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I N T R O D U C T I O N

A specialised subgroup of the immunoglobulin (Ig)
superfamily, which shares a considerable sequence similarities
and can identify sialylated glycoconjugates, called as Siglecs
[1]. Sialic acid (Neu5Ac) is an acidic monosaccharide having
nine carbons and found at the end of secreted O-glycans, N-
glycans and glycolipids, which are located on the cell surface
(i.e. glycocalyx present on the cell surface). For recognition,
various pathogens utilise different derivatives of sialic acid;
multicellular organisms employ the conjugates of sialic acid
for mediating protein-protein interactions, cell adhesion and
protein trafficking through receptors that recognize sialic acid.
Conjugates play a crucial role in non-specific electrostatic
repulsion among different cells [2-10]. Animal lectins or mam-
malian carbohydrate-binding proteins are categorized into
different groups based on their structural features and on the
type of the recognized carbohydrate ligands [11]. Siglecs are
the membrane proteins of type 1, which comprise a N-terminal
V-set Ig domain that binds to sialic acid and identifies sialy-

Siglecs are the major homologous subfamily of I-type lectins with an
ability to recognize sialylated glycans. Siglecs are attractive therapeutic
targets because of their endocytic properties, ability to modulate receptor
signaling and cell-type specific expression pattern. Sialoadhesin (Sn/
Siglec-1/ CD169), a member of the Siglec family expressed on subsets
of resident and inflammatory macrophages and involves in modulation
of inflammation and immunity. In this work, 3-D structure of human
Siglec-1 (hSiglec-1) was predicted based on X-ray crystallo-graphically
determined structure of mouse Siglec-1[mSiglec-1(PDB ID: 1QFP)]
using molecular modeling techniques. The structure of complexes in
solution of hSiglec-1 with ligands, glycopeptide and 3′-sialyllactose
were predicted using a novel docking technique comprising of repeated
cycles of molecular dynamics and energy minimization. Calculation
of the free energies of binding of complexes suggested that glycopeptide
can form stable complex with dissociation constant value of 3.31 µM
whereas complex formation of 3′-sialyllactose with the protein in
aqueous medium is thermodynamically unfavorable. The structural
analysis of theses complexes represent the functional recognition
interactions of this protein with the bound sugar molecule and as
such provide detailed information about functional roles of such sugar
binding protein.

A B S T R A C T



lated glycoconjugates, different numbers of C2-set Ig-like
domains, a cytoplasmic tail and a transmembrane domain
[12,13]. Siglecs are classified into two subgroups on the basis
of the similarity in the sequence of intracellular and
extracellular regions. The first subgroup is composed of
sialoadhesin (Siglec-1), CD22 (Siglec-2), MAG and Siglec-
15; this subgroup shares the sequence identity of 25-30% in
the extracellular region and has varying cytoplasmic tails. The
second subgroup is com-posed of CD33 (Siglec-3) related
Siglecs [14]. The proteins of this subgroup share a sequence
similarity of 50-80% and have two substantially conserved
motifs based on tyrosine in cytoplasmic tails. Mainly in the
immune and hematopoietic systems in humans, all human
Siglecs are expressed in the cell type-specific manner, which
indicates involvement in wide-ranged discrete functions
including activating B cell (CD22), controlling CD33 and
myeloid cell interactions (sialo-adhesin), maintaining
myelination in nervous systems (MAG), and regulating
neuronal cell growth [15-20].

Siglec-1 controls the immune response of infections, espe-
cially the infection of human immunodeficiency virus (HIV),
through the recognition of viral membrane ganglioside and is
highly promising in inflammatory disease treamtemts [21-23].
In present study, the 3-D structures of hSiglec-1 along with
specific ligands, glycopeptide and 3′-Sialyllactose were predicted.
The structural analyses of the predicted complexes and the
theoretical dissociation constant values were also calculated
for the complexes, which facilitated to compare the relative
binding affinity.

E X P E R I M E N T A L

Through homology modelling based on knowledge, the
initial structure of human Siglec-1 (hSiglec-1) was predicted
using in-house softwares of MODELYN and ANALYN [24].
For homology modelling, the initial scaffold was the structure
of Mus Musculus (PDB ID: 1QFP) determined using X-ray
crystallography. The starting structure of a Siglec-ligand complex
was acquired by superposing the experimental Mus Musculus
(PDB ID: 1QFO) structure on the structure of modeled hSiglec-1
and then, by optimizing this structure through the repeated
simulations of dynamics and energy minimization. The
InsightII 2005 of Accelrys (San Diego, USA) provided with
the molecular dynamics and energy minimisation module called
DISCOVER was used to refine the structure. The structure
was optimised through energy minimisation (100 steps of each
conjugate gradient and steepest descent methods) by using cff91
force field and then dynamics simulations. Typically, a dynamics
run comprised 1000 equilibration steps using a conformational
sampling strategy of 1 in 100 steps at 300K followed by 1,00,000
steps of 1 femto-second. By using the InsightII ANALYSIS module,
the conformation having the lowest potential energy was selected
for the subsequent refinement cycle at the end of dynamics
simulations. This combination of dynamics and minimisation
was iterated to obtain suitable conformational parameters.

By using the assembly/soak option of InsightII, the water
molecule spheres of 18 Å radius were added roughly at the centre
of ligand molecules so that water molecules were completely
surrounded to explore the effect of water on ligand binding.

In the aqueous environment and presence and absence of protein
molecules, the ligand structure was optimized through molecular
dynamics and energy minimization simulations. The method
of linear interaction energy approximation reported by Aqvist
et al. [25] was employed to absolute binding energies by using
the free energy values of ligand complex formation obtained
in water and water-protein environments. The relation used is
∆Gbind = α ∆  < Vel

l-s > + β ∆ < Vvdw
l-s >, where ∆Gbind denotes

the absolute energy of binding and ∆ is the difference between
the van der Waals (Vvdw

l-s) and electrical (Vel
l-s) components of

the free energies of ligand solvent (l-s) systems, i.e. in protein
containing and pure water environments. According to the
study of Åqvist et al. [25] and other studies, the factors of the
contributions of van der Waals and electric components were
considered 0.16 (β) and 0.5 (α), respectively [26,27]. The thermo-
dynamic relation ∆Gbind = −RTlnKa was used to calculate the
association constant (Ka), using where T is the absolute temper-
ature and R is the ideal gas constant; the inverse of Ka was
calculated as the dissociation constant (Kd).

MODELYN was run on both a FUEL workstation of Silicon
Graphics, Inc. in the IRIX environment and IBM-compatible
personal computer in windows. In the same environment, InsightII
was run on the Altrix 350 server and FUEL workstation of
Silicon Graphics, Inc. MOLMOL was employed to analyze
the electrostatic potential surface of proteins [28], while the
PROCHECK software was used to investigate the structural
parameters [29]. In the UNIX operating system, both MOLMOL
and PROCHECK were executed on FUEL. In the UNIX system,
InsightII was executed on the FUEL workstation of Silicon
Graphics, Inc. The all-atom contact analysis was performed
using MOLPROBITY [30] for clashscores (number of atoms
with atom pair overlaps ≥ 0.4 Å present in 1000 atoms) and
for rotamer outlier calculations. The InsightII DOCKING module
was employed to determine the binding affinities of Siglec-
ligand complexes.

The BUILDER module of InsightII was employed to produce
ligand structures followed by optimization using iterated mole-
cular dynamics and energy minimisation simulations. To acquire
homologous sequences, protein BLAST [31] was employed.

R E S U L T S A N D   D I S C U S S I O N

The combinations ANALYN and MODELYN were used
to predict the initial three-dimensional structure of the target
protein. Molecular dynamics and energy minimization were
conducted to regularize the most influenced segments during
insertion, loop grafting and deletion. The common structural
characteristics of the predicted model were verified by measuring
all bond angles and distances and calculating the deviations
in these parameters from their standard values. The backbone
conformation quality was verified by drawing Ramachandran’s
plots for the structure and calculating psi and phi dihedral angles.
Table-1 presents the root mean square deviation (RMSD) of
the bond angles and lengths of the predicted structure and the
percentages of the Phi–Psi angles of backbones observed in
the different areas of Ramachandran’s plots obtained after 3D
structure prediction.

The RMSD in the bond angles and lengths of approxi-
mately 3º and 0.02 Å, respectively, from their respective standard
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values showed that general structural parameters of the predicted
structure were satisfactory. The good backbone conformation
quality of the modeled structure was indicated by the overall
values of > 95% of Phi–Psi pairs in the core and allowed areas
of Ramachandran’s plot.

PROCHECK was employed to determine the planarity of
the side chains of planar groups in tyrosine, phenylalanine,
histidine, tryptophan, glutamine, arginine, glutamic acid, aspar-
agines and aspartic acid, in which the deviations from the
standard planarity were identified through the calculation of
the root mean square (RMS) of the distances of planar atoms
from the most suitable plane. Residues with the RMS distances
of > 0.03 and 0.02 Å for rings and other groups, respectively,
were considered outliers [29] (Table-2). The rotamer and clash-
scores outliers were calculated by employing MOLPROBITY
to analyze the protein geometry of the modeled structure [30]
(Table-2).

The Siglec-1, multi-domain–Ig-like receptor protein
connected to the surface of macrophage membrane, is expressed
in the highest level under non-inflammatory conditions in the
secondary lymphoid and haemopoietic (that bind preferentially
to a mature granulocyte) tissues [32,33]. In lymphoid tissues,
Siglec-1 may behave as lymphocyte adhesion molecules. The
selective expression of Siglec-1 on macrophages in a marginal
zone of spleens indicates its role in antigen presentation to the
B-cells [34,35]. In bone marrow, Siglec-1 is present at the
location of contacts between developing granulocytes and
macrophages. Under chronic inflammatory conditions, such
as rheumatoid arthritis and atherosclerosis, high levels of
Siglec-1 are expressed in active inflammatory macrophages

[15,33]. Siglec-1 comprises an N-terminal V-set Ig-like domain
(SnD1) and 16 C2-set Ig domains and is the largest known
human Ig-like lectin. These 16 C2-set Ig domains ensure that
the terminal V-set domain does not contact with the residues
of sialic acid on macrophages and exhibits activity towards
the sialic acid conjugate present on target cells [36]. The
hSiglec-1 structure was modeled by using the crystal structure
of the unliganded form of mSiglec-1(PDB ID: 1QFP) as the
template. The hSiglec-1 (Accession No: Q9BZZ2) showed
89% and 77% approximately sequence similarity and identity,
respectively, with query sequence. Moreover, Siglec-1 prefer-
entially binds with α(2,3) Sia-linked ligands [37-39], while
mSiglec-1 binds more strongly with glycopeptide ligands than
with 3′-Sialyllactose [40]. Thus, the following ligands were
selected to investigate the binding preferences of hSiglec-1.
Glycopeptide: Ala-Gly-His-Thr(Neu5Ac)-Trp-Gly-His-NH2
and; 3′′′′′-Sialyllactose: NeuAcα2,3Galβ1,4Glc.

Glycopeptides and 3′-sialyllactose were docked at the
binding sites of the modeled structure by superposing them
onto X-ray structures, which were bound to glycopeptides (1URL)
and 3′-sialyllactose (1QFO) with respect to the regions that were
structurally conserved and then glycopeptides and 3′-sialyl-
lactose were transferred to the binding sites. The complex struc-
tures were optimized by iterating energy minimization and mole-
cular dynamics in the presence of water. The free energy of
complex formation was calculated. Tables 3 and 4 present the
binding energies and their H-bonding patterns, respectively.
Linear interaction energy approximation was used to calculate
the ∆Gbind values for modeled hSiglec-1 complexes with glyco-
peptides and 3′-sialyllactose (Table-3). The calculated ∆Gbind

TABLE-1 
GENERAL AND BACKBONE STRUCTURAL PARAMETERS OF THE MODELED STRUCTURE  

OF THE TARGET SEQUENCE AS WELL AS THE X-RAY STRUCTURES OF THE SIGLEC 

 % of Phi-Psi pairs in the area 
Siglecs 

Accession 
No 

% of AA Identity 
(positive score) Bond (Å) Angle (°) Core Allowed Generously allowed Dis-allowed 

mSiglec-1 1QFP 100 0.018 2.33 77.2 19.8 2.0 1.0 
mSiglec-1 1QFO 100 0.016 2.51 83.0 16.0 0.0 1.0 
hSiglec-1 Q9BZZ2 77(89) 0.014 2.26 78.2 18.8 2.0 1.0 

 

TABLE-2 
GENERAL AND BACKBONE STRUCTURAL PARAMETERS OF THE MODELED STRUCTURE OF  
THE TARGET SEQUENCE IN COMPARISON WITH THE X-RAY STRUCTURES OF THE SIGLEC 

Siglecs Accession No All atom clashcore  
(per 1000 atom) 

Rotamer outliers (%) Planarity outliers (%) 

mSiglec-1 1QFP 3.16 3.42 0.0 
mSiglec-1 1QFO 3.26 4.81 0.0 
hSiglec-1 Q9BZZ2 4.57 4.95 0.0 

 
TABLE-3 

EMPIRICAL FREE ENERGIES, THEIR DIFFERENCE IN WATER AND WATER-PROTEIN ENVIRONMENTS  
AND CORRESPONDING ∆G AND Kd VALUES FOR THE COMPLEX FORMATION BETWEEN THE  

hSiglec-1 AND ITS SPECIFIC LIGANDS IN THE AQUEOUS SOLUTION 

Free energy (kcal/mol) Difference 
Complex 

Vdw Electrical Total Vdw Electrical 
∆Gbind  

(kcal/mol) 
Kd 

hSiglec-1- Glycopeptide in solution -91.45 -430.58 -522.03 +8.09 -17.71 -7.57 3.31 µM 
Glycopeptide*  -99.54 -412.87 -512.41     
hSiglec-1-3'-Sialyllactose in solution -70.77 -106.58 -177.35 +0.53 +138.51 +69.34  
3'-Sialyllactose*  -71.30 -245.09 -316.39     
*Values corresponding to the interaction energies in presence of water molecules only. 
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TABLE-4 
HYDROGEN-BOND NETWORK WITHIN THE BINDING  
SITE OF hSiglec-1 IN COMPLEX WITH GLYCOPEPTIDE.  
DISTANCES ARE MEASURED BETWEEN HYDROGEN  

AND ACCEPTOR OR DONOR ATOM 

Ligand-protein hydrogen-bonds 

Atoms of glycopeptide Atoms of hSiglec-1 Distance (Å) 
Neu5Ac   
O1A  Arg-97:NH2 2.05 
O1B  Arg-97:NH1 1.84 
O1A  Arg-105:NH1 2.03 
Hia   
ND1 Tyr-41: OH  1.66 
N Glu-99: OE1 1.90 
Gly   
N Glu-99: OE1 2.01 
His   
ND1 Arg-105:NH1/Arg-

105:NH2  
2.00/1.83 

Ligand-protein hydrogen-bonds mediated by water 
Atoms of glycopeptide Atoms of hSiglec-1 *Distance (Å) 
His NE2 Glu-102: OE2/OE1 4.91/4.83 
Hia N  His-53: NE2 3.64 
Intramolecular hydrogen-bonds  
Atoms of glycopeptide Atoms of glycopeptide Distance (Å) 
Neu5Ac O8 Neu5Ac O1B  2.00 
Neu5Ac O7 Neu5Ac O9 1.88 
*Distances between atoms linked through hydrogen-bonding via water 
molecule 

 
value for the glycopeptide complex with hSiglec-1 is negative;
however, the calculated ∆Gbind value of 3′-sialyllactose complex
with hSiglec-1 is positive, which indicated that in aqueous
medium, the formation of 3′-sialyllactose complex with the
protein is thermodynamically unfavourable. Therefore, the
protein forms a stable complex with glycopeptides because
compared with only water, in the protein-water environment,
the complex exhibits lower free energy. The dissociation
constant (Kd) of 3.31 µM corresponds to the ∆Gbind value for
the glycopeptide-protein complex.

A large portion of electrical energy emerges from the
hydrogen bonding, which plays a substantial role in the binding
affinity. Vital interactions between the carboxyl group of sialic
acid and Arg-97 are conserved in the structure [37,38,40].
Furthermore, the side chains of Tyr-41, Arg-105 and Glu-99
directly form hydrogen bonding with ligands, whereas those
of His-53 and Glu-102 form water-mediated hydrogen bonding
(Fig. 1). Two intramolecular hydrogen bonding stabilizes the
bound conformations of ligands.

Conclusion

In this work, the 3D structure of human Siglec-1 was
predicted and refined to obtain best backbone and sidechain
conformation by executing repeated molecular dynamics and
energy minimization and picking the most reliable structure.
Although, the structural models do not cover the entire sequence
of the biochemical lectin, which participate in many crucial
phenomena of the mammalian life process, present predictions
were limited only to the extent of the experimental structures
available for proteins homologous to the hSiglec-1. None-the-
less, the structure encompassed the important segments known
to participate in their biological activities. Structures of the

Fig. 1. Mode of ligand binding in hSiglec-1: Ligand binding environment
is shown in the secondary structure environment of the modeled
lectin. Beta sheets are shown in yellow with an arrow indicating
the C-terminus and random coils as thin cylinder coloured in
maroon. The residues of the protein involved in hydrogen bonding
with the ligand are shown in stick representation, coloured as atoms
(C=Green, O=Red and N=Indigo) and labeled as AA-ResidueID.
The ligand, glycopeptide, is shown in stick representation in red
colour

complexes of the modeled hSiglec-1 with its specific ligands,
glycopeptide and 3′-sialyllactose were predicted using a novel
docking technique. The nature of interactions of the ligands
with hSiglec-1 was examined in details in order to understand
the origin of their specificity at the atomic levels. The involve-
ment of the crucial amino acids, identified by experimental
techniques, was confirmed from the modeled structure by
exploring the involvement of evolutionary conserved amino
acids. The chemical environment leading the stability of the
bound ligands were analyzed in atomic details in presence of
water molecules to simulate closely the aqueous environment.
Dissociation constant (Kd) value of 3.31 µM for glycopeptide-
protein complex reflects a very high binding affinity of glyco-
peptide. The absolute binding energy (∆Gbind) value is positive
for the complex of 3′-sialyllactose with hSiglec-1 indicating
that the complex formation in the aqueous medium is thermo-
dynamically unfavorable. Thus, present structural studies using
predicted model of human Siglec-1 and its complexes with
specific ligands have contributed significantly in understanding
the interactions involving sialic acid containing bioactive
molecules, which are implicated in many important biochemical
phenomena. The knowledge of these modeled structures and
particularly of their carbohydrate recognition domains may
provide valuable information in developing potent therapeutics.
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