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Prediction of 3-D structures of fucose-binding
proteins and structural analysis of their interaction
with ligands
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The importance of fucose-binding proteins stems from the presence of fucose as terminal sugars in H and Lewis (a) blood
groups. Recently, the structure of a complex between Anguilla anguilla agglutinin (AAA) and α-L-fucose has been worked
out at 1.9 A resolution. The structure of AAA characterizes the novel fold of an entire lectin family. In the present study,
molecular modeling techniques have been used to identify new proteins that can provide a similar fucose binding module
in the newly discovered genomic sequences using the above mentioned structural information. We modeled 3-D structures
of three such proteins, namely, ebiP5322 protein of Anopheles gambiae, a pentraxin of Xenopus laevis, and the fw gene
product of Drosophila melanogaster. α-L-fucose was docked in the binding pockets of the modeled structures followed by
energy minimization and molecular dynamic runs to obtain the most probable structures of the complexes. Properties of
these modeled complexes were studied to examine the nature of physicochemical forces involved in the complex formation
and compared with AAA-α-L-fucose complex. It was found that ebiP5322 protein of A. gambiae and the pentraxin of X.
laevis can provide a fucose-binding fold similar to AAA. We studied structures of four protein-fucose complexes to examine
the electrostatic potential surfaces around the binding site and concluded that a highly positive-charged surface was not
a necessary condition of fucose-binding.
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Keywords: fucose-binding proteins, molecular modeling, protein-sugar complex, lectin

Abbreviations: AAA: Anguilla anguilla agglutinin; BLAST: Basic local alignment search tool; CDR: complementarity de-
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Introduction

Lectins, a class of sugar-binding proteins, play crucial roles
in innate immunity and host defense not only in vertebrates,
but also in invertebrates, with involvement in processes such
as non-self recognition, inflammation, opsonization, cell-cell
or cell-extracellular matrix interactions, fertilization, devel-
opment, and regeneration [1–3]. Fucose-binding lectins (fu-
colectins) from eel serum have a long history of research and
practical applications [4–8] as they recognize fucosylated ter-
minals of H antigens and Lewis (a) blood groups. cDNA cloning
and characterization reveal that the eel fucolectins are a group
of proteins with at least seven different isoforms. It is believed
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that this heterogeneity or multiplicity may have evolved to pro-
vide a means for effective defense against a wide variety of
pathogenic bacteria and appears to be consistent with their pri-
mary functions in innate immunity [9].

Recently, the crystal structure of the complex of Anguilla an-
guilla agglutinin (AAA) with alpha-L-fucose has been solved
by x-ray crystallography at 1.9 Å resolution [10]. They have
shown that the AAA folds as a β-barrel with jellyroll topol-
ogy, the bulk of the fold consisting of eight major antiparallel
β-strands arranged in two β-sheets of five and three strands
packed against each other. Two short antiparallel strands close
one end of the barrel. Five loops connect the two main β-
sheets at the other end of the barrel. These loops were named as
complementarity determining regions (CDRs) 1 to 5 by anal-
ogy to the immunoglobulin nomenclature. These CDR loops
encircle a highly positively charged hollow that provides the
complementary surface for the fucose molecule. This has been
identified as a novel fold representing this entire lectin family
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[10]. In the present study we searched for this novel fold in
other newly discovered homologous sequences. Using BLAST
search we identified three sequences, namely, from Anopheles
gambiae (ACCESSION No: EAA04956) and from Drosophila
melanogaster (ACCESSION No: NP 511136) which are poten-
tial candidates for providing such lectin folds. 3-D structures of
these proteins have been predicted by homology modeling and
the fucose molecule has been docked to arrive at the structures
of the complexes using computer-aided modeling techniques.
Analysis of these structures allowed us to examine the feasibil-
ity of the formation of such folds and the nature of interactions
of fucose with these proteins. We also examined the binding of
some other conformations of fucose in the complementary sur-
face of the Anopheles gambiae protein to unfold the nature of
their interactions. Another striking observation was the highly
positively charged environment of the fucose-binding pocket
[10]. In order to verify if this is a necessary condition of fu-
cose binding, we calculated the electrostatic potentials of some
other fucose-binding proteins and examined their nature in the
vicinity of the binding pocket.

Methods

Initial structures of the fucose-binding proteins were modeled
by knowledge-based homology modeling using our in-house
software package of ANALYN and MODELYN [11]. The start-
ing scaffold for homology modeling was the x-ray crystallo-
graphically determined structure of AAA (PDB ID: 1 K12).
These structures were refined using the InsightII 98.0 of MSI
(Biosym Technologies, San Diego, CA) equipped with DIS-
COVER as the energy minimization and molecular dynamics
module. Structural optimization involved energy minimization
(100 steps each of steepest descent and conjugate gradient meth-
ods) using cff91 force field followed by dynamics simulations.
A typical dynamics run consisted of 1000 steps of one femto-
second each after 100 steps of equilibration with a conforma-
tional sampling of 1 in 10 steps at 300◦K. At the end of the
dynamics simulation, the conformation with lowest potential
energy was picked for the next cycle of refinement. This com-
bination of minimization and dynamics was repeated until satis-
factory conformational parameters were obtained. Special care
was taken in the structural zones where major insertion or dele-
tions were made. Structures of the complexes were obtained by
the superposition of the modeled protein structures with the ex-
perimental structure of a fucose complexed with AAA (1 K12)
followed by optimization with repeated energy minimization
and dynamics simulations. Position constraints were applied
to the atoms which were more than 8 Å away during energy
minimization and molecular dynamics of the complexes.

ANALYN was used for the homology analysis of pre-aligned
sequences of the target and scaffold proteins and was run on an
IBM compatible PC. MODELYN was used for automated pre-
diction of the target structure and their structural analysis after
refinements; it was run on both on an IBM compatible PC in

the Windows environment and OCTANE workstation of Sil-
icon Graphics, Inc. in the UNIX environment. InsightII was
run on OCTANE workstation of Silicon Graphics, Inc. in the
UNIX environment. CLUSTALW [12] was run through the In-
ternet for multiple alignment of the amino acid sequences. The
electrostatic potential surfaces of the proteins were determined
by MOLMOL [13]. PROCHECK [14] was used for checking
the structural parameters. Both MOLMOL and PROCHECK
were run on OCTANE in the UNIX operating system. Hydro-
gen bonding patterns of the modeled and x-ray structures were
obtained by adding hydrogen (x-ray structures lacked hydrogen
atoms, and DISCOVER needs these atoms for minimization and
dynamics) followed by optimization of the complex by energy
minimization and molecular dynamics. Structural superposi-
tion was carried out using ABGEN [15] on both PC and UNIX
environments. Protein BLAST [16] was used through Internet
for finding homologous sequences.

Results and discussion

In search of proteins homologous to the Anguilla anguilla ag-
glutinin (AAA) BLAST search was performed with its amino
acid (AA) sequence as the query. Initial hits with high homol-
ogy were the isoforms of this protein found in Anguilla japonica
as expected [4]. Barring those isoforms, three proteins showed
reasonable homology. First in this category was a pentraxin of
Xenopus laevis (with an expected value of 8 × 10−26 and 56%
positive score), a hypothetical protein (ebiG5322 gene product)
from the newly worked out Anopheles gambiae genome (Ex-
pect = 2 × 10−14 and positive score = 50%), and the fw gene
product of Drosophila melanogaster (Expect = 2 × 10−13 and
positive score = 52%). AA sequences of these three proteins
were used as target sequences for 3-D structure prediction and
analysis for the novel lectin fold described recently [10]. Af-
ter the initial structures were predicted by the combination of
ANALYN and MODELYN, they were refined by regularization
of segments with major deletion or insertion using DISCOVER
module of InsightII for energy minimization and molecular dy-
namics. Final predicted structures were checked for main chain
conformations using PROCHECK, which showed that more
than 85% of the φ–ψ plots were in the core regions and less
than 3% were in the disallowed regions of Ramachandran’s
plots. Root mean square deviations of bond lengths and bond
angles were within 0.03 Å and 3.5 degrees from the standard
values indicating reasonably good structural parameters of the
predicted structures.

Superposed structures of the predicted model of the
ebiG5322 gene product of Anopheles gambiae (yellow ribbon)
and the x-ray structure starting scaffold (AAA, red ribbon) are
shown in Figure 1 along with the position of the bound fucose.
It may be noted that the structure superposed very well in most
of the regions except for two regions marked by blue arrows.
The deviation of the segment at the top was due to deletion of 4
AA in one of the complementarity determining region (CDR2)
which is involved in sugar binding. Multiple alignment of all
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Figure 1. Ribbon representations of superposed structures of
Anguilla anguilla Agglutinin (AAA, x-ray, pink) and Anopheles
gambiae ebiG5322 gene product (AG, model, yellow). Blue ar-
rows show the regions of the structures with remarkable de-
viations. One loop with a major deviation is due to deletion of
four amino acids in CDR2 loop of AG (upper arrow). Position of
bound α-L-fucose is shown by space-filling representation.

Figure 2. Ribbon representation of the structure of AG (top
left panel) and AAA (top right panel). Five CDR loops that
constitute the carbohydrate-binding surface as shown in dif-
ferent colors: mustard—CDR1, red-CDR2, pink-CDR3, yellow-
CDR4, and violet-CDR5. Fucose is shown by CPK represen-
tation in both the panels. Connolly surfaces of AG (bottom left
panel) and that of AAA (bottom right panel) around α-L Fucose
are shown with the CDRs in the same colors. These CDRs
encircle the bound α-L fucose that is shown by space-filling
representation.

Figure 3. Space-filling representations of AG (Top left panel)
and that of AAA (top right panel). Yellow spheres represent
the atoms of residues within 4.00 Å around α-L fucose. Three
residues of AG involved in hydrogen binding with α-L Fucose
(bottom left panel) are the following: Glu-52 (OE1) —O4(H);
Lys-55 —O3, O2; Glu-142 (OE2) —O2(H). The binding triad of
AAA (bottom right panel) responsible for fucose binding is in
the following hydrogen bonding pattern: His (52) —O4; Arg (86)
—O3, O2; Arg (79) —O4, O5.

Figure 4. Electro static potential surfaces of a few fucose bind-
ing proteins. Blue region represents positively charged envi-
ronment, red for negatively charged and white for hydropho-
bic surroundings. Top left panel: AAA (1 K12, totally positive).
Top right panel: Erythrina cristagali fucolectin (1GZ9, mostly
negative with a patch hydrophobic region). Bottom left panel:
L-arabinose binding proteins of Escherechia coli (1ABF, mostly
negative with a patch of positively charged surface). Bottom right
panel: Escherechia coli gene regulatory protein AraC (2AAC,
mostly hydrophobic and a patch negatively charged region).
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three target sequences with the Anguilla anguilla agglutinin
shows that the CDR2 loop is 4 AA shorter in all these proteins
compared to the starting scaffold.

The complementarity determining regions of the modeled
ebiP5322 protein (AG) and those of the x-ray structure (AAA)
with reference to the bound fucose molecule (shown as space
filling model) is shown in Figure 2. The top panels show the
CDR loops in the ribbons representation and the bottom panels
show those as the Connolly surface drawn in different colors. It
is noteworthy that the fucose-binding site is surrounded by the
CDR loops. Variation in the AA sequence or composition gives
rise to different complementary surfaces leading to differences
in the sugar specificity. Five CDRs for the ebiP5322 protein are
found to span as follows—CDR1: Gln-22 to Ser-31 (mustard),
CDR2: Arg-41 to Ser-50 (red), CDR3: Ser-53 to Asn-58 (pink),
CDR4: Arg-79 to Ala-90 (yellow) and Pro-138 to Ser-142
(violet).

The contact points of the fucose molecule in the sugar-
binding pockets of the modeled ebiP5322 protein (AG, left)
and the x-ray structure of AAA (1K12, right) is showm in Fig-
ure 3 (upper panel). Atoms of the proteins in contact with the
sugar are shown in yellow color. It may be pointed out that the
patterns of fucose-binding regions are very similar in these two
proteins. The bottom panel (Figure 3) shows the network of hy-
drogen bonding of the bound sugar with the protein molecules,
which provide the binding strength between these molecules. X-

Table 1. Emperical binding energies of the complexes of some proteins with fucose along with their hydrogen bonding patterns.
Atoms on the right side of the residue IDs followed by the ‘—’ sign are the atoms of the sugar molecule involved in hydrogen bonding

Binding Energies in Kcals/mol

Structure VdW∗ Elec.∗ Total
Residues involved
in H-bonding

1. Anguilla anguilla agglutinin (complexed with α-L-Fucose) −12.91 −26.90 −39.82 His-52 —O4;
Arg-79—O4, O5;
Arg-86 —O3, O2;

2. Anopheles gambiae ebiP5322 (complexed with α-L-Fucose) −9.13 −48.20 −57.33 Glu-52—O4 (H);
Lys-55 —O3, O2;
Glu-142—O2(H);

3. Xenopus laevis pentraxin (complexed with α-L-Fucose) −9.53 −32.61 −42.14 His-52 —O4, O4(H);
Arg-79 —O4, O5;
Arg-86 —O3, O2;

4. Drosophila melanogaster Fw (complexed with α-L-Fucose) −14.53 −20.26 −34.79 Glu-48 —O4;
5. Escherichia coli L-arabinose binding protein (complexed with

β-D-Fucose, 1APB)
−15.55 −88.99 −104.5 Lys-10—O1, O2;

Glu-14 (OE1)—O3(H)
Glu-14 (OE2)—O3(H);
Arg-151— O4, O5;
Asn-205—O3;
Asn-232—O4(H), O3;

6. Sugar-binding and dimerization domain of the Escherichia coli
gene regulatory protein, AraC, (complexed with β-D-Fucose,
2AAC)

−23.40 −57.06 −80.47 Leu-9—O1(H), O2(H);
Thr-24—O2;
Arg-38—O5, O1;
Tyr-82—O4(H);
His-93—O3;

∗VdW = van der Waals & Elec. = electrical energies.

ray crystallographic studies on the complex between AAA and
fucose identified the binding triads of the agglutinin in analogy
with the catalytic triads. The triad consists of His-52 (forming
hydrogen bonding with O4 of fucose), Arg-86 (H-bonded to
O2 and O3 of fucose) and Arg-79 (H-bonded to O4 and O5 of
fucose) as shown in the right bottom panel of Figure 3. We have
also found the binding triad of ebiP5322 protein as shown in
the left bottom panel of Figure 3. In this case the sugar-binding
triad comprises of Glu-52 (bound to H atom of O4 of fucose),
Lys-55 (bound to O2 and O3 of fucose), and Glu-142 (bound
to H atom of O2 of fucose). It may be pointed out here that
in case of Anguilla anguilla agglutinin all the amino acids act-
ing as the sugar-binding triad are basic in nature (e.g. His-52,
Arg-86, and Arg-79). On the other hand the predicted binding
triad of ebiP5322 protein contains one basic AA (Lys-55) and
two acidic AA (Glu-52 and Glu-142). We also searched for the
sugar-binding triad in the other complexes modeled by us; we
found the complex between the pentraxin of Xenopus laevis
and fucose also exhibit a binding triad containing the same set
of AA at identical locations (e.g. His-52, Arg-79 and Arg-86)
as shown in Table 1. In case of the other modeled protein from
the fw gene of Drosophila melanogaster, we did not find any
catalytic triad. It is important to note that, in case of the binding
triad of ebiP5322 protein, not only the AA are of different type
but also the locations of the AA are not the same as the other
to triads.
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The binding energies of some complexes of fucose with some
proteins along with the summary of their hydrogen bonding
patterns are given in Table-1. It contains empirical energies,
both van der Waals and electrical components, of the complex
formation and the pattern of hydrogen bonding between the
protein and the sugar. Item numbers 2 to 4 are for the struc-
tures of complexes of our modeled proteins with α-L-fucose,
and item number 1 is for the x-ray structure of the starting scaf-
fold (1K12) with α-L-fucose. The sugar-binding catalytic triads
could be identified in these complexes except for the fw gene
product of Drosophila melanogaster. In this case there is only
one hydrogen bond between the protein and the sugar. In terms
of binding energy, this complex shows the least negative energy
(−34.79 kcals/mole) indicating a most unstable complex for-
mation. The most stable complex (−57.33 kcals/mole) in this
series is formed between ebiG5322 gene product of Anopheles
gambiae and α-L-fucose. The binding strength of the other two
complexes fall in between.

Items number 5 and 6 of Table 1 are the binding energies
and hydrogen bonding patterns for the x-ray crystallographi-
cally determined structures of proteins (1 APB and 2 AAC)
with β-D-fucose. In these complexes the binding energies are
much higher than the α-L-fucose complexes. The contributions
of the van der Waals interactions are very close for all the com-
plexes ranging from −9 to −23 kcals/mole while the electrical
contributions show much variation ranging from −20 to −89
kcals/mole. The electrical energies are composed of hydrogen
bonding as well as dipole-dipole interactions. In the complexes
with β-D-fucose higher numbers of hydrogen bonds are formed
contributing more to the electrostatic interactions. However,
these complexes do not exhibit any binding triad, rather, a num-
ber of AA are involved in hydrogen bonding. Thus, the involve-
ment of the sugar-binding triad is confined in the newly found
lectin fold of the AAA including all its isoforms [10]. It may
be assumed that these sequences fold in a manner similar to
that of AAA with a ‘fucolectin-like’ carbohydrate-recognition
domain (CRD), while other fucose binding proteins fold in dif-
ferent ways to provide different types of CRD.

Another interesting finding about the AAA fold was the dis-
tribution of a highly positive potential around the fucose bind-
ing cleft [10]. Whether it is a necessary condition was examined
by calculating the electrostatic potentials of four fucose bound
complexes whose structures were determined by x-ray crystal-
lography (Figure 4) e.g., complexes of fucose with Anguilla
anguilla agglutinin [10], Erythrina cristagali fucolectin [17],
L-arabinose binding protein of Escherechia coli [18,19], and
Escherechia coli gene regulatory protein AraC [20]. The elec-
trostatic potential surface of A. anguilla agglutinin (top left,
1K12) contains a deep blue patch of a highly positive poten-
tial around the fucose binding cleft (marked by yellow ring)
while that around the binding site of E. cristagali fucolectin
(top right, 1GZ9) is mostly negatively charged (red) with a
small white patch indicating a neutral region at the bottom of
the cleft. The electrostatic potential of the sugar-binding site of

L-arabinose-binding protein of E. coli (bottom left, 1ABF) is
mostly negative with a small positively charged spot at the mid-
dle. The sugar binding cleft of E. coli gene regulatory protein
AraC (bottom right, 2AAC) is characterized by a highly neu-
tral (hydrophobic) zone with a slight pinch of red indicating a
slightly negatively charged surface at the border. Thus, it is ev-
ident that the fucose (or some other sugar as well) binding sites
can have very diverse types of electrostatic potential around the
binding site cleft. As all these sites are for neutral sugars, there
is no need for any overall charge around them.

Conclusions

We have modeled the structures of ebiG5322 gene prod-
uct of Anopheles gambiae, fw gene product of Drosophila
melanogaste, r and a pentraxin of Xenopus laevis based on the
experimental structure of AAA, and fucose was docked into
the sugar-binding sites of these structures to study the physico-
chemical forces involved in such binding. We have demon-
strated that the fucose-binding triad (His-52, Arg-79, Arg-86)
of AAA is conserved in the pentraxin of Xenopus laevis but a
different set of triad (Glu-52, Lys-55, and Glu-142) has been
found in ebiP5322 protein of Anopheles gambiae, which main-
tains a similar type of hydrogen bonding network with Fucose.
Calculation of empirical energies of binding of the complexes
of α-L-Fucose with these proteins indicates that the ebiP5322
protein of Anopheles gambiae would bind most strongly
(−57.33 Kcals/mol) followed by pentraxin of Xenopus laevis
(−42.14 Kcals/mol) and AAA (−39.82 Kcals/mol) (Table 1).
The least binding energy −34.79 Kcals/mol) was found with
the fw gene product of Drosophila melanogaster and only one
hydrogen bond formed between the protein and fucose. To-
tally positive electrostatic potential environment of the fucose-
binding site as found in AAA is not essential for this binding
as that pattern is not observed in other known structures.

Hence, from our model building, we may conclude that the
hypothetical protein obtained from the conceptual translation
of the ebiG5322 gene of Anopheles gambiae is a fucose binding
protein with a different set of triad and the pentraxin of Xenopus
laevis provide the same set of triad as that of the novel fold of
Anguilla anguilla agglutinin.
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