ) between the calciumand the oxygen atoms of the ligands, and
maximum number of H bonds for the three confornmatiof each ligand.

O1 02 03 04 Max. Nr.

Mean Stand. Dev|Mean Stand. Dev| Mean Stand. Dev. Mean Stand. Dey. H bonds
RhaSul 3.17 0.20 3
XylSul 3.34 0.41 3.17 0.25 4
Glu 2.91 0.07 2
Idu 3.47 0.52 3.00 0.06 3
Xyl 3.08 0.03 2.94 0.01 5
Man 3.645 0.01 3.24 0.24 3
Gul 3.155 0.06 3.155 0.06 3

The averaged angle between the least squarestplangh the pyranose ring of the ligands and the
plane containing the side chain indole of Trp2dBe CRD is reported in table 5.

Table 5. Measured angle (degrees) between the least squlanesthrough the pyranose ring of the
ligands and the plane of the Trp243 side indolERD.

Runl Run2 Run3 Mean Stand. Dev.
Gul 95.35 98.59 96.52 96.82 1.64
Man 66.32 (¥ 63.42 64.87 2.05
Glu 66.58 67.64 64.52 66.25 1.59
Idu 51.01 114.81 52.78 72.87 36.33
Xyl 52.21 51.63 51.7551.86 0.31
XylSul  45.47 39.53 32.84 39.28 6.32
RhaSul 79.64 84.28 70.3 78.07 7.12

* such a run did not find any reasonable posé/fan in the binding site

Xylose and Xylose 2-sulfate lack the C6 atom andtliiis reason the hydrophobic interaction with
Trp 243 is expected to be lower than other liggmssessing the C6 atom. On the other hand, only Xyl
and XylSul show the same orientation observedengdl-type ligands, in accordance with the value of
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the angle above described (51.86 and 39.28 dggneb&kh turns out to be comprised within the
optimal range (In Figure 4 the best orientatioXXg@bse in the binding site is shown).

Glu252

Asn264

Asp241

GIn239

Figure 4. One of the three structure of Xylose optimizethim binding site.

2.6.3. DelPhi calculations

The energy contributions calculated by DelPhi drelAG values obtained for the different systems
involving the monosaccharides, which are buildifecks of alginates and ulvans, are reported in&abl

6.

Table 6. Energetic contributions computed by DelPhi and Ived in theAG calculation.

Rha Glu Idu Xyl XylSul MAN GUL
AG (coulombic) 76.65 29.52 48.78 -23.68 61.70 40.19 32.59
AG (reaction field) -38.39 -19.87 -27.08 19.42 -38.6 -16.48 -21.77
AG (ions) -0.74 -0.66 -0.52 0.24 -0.59 -1.14 -0.77
AG (binding) (KT) 37.51 8.99 21.17 -4.01 22.50 2.5 10.05
AG (binding) (kcal/mol) 22.21 5.32 12.53 -2.38 13.32 13.36 5.95

On the basis of these calculations only xylose shawegativéAG value. This finding together with
the above observations suggest that xylose ha®d gmbability of interacting with the CRD of the
ASGP-R even though the predicted affinity for tingle CRD unity is quite low. It can be reasonably
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expected that saccharides containing several Xagogéng extremities could interaict vivo (where the
functional ASGP-R is an hetero-oligomer) severdd foetter with respect to the single CRD. It was
already shown that ligands containing multiple gae-ending moieties bind several fold bettentha
galactose [19].

3. Conclusions

The selectivity, shown by the CRD toward Gal-typel Man-type ligands, was analyzed by using
different computational methods, such as moleaddarking and DelPhi calculations. In particular the
investigation reported here highlighted some stmattffeatures required for a sugar molecule talije
of binding the CRD.

The first part of our work allowed the validatioh tbeoretical models on which prediction of the
interactions of interest could be performed. Trsulte show that a carbohydrate ligand is moreylike!
bind the CRD when i) at least two oxygen atomshefsugar (preferably 3-OH and 4-OH) are close
enough to the Calciunon so that proper coordination bonds are allowigdhe pyranose ring of the
sugar is oriented so that the hydrophobic intevadbetween Trp 243 and the C3, C4, C5 and C6
atoms of the ligands is maximum, iii) the positiointhe ligands in the binding site is stabilizeddn
high number of H bonds.

In the subsequent prediction step, the affinityhef CRD for other monosaccharides deriving from
alginates and ulvans was estimated by using theousy validated theoretical models. Among the
analyzed monosaccharides, one of them, deriving fulvans, seems to possess proper features that
make it a quite good ligand for CRD.

Ulvans with large content of xylose, hence, cowddpbtentially able to interact with ASGP-R even
though the affinity of this sugar for the single @Rnit is quite low. It can be reasonably expedtet
saccharides containing several Xylose-ending extiesrcould interacin vivo (where the functional
ASGP-R is an hetero-oligomer) much better, withpees to the single CRD, as already shown for
ligands containing multiple galactose-ending meggtthat bind several fold tighter than galactose.

The above results carry a strong interest in #ld df biomedical applications, as the possibiity
reliably predicting affinities of sugar molecules the asialoglycoprotein receptor may help in prop
selecting natural carbohydrate polymers well suifed interacting with hepatocytes. A further
development of this study will consist of designsgtable experiments for validating the predictive
work described here.

4. Methods
4.1. Details on model building

As above mentioned, the starting orientation oaddalse in the CRD binding site was obtained by
replacing the oxygen atom of the two crystallogr@gPa-coordinated water molecules (11 and 13)
with the oxygen atoms of 3 and 4 OH- groups of@alse. From the x-ray structure five oxygen atoms
(belonging to GIn 239, Asp 241, Glu 252 and Asn 264idues) appear to be arranged into a
pentagonal ring around the metal ion: two of thdxeldnging to water molecules 11 and 13 ) are
located above this plane, one (belonging to Asp263)cated below, so that a roughly bipyramidal
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pentagonal geometry with a double peak on oneisiflemed. The Galactose served as the starting
template for locating all the other monosacchariékin the CRD binding site. All the saccharides
were modeled in thei3-D-pyranosidic form, but fucose, rhamnose 3 sulfageluronic acid and
iduronic acid that were in their L form.

4.2. Dock5 calculations

The DOCK5.2program allows docking flexible ligands into thetiee site of a receptor. The
program does not require to generate a large nuroberonformations for the ligand, as the
conformational space can be automatically expldne®OCK ‘on the fly' provided that the geometry
of the initial ligand conformation is good enoughhe full search is split into orientation and
conformation search. The orientation search igBlatfor rigid ligands. Flexible ligands are trehtes a
collection of rigid segments separated by rotatbhblads.

DOCK first generates a negative image of the ligainding site with a set of overlapping spheres
whose centers become the potential locations fer lidand atom rotation. A bounding box is
constructed around this sphere cluster with araestishion in each direction, which is then gridt®d
allow the scoring evaluation of docked ligandsotder to rank each potential ligand, a pre-catedla
force-field-scoring grid, based on molecular mea®interaction energies that consist of Van der
Waals and electrostatic components, is generatieid. ehergy score is determined both by types and
positions of ligand atoms on the energy grids. 8gbently, score optimization allows the conformatio
and orientation of a molecule to be adjusted torawp the score. The resulting output file for each
screening step, based on force field grids, cositiia best scoring compounds ranked in order af the
scores.

In the DOCKS5.2 release, a new scoring function, &B/is available. It has been developed in order
to implicitly take into account the effects of wateolvation by using the generalized Born
approximation.

The absolute values of the scoring function outpumésnot directly related to well defined physical
properties because of the approximations involtieey are only useful for ranking the ligands with
respect to each other. In spite of the many appratons used, it was stated that in several systieens
DOCK program offers quite good correlations notyomlth respect to the orientations of molecules
inside the receptor cavity but also with respecth® docking scores [20}. has been proved that, in
many cases, compounds, which dock better thanttiee) have potential better binding capacity ® th
receptor site.

4.3. Delphi calculations

The use of the DelPhi approach made in this wollkvied the track outlined elsewhere to calculate
binding AGs in protein complexes [21].

All molecules were mapped onto a three-dimensignél The grid center was located at the center
of the complex. Boundary conditions were set t@uate the potential at each boundary point due to
every charge in the system, by using the Debye-Eltagproximation (full Coulombic). The boundary
between the molecule and solvent is defined byrtbiecular or solvent-excluded surface, using aAl.4
solvent probe. The external and internal dieleatonstant were 80 and 2, respectively. All thecigse
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were represented with a polar-hydrogen model, antlgb atomic charges were from the CHARMM
parameter set. Asp, Glu, Lys, and Arg side chamsM- and C-termini were modeled in their ionized
state; His and Cys were considered to be neutefhull atomic radii were used. Further calculations
were performed in which the total charge of thedioig site was distributed (by using semi-empiric
approaches) among Caand the nearest residues (the ones involved ircabedination bonds). This
representation (data not shown) did not produceremmble results, while CHARMM charges
produced results in agreement with experimental.dat

In the case presented here the simulation mustitéieaccount the two water molecules that are
coordinated with the C&ions in the receptor and that are displaced outhbyligand upon binding.
DelPhi calculations were done on the unligandedgimpthe two water molecules, each one of the free
ligands and each complex. The system may be scloalyatepresented as

A+BS C+2D
where

A is the receptor (with the two crystallographicteramolecules 11 and 13, involved in
coordination bonds with the Cadon within the binding site)

B is the ligand

C is the ligand-receptor complex

D refers to each one of the two water moleculgglatied by the ligand upon binding

For each A, B, C, D species Linear Poisson-Boltzmeguation was solved first at phisiological salt
concentration (I = 0.1) then all the runs were adpé at zero salt. For each ligand-protein system t
following energy contributions were computed:

complex: total grid energy (1)
receptor: total grid energy (2)
ligand: total grid energy (3)
waterl: total grid energy (4)
water2: total grid energy (5)

complex_nosalt: total grid energy (6)
receptor_nosalt: total grid energy (7)
ligand_nosalt: total grid energy (8)
waterl nosalt: total grid energy (9)
water2_nosalt: total grid energy (10)

complex_nosalt: coulombic energy (11)
receptor_nosalt: coulombic energy (12)
ligand_nosalt: coulombic energy (13)
waterl_nosalt: coulombic energy (14)
water2_nosalt: coulombic energy (15)
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complex_nosalt: corrected reaction field energy (16
receptor_nosalt: corrected reaction field energ@y (1
ligand_nosalt: corrected reaction field energy (18)
waterl nosalt: corrected reaction field energy (19)
water2_nosalt: corrected reaction field energy (20)

The single contributions were then combined acogrtd the equation reported below, to give rise
to the proper calculatediG values:

AG (binding) =AG(coulombic) +AG(reaction field) #AG(ions)
where

AG (coulombic) = (11) + (14) + (15) - (12) - (13)
AG (reaction field) = (16) + (19) + (20) - (17)-(18)
AG (ions) = [(1)-(6)] + [(4)-(9)] + [(5)-(10)] — [(B(7)] —[(3)-(8)]
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