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The three-dimensional structure of Dolichos biflorus seed lectin has been constructed using five legume lectins
for which high resolution crystal structures were available. The validity of the resulting model has been thoroughly
investigated. Final structure optimization was conducted for the lectin complexed with «GalNAc, providing
thereby the first three-dimensional structure of lectin/GalNAc complex. The role of the N-acetyl group was
clearly evidenced by the occurrence of a strong hydrogen bond between the protein and the carbonyl oxygen of
the carbohydrate and by hydrophobic interaction between the methyl group and aromatic amino acids. Since
the lectin specificity is maximum for the Forssman disaccharide «GalNAc(1-3)fGalNAc-O-Me and the blood
group A trisaccharide «GalNAc(1-3)[«Fuc(1-2)]fGal-0-Me, the complexes with these oligosaccharides have been

also modelled.
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Introduction

The Dolichos biflorus lectins belong to a multigene family
including the seed lectin (DBL), stem and leaf lectins (DB57
and DBS58), and a root lectin (DB46) which aiso has a
counterpart in the stem and leaves [1-4]. The spatial and
temporal differential expression of these lectins provides a
model for studying the role of these proteins in the plant [ 5].

The seed lectin from Dolichos biflorus was isolated and
characterized more than 20 years ago [1] following reports
that extracts from the seeds of this plant agglutinate blood
group A erythrocytes [6] and precipitate blood group A
substance [7]. The lectin is a 110000 M, tetramer [8] in
which two of the subunits have been post-translationally
altered by the proteolytic removal of approximately 10
amino acids from their carboxyl termini [9]. The lectin has
two carbohydrate binding sites per tetramer and carbo-
hydrate binding activity has been found only with the larger
subunit [10]. The complete primary structure of the lectin
was deduced from its cDNA sequence [11] and corrections
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to this structure were made after sequencing the lectin
geonomic DNA [12].

The Dolichos biflorus seed lectin displays a very narrow
specificity against a-D-GalNAc [1] and has little if any
ability to recognize galactose [13]. The A-active disac-
charide, o-D-GalNAc¢(1-3)D-Gal, and trisaccharide, «-D-
GalNAc(1-3)-p-Gal(1-3)D-GlcNAc¢, are equal to o-D-
GalNAc-0O-Me in their ability to inhibit the precipitation
of blood group A substance with the lectin [1]. The
A-type-2 pentasaccharide is a 1.7-fold better inhibitor than
the above oligosaccharides, possibly due to the presence of
the hydrophobic fucose on the subterminal Gal [1].
Subsequent studies showed the Forssman antigens, either
as a pentasaccharide or the a-D-GalNAc(1-3)5-D-GalNAc
disaccharide, to be much stronger inhibitors than the
A-active pentasaccharide [14, 15]. The lectin has thus been
classified as a blood group A specific and Forssman specific
lectin [16].

Knowledge about the binding site of DBL has been
limited because of the difficulty in obtaining crystals of this
lectin, possibly due to the fact that it is a glycoprotein with
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one N-linked carbohydrate unit per subunit [17]. An
alternate way to understand the binding of GalNAc¢ and
GalNAc-containing oligosaccharides by legume lectins is
molecular modelling. Thanks to the well-established metho-
dology for modelling antibodies, some antibody combining
sites complexed with oligo- or polysaccharides have been
studied by means of computer methods [18-20]. Mean-
while, modelling studies on lectins have been limited to the
docking of monosaccharides in binding sites of known
three-dimensional structures [21, 227, and more recently to
the study of conformational preferences of complexed
di- and trisaccharides in known binding sites [23, 24].

Despite their similar folding and reasonable range of
homology, molecular modelling of legume lectin binding
sites presents some peculiar difficulties [25] due: (i) to the
large variations in the length and sequence of the loops in
the perimeter of the binding site; and (i) to the unusuval
conformations of these loops, mainly due to the presence
of cations, which do not allow the search of canonical forms
in other types of proteins of the Brookhaven Database.
Because of this second difficulty, computer engineering of
a new lectin has to rely only on other lectin crystal
structures. Such a goal can now be envisaged thanks to: (i)
the several crystal structures of legume lectins which have
been published in recent years; and (ii) our progress in
understanding and modelling interactions between proteins
and carbohydrates [22, 24, 26].

The present paper deals with the modelling of DBL with
the use of knowledge-based model building methods. Full
optimisation of the protein, with o-pD-GalNAc-O-Me docked
in the binding site has been performed and insights into the
role of the N-acetyl group have been gained. Complexes
between DBL and two oligosaccharides, the Forsmann
disaccharide and the blood group A trisaccharide (see
Scheme 1) have also been optimized. Implications in the
understanding of the fine specificity towards oligosac-
charides are discussed.

Materials and methods
Lectin sequences and coordinates

The DBL sequence used in this study was deduced from
the ¢cDNA sequence [11], with inclusion of some recent
corrections after sequencing the genomic DNA [12]. All the
other lectin sequences were directly derived from their
crystalline structures. The following crystal structures were
extracted from the Protein Data Bank [27]: lens lectin
(LCL) [28], Griffonia simplicifolia isolectin IV (GS4)
complexed with Lewis b tetrasaccharide [29), Erythrina
corallodendron lectin (ECorL) complexed with lactose [30].
Coordinates of concanavalin A (ConA) [31] and Lathyrus
ochrus isolectin T (LOL) complexed with glucose [32] were
kindly provided by their authors.
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Scheme 1.

Hydrophobic cluster analysis and alignment of sequences

Hydrophobic Cluster Analysis (HCA) is a method to
compare amino acid sequence [33] which is derived from
the theory of Lim [34]. The method involves the drawing
of the sequence of a theoretical o-helix where the hydro-
phobic residues form clusters. The shape, size and relative
position of the clusters can be compared and the sequence
similarity, when it exists, may be readily revealed. Conversion
of the amino acid sequences into the 2D-helical plot
required by the method was made using the HCA-Plot
software [35].

Knowledge-based model building methods

The COMPOSER program, within the SYBYL software
(SYBYL, TRIPOS), is a tool for knowledge-based homology
modelling [36, 37]. Starting from the model protein
sequence, the program checks a library of 3D structures for
homologous proteins. In the second step, the program
aligns the 3D-structures of the selected proteins, defining
the so-called Structurally Conserved Region (SCR). An
averaged structure of the SCRs is determined to serve as a
framework for building the unknown structure [38]. The
program then decides which of the homologues will be used
to construct each SCR of the model and creates a
framework for the unknown protein. The backbone of the
model SCRs is generated and the side-chains are built using
a rule-based procedure [39] with no manual intervention.
The last step involves linking the different SCRs by building
the variable regions. For each loop of the model, the
program looks for a loop of the same length in one of the
homologues, or, if necessary, for loop fragments with com-
patible length from other libraries of known structures [40].
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Energy calculations and optimisation

Three-dimensional structures of GalNAc¢ were taken from
the monosaccharide data bank [41]. Several low energy
conformations of the GalNAc containing di- and trisac-
charides were constructed using the program MM3 [42, 43]
(see Scheme 1). Glycan structures were then transferred into
the SYBYL software [44] for all subsequent calculations.
All energy calculations were performed with the TRIPOS
force-field [45, 46]. New atom types have been added for
carbohydrates which allow for the inclusion of energy para-
meters appropriate for protein/carbohydrate complexes
[22]. Charges are calculated using the Pullman method for
the protein part [47] in which each atomic charge is
evaluated as the sum of the ¢ component calculated by Del
Re method and the n component calculated by Hickel
method. The carbohydrate atoms were given appropriate
charges [22] and partial charges of 2e were allotted to the
two cations. A distance dependent dielectric function was
used for electrostatic interaction with a distance cut-off of
8 A. Hydrogen bonding is taken into account in an implicit
way by neglecting the van der Waals interactions between
atoms which can act as hydrogen donor and acceptor.

The Powell method [48], which belongs to the conjugate
gradient family, was used as energy minimizer in the MAXI-
MIN?2 procedure of the SYBYL software. All minimizations
were conducted up to a convergence gradient of 0.1.

Validation of the model

Stereochemical validations of the model were performed
using the PROCHECK suite of programs [49]. This
procedure is widely used to test the quality for protein
crystal structures. Some parameters, which are indicators
of stereochemical quality [ 507 were calculated for the model
and for the homologous lectins and compared.

Knowledge-based molecular modelling of DBL

Revisiting the alignment of leguminous lectins

The knowledge-based design of proteins requires a very
precise sequence alignment between the known structures,
as well as between the unknown structure and the known
ones. Alignment of leguminous lectins has been the topic of
many investigations and, due to the occurence of some very
conserved regions, the proposed alignments are very similar
[25, 51, 52]. However, some discrepancies remain in the
proposed locations for short insertions and deletions. Such
discrepancies could be of importance in our molecular
modelling of lectins since it has been recently shown that
the areas of greatest variability are located in the carbo-
hydrate-binding site regions, forming a perimeter around a
well-conserved core [25]. It was also necessary to revisit the
alignment of DBL with related lectins, since the sequence
used here had received some recent corrections [12].
Alignment was then reconsidered by the HCA method
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Table 1. Similarity matrix (% of identity) for six leguminous
lectins as calculated from the alignment of Fig. 2.

LOL LCL GS4 ECorL DBL
ConA 383 39.9 39.7 42.2 39.6
LOL 88.5 414 47.1 50.2
LCL 41.7 374 504
GS4 38.0 42.5
ECorL 455

[33], which allows for a rapid visual identification of the
cluster and an easy alignment (Fig. 1). The shapes and
locations of clusters are absolutely identical for LOL and
LCL which share more than 80%, identity. For the other
lectinis, the identification of the clusters is straightforward
even if there are some variations in cluster shapes. The
alignment was checked on the crystalline structure for the
first five lectins of Fig. 1 and the extensions of the f-strands
are indicated on the HCA plots. For the HCA plot of DBL,
the extension of the f-strands was deduced from the other
plots. It should be noted that the HCA plot of DBL is not
identical to any other, but, depending on the sequence
fragment, it displays some strong similarities with one of
ConA, LOL and 1L.CIL, or ECorL.

The alignment deduced from the HCA plots is displayed
in Fig. 2. This alignment differs only slightly from published
data and the differences are mainly located in close
proximity to the binding site, that is in the hypervariable
regions [25]. The amino-acids directly involved in the
binding of carbohydrates have been contoured in Fig. 2.
This clearly shows that the loop from Gly217 to Asp221 is
particularly involved in the galactose specificity of ECorL.

The identity matrix calculated from this alignment is
displayed in Table 1. The two Viciae lectins, LOL and LCL,
exhibit almost 909 identity. For the other ones, the identity
scores range between 37%; and 50%,. DBL displays between
40%, and 509 identity with all the other lectins, which
indicates good conditions for model building. It has to be
noted, that although DBL belongs to the same Phaseoleae
tribe as Erythrina and both lectins are specific for the
galacto configuration, the homology is higher with LOL
and LCL. This indicates that the use of several homologous
known structures should be a great help for building a
model.

Building and refining the DBL model

Constructing the conserved regions of DBL

The crystal structures of five lectins: LOL/mannose, ConA,
LCL, ECorL/lactose and GS4/Le® tetrasaccharide, were
gathered in a library. The knowledge-based molecular
builder COMPOSER [36, 37] first searches for ‘seed’
residues; these are residues which are identical in the
sequences of the lectins included in the library. These
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; #: glycine; 0l

Figure 1. HCA plot of six lectins. Four amino acids are conventionally represented by special symbols (3 proline

threonine; ~1: serine). Vertical lines have been inserted to delimit the extension of

have been shadowed for better visualization. For the sake of plot alignment

strands. The most conserved hydrophobic clusters

ConA sequence has been cut and rearranged.

]
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Figure 2. Sequence alignment of six lectins as deduced from the HCA plots. Deletions have been indicated by *

SCR11

SCR12 SCR13

. Amino acids belonging

to f-strands have been represented by bold letters. The sequences defining the structurally conserved regions used for model building
have been underlined under the plot. Amino acids directly involved in the binding of calcium and manganese have been indicated by
arrows. The amino acids that bind carbohydrate in the known three-dimensional structures have been contoured.

residues are used to align the known three-dimensional
structures and then define the structurally conserved
regions from the alignment. At this stage, the alignment
resulting from the HCA plot was used to check and correct
the seed residues. The SCRs determined by the program are
displayed in Fig. 2. Due to the very conservative folding of
leguminous lectins, the SCRs cover about 85% of the
sequences. From these SCRs, the DBL ‘framework’ was
built by the program (Fig. 3). This framework, consisting
only of the « carbons, is built from SCRs of the lectins
library. For each SCR of the model, the most homologous
one is selected from the known structures. The origin of
SCRs is as follows for the DBL model: SCR2 was selected
from ConA, SCR1, SCR12 and SCR13 were selected from
ECorL and the other nine SCRs were either from LOL or
from LCL. None of the GS4 fragments were used to build
the DBL model.

Building the loops of DBL

After generating the side-chains, the most tenuous part of
the model building is to complete the protein model by
constructing the loop regions and special care has to be

taken since several loops are in the perimeter of the
carbohydrate binding site and play a role in the specificity.
The program selected most loops from homologous regions
of LOL and LCL. In three loops, ECorL. was selected
because of deletion in the other sequences (loops Val33-
I1e39, Ser183-Argl85 and Leu214-Gly218). Only loop
Asn12-Ser13 could not be modelled from the lectins since
it corresponds to a deletion which occurs only in DBL. In
this case, the search was performed in the Protein Data
Bank available in the SYBYL program. Several loops were
proposed and the one having the best energy was selected.
It has to be noted that this loop occurs in the contacting
region between monomers and does not play any role in
the binding of carbohydrate. Each loop, or each attachment
region between SCRs (i.e. zero length loop), was roughly
optimized. A ‘hot’ region of a few amino acids and an
‘interesting’ neighbouring region were defined for further
energy minimization of this subset.

Refining the DBL model

Prior to any further refinement, the location of the
manganese and calcium ions were determined from the
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Figure 3. Framework of the backbone of the DBL model as built
from the Structurally Conserved Regions of four crystal structures
of legume lectins. At this stage of building, variable loops are not
yet determined and are indicated by dotted lines in the framework.

ECorL crystalline structure [30], They were carefully
located in our model, with respect to the same alignment
of the backbone. Van der Waals energy parameters, for 6—12
potential, were set as follows: the values proposed in the
TRIPOS force field for calcium atom were kept unchanged
(r =12 A and ¢ = 0.6 kcal mol ') whereas manganese was
given values of ¥ = 1.8 A and ¢ = 0.4 kcal mol ™" by analogy
with its size and with equivalent ions in the TRIPOS
force-field. To avoid collapsing of the binding site due to
the absence of the water molecules, a GalNAc residue was
modelled in the DBL binding site in the same position as
the galactose in the corresponding amino acids of ECorL.

In this complex, all the hydrogen atoms were added and
their positions were optimized. The second step was the
geometry optimization of all the side chains. In the last
ystages of the optimization procedure, the whole molecule
was optimized in several cycles of energy minimization with
decreasing constraints on the torsion angles of the back-
bone. Constraint forces were slowly decreased from 2 kcal
mol~!°2 down to 0.05kcalmol™*°% The overall pro-
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Table 2. Structural variations between the three-dimensional
model of DBL and the five known three-dimensional structures
of leguminous lectins. Root mean squares (A) have been calculated
from all the backbone atoms of the structurally conserved regions
(SCR) as indicated in Fig. 2.

LOL LCL GS4 ECorL DBL
ConA 0.91 0.96 1.33 1.00 0.93
LOL 0.35 1.34 0.69 0.61
LCL 1.36 0.72 0.62
GS4 142 1.38
ECorL 0.69

cedure of minimization took about 1 week of calculations
on a Silicon Graphics with a R4000 processor.

Validation and description of the DBL model
Stereochemical quality of the model

The model of DBL can be compared to other lectin
structures to assess its validity. First, the variations in the
backbone geometry can be estimated between the different
structures (Table 2). Root mean squares (rms) have been
calculated using all the non-hydrogen atoms of the
backbone from the structurally conserved regions as defined
in Fig. 2. The five three-dimensional structures from x-ray
crystallography display rms of less than 1 A, with the
exception of the GS4 lectin which differs greatly from the
others and will not be considered further. The rms’s between
the DBL model and the known structures are in the same
range: less than 0.7 A when compared with LOL, LCL and
ECorL, and less than 1 A when compared with ConA. In
our model of DBL, one peptide bond is in the cis
conformation (Ala84), a feature which is common and
homologous to all the known three-dimensional structures
of legume lectins (Ala207 in ConA, Alag0in LOL and LCL,
Ala88 in ECorL).

Stereochemical quality of the model can be evaluated by
the use of the PROCHECK program [49]. The quality of
the backbone geometry can be assessed by the scattering of
the @ and ¥ torsion angles of the peptide linkages on a
Ramachandran map. With the exception of glycine, the
values of the ® and ¥ torsion angles should belong to a
well defined zone in the diagram. For the four crystal
structures, more than 85% of the peptide linkages are
located in the core region of the Ramachandran diagram
and none of them (with the exception of two amino acids
of ConA) are in the disallowed region. The model structure
of DBL also displays an excellent quality of the backbons
since 89% of the residues are in the core region of the
Ramachandran diagram, 21% in the allowed region and
none in the ‘generously allowed’ or disallowed areas.

For further analysis of the backbone, three parameters,
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Table 3. Stereochemical characteristics of the three-dimensional model of DBL and of the four legume lectins

which were used to build the model.

ConA LOL LCL ECorlL DBL
Code PDB 2LAL 1LTE
Resolution (&) 1.75 2.0 18 2.0
R-factor 0.167 0.182 0.184 0.190
Refinement method FFLS® XPLOR RESTRAIN PROLSQ XPLOR This work
Main chain
® and P 9° 85.9 91.0 86.1 93.1 89.3
w SD° 10.1 5.7 9.3 2.8 5.6
¢ SD¢ 9.0 0.9 2.8 0.8 2.1
Side chain
%1 SD° 19.6 18.2 19.7 16.1 12.5
12 SDf 17.5 17.3 18.4 17.6 11.0

2 Fast Fourier least squares procedure. Geometric constraints were also applied to the refined coordinates [31].
Y Percentage of ® and W values in the best region of the Ramachandran diagram.

¢ Deviation of peptide linkage from planarity.
4 Deviation of Cu chirality.

¢ Deviation from staggered orientation.

f Deviation from trans orientation.

which have been found to be good indicators of stereo-
chemical quality [50], are listed in Table 3. These indicators
of the main chain goodness are the percentage of residues
belonging to the best region of the Ramachandran diagram
the deviation of planarity for the peptide linkage and the
deviation of chirality for the Ca. Even though the four lectin
crystal structures were solved at high resolution (1.75-2.0 A),
they display quite different parameter values. This is not
due to the accuracy of the structure but rather to the
refinement procedure [50]. Energy-based refinement me-
thods, such as XPLOR [53], would lead to better stereo-
chemical features than the least-squared methods, such as
Fast Fourier least-squares procedure [54] or the more
recent programs RESTRAIN [55] and PROLSQ [56]. In
fact, it is quite common to use both types of methods in a
refinement procedure. The DBL model refined with Tripos
force-field with very weak constraints on the backbone
torsion angles, displays good quality for the three parameters
calculated here.

Quality of side chains geometry has been evaluated by
the standard deviation of the y, torsion angles about the
three staggered orientations gauche+, trans and gauche —,
and also of the y, torsion about the trans orientation. The
crystal structure displayed good geometries, in the usual
range, whereas the DBL model exhibits even higher quality,
due to the unrestrained energy minimization of the
side-chains.

Physicochemical and biochemical quality of the model

Some physicochemical and biochemical features of the DBL
model are summarised on Fig. 4. The folding displays large

Figure 4. Optimised three-dimensional model of DBL. along with
the GalNAc residue docked in the binding site. The side chains of
the protein are not displayed nor the hydrogen atoms of the glycan
moiety. Hydrogen bonds are represented as dotted lines. Cations
are drawn with their van der Waals surfaces. The arrow indicates
the location of the consensus sequence for glycosylation.

f-sheets with extensive inter-strands hydrogen bonding.
The amino acids around the two cations are very well
conserved, when compared to other lectins. They display
the same coordination shell around the Ca®** and Mn?**
ions. Since DBL is an N-glycoprotein [17], another
validation of the model is the location of the glycosylation
consensus sequence Asnll4-Asnl15-Ser116. As indicated
by an arrow in Fig. 4, Asnl114 is located on the top of a
loop, allowing therefore for the presence of an N-glycan.
This feature has not been induced by the modelling
procedure, since none of the 3D-structures used for building
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Figure 5. Stereodrawing of u-p-GalNAc-O-Me (bold lines) in the modelled binding site of DBL. Hydrogen bonds are indicated by
dotted lines. In order to display apolar interaction, aromatic groups and methy! groups of amino acids are displayed surrounded by

dotted suraces calculated using 85%, of the van der Waals radius.
g ()

DBL contains this particular N-glycoslation site. The
ability of the lectin to associate as a dimer or tetramer would
also be a validation of the model. From Figs 3 and 4, it
appears that the six strands f-sheet, which is arranged back
to back with another like fi-sheet in the crystal structure of
ConA and LCL, would be conserved in the DBL model.
However, it should be pointed out that our model lacks 18
amino acids of the carboxy terminal peptide which exists
only in the Dolichos biflorus lectin family. This peptide could
extend into the domain of the canonical ConA interface and
prevent such intermolecular association. Another bio-
chemical validation of the model is the ability to bind
carbohydrates. The detailed description of the GalNAc
binding site is given in the following section.

Modelling the interactions between DBL and carbohydrates
DBL/GalNAc¢ interaction

Prior to any refinement, the GalNAc residue has been given
an orientation similar to that of the galactose moiety in the
crystal structure of ECorL/lactose complex [30]. The
docking of o-p-GalNAc-0-Me in the binding site of the
DBL model has been performed by full optimization
without any constraint in a 6 A sphere around the glycan
(21 amino acids) while the atoms in a 15 A sphere (91 amino
acids) were kept fixed, but taken into account for energy
calculations.

The overall orientation of the GalNAc residue remains
unchanged during optimization and many features can be
readily compared with those displayed by galactose in
ECorL. As shown in Fig. 5, seven hydrogen bonds occur
between the glycan and the amino acids of the binding site.
These hydrogen bonds, along with their geomestrical
characteristics are listed in Table 4. Six out of the seven
hydrogen bonds are homologous to those formed by the

binding of galactose by ECorL. The amino acids Asp85,
Gly103 and Asn129 which occupy similar positions in the
binding site of other legume lectins, establish hydrogen
bonds with the O3 and O4 atoms of GalNAc. Leu214 and
Ser215 form hydrogen bonds with O4 and O6, respectively.
These two amino-acids occupy the analogous positions to
Ala218 and GiIn219 in ECorL. The length and the shape of
this loop are particular to lectins binding glycans with a
galacto configuration. The seventh hydrogen bond involves
the carboxyl oxygen of GalNAc N-acetyl group and the
NH of Gly103 backbone. This atom would therefore be
creating a bifurcated or three-centred hydrogen bond since
it is already bonded to O3 of GalNAc. Such three-centred
hydrogen bonds are very common in amino acid structures
due to proton deficiency [57].

Van der Waals forces also contribute significantly to the
stability of protein-carbohydrate interactions. Among these
forces, hydrophobic interactions which involve stacking
with aromatic residues have been shown to be of great
importance [ 58]. All the known structures of legume lectins
display such a stacking between the apolar face of the glycan
and an aromatic residue in a conserved position {Tyr12 of
ConA, Phel31 of ECorL). In DBL, this aromatic residue is
substituted by a leucine. As seen in Fig. 5, the apolar
interaction occurs between the methyl group of Leul127 and
the apolar face of GalNAc created by the methine hydrogens
H3, H4 and H3. Other van der Waals interactions involving
the apolar hydrogen of the carbohydrates, are listed in
Table 5. This is clearly visible in Fig. 5 and also in Plate 1
where the Conolly surface of the binding site [597] has been
calculated and represented with colour coding of the
hydrogen bonding potential using the MOLCAD option of
the SYBYL software [44]. A second apolar region of the
carbohydrate, involving H1 and H2, interacts with Leu214.
An important stabilization of the complex is due to the
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Table 4. Description of the hydrogen bonds between the DBL binding site and «GalNAc monosaccharide, Forssman disaccharide and

blood group A trisaccharide.

Imberty, Casset, Gegg, Etzler and Pérez

Name Donor Acceptor Dis D.. A*® Dist H.. A® Angle D-H .. A°
(A (A) ©)
«GalNAc Gly103 NH 03 33 24 148
Asn129 NH 03 32 22 160
O3H Asp85 OD2 30 21 168
O4H Asp85 OD1 2.6 1.8 141
Leu214 NH 04 29 20 146
O6H Ser215 O 32 2.7 111
Gly103 NH o7 33 24 148
Forssman disaccharide Glyl03 NH 03 2.8 2.2 116
Asn129 NH 03 3.1 2.2 162
O3H Asp85 OD2 3.0 2.1 165
O4H Asp85 OD1 2.6 1.8 142
Leu214 NH 04 2.9 2.0 147
O6H Ser215 O 32 2.7 113
Gly103 NH 07 EN 2.3 148
Blood group A trisaccharide TriA_confl Gly103 NH o3 29 2.3 116
Asn129 NH 03 31 22 159
O3H Asp85 OD2 30 2.1 163
0O4H Asp85 OD1 2.7 1.8 144
Leu214 NH 04 3.0 2.1 147
O6H Ser215 O 33 2.8 115
Glyl03 N o7 3.1 2.2 149
02"H Ser128 O 29 2.1 147
TriA_conf2 Gly103 NH 03 29 23 118
Asnl29 NH 03 3.0 2.1 160
O3H Asp85 OD2 29 20 161
O4H Asp85 OD1 2.6 1.8 146
Leu214 NH 04 3.0 2.1 147
O6H Ser215 O 32 2.7 118
Gly103 NH O7 32 2.4 146
O4"H Seri28 O 2.7 1.9 137

*Dist D.. A, distance between donor and the acceptor.
°®Dist H.. A, distance between the hydrogen and the acceptor.
¢ Angle D-H.. A, angle between donor, hydrogen and acceptor.

interaction of the methyl of the GalNAc N-acetyl group
with both Tyr104 and Trp132 aromatic amino acids.

DBL/Forssman disaccharide interaction

The conformational behaviour of the ¢-D-GalNAc(1-3)fp-
GalNAc-0-Me disaccharide was studied using the ‘relaxed
map’ approach (see [60] for a review of methods) coupled
with the molecular mechanics program MM3 [42, 437, As
indicated in Scheme 1, orientation of the glycosidic linkage
can be defined by the values of the torsion angles ® =
(0-5_C-1_0-1_C-3) and ¥ =06(C-1_0O-1_C-3_C-4".
Three different low energy conformations were determined
by the MM3 molecular mechanics program: F1 (® = 80°,
Y =807, F2 (@ =100°, ¥ = 160°) and F3 (® = 80°,
Y = —60°); the three were tested for interactions with DBL.

Each conformation was located on the surface of the protein
with its terminal ¢-D-GalNAc in the binding site with the
same position and orientation for the monosaccharide in
the refined complex. Optimization was performed in the
same way as above, using a ‘hot’ region and an ‘interesting’
region.

None of the three conformations generate steric conflicts,
but the F1 conformation (® = 80°, ¥ = 77° after optimiza-
tion) yielded a better stabilization of the complex in terms
of energy of interaction. This conformation, which corres-
ponds to the lowest energy for the disaccharide in the
isolated state, displays a weak hydrogen bond between the
O4 oxygen of the reducing residue and the NH hydrogen
of the other one. This complex is depected in Fig. 6 and
Plate 1, whereas the hydrogen bonds and apolar contacts
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Table 5. Hydrophobic contacts between DBL and «GalNAc, Forssman disaccharide and blood group A trisaccharide.

GalNAc  DBL Forssman DBL TriA_confl  DBL TriA_conf2  DBL
CtH MeCD1 Leu214  Cl1H MeCD1 Leu214 C1H MeCD1 Leu214 ClH MeCD1 Leu214
C2H MeCD1 Leu214  C2H MeCD1 Leu2ld C2H MeCD1 Len2i4  C2H MeCD1 Leu214
HCG HCG HCG HCG
AcMe HCE2 Tyrl04  AcMe HCE2 Tyri04  AcMe HCEZ Tyri04  AcMe HCE2 Tyrl04
AcMe HCH2 Trpl32  AcMe HCH2 Trpl32  AcMe HCH2 Trpi32  AcMe HCH2 Trpl32
HCZ3 HCZ3
C3H MeCD1 Leul27 C3H MeCD1 Leul27 C3H MeCD1 Leul27 C3H MeCD1 Leul27
C4H MeCD1 Leul27 C4H MeCD1 Leul27  C4H MeCD1 Leul27  C4H MeCD1 Leul27
HCG HCG HCG
C5H MeCD1 Leul27 C3H MeCD1 Leul27 CS5H MeCD1 Leul27 C5H MeCD1 Leut27
C6H HCB  Tyr218  CoH HCB  Tyr218 C6H HCB Tyr218 C6H HCB  Tyr2i8
C6H MeCD2 Leni28  C6H MeCD2 Leul27 Cl1"H MeCD1 Leul27
Ac"Me MeCD1 Leul27 C3'H MeCD2 Leni27 C2'H MeCDI1 Leut27
MeCD2 C4"H HCE2 Tyr218 MeCD2 Leul27
C6"Me HCB  Ser130

ATRI2

Figure 6. Stereodrawing of the Forssman disaccharide in the modelled binding site of DBL. Only amino acids hydrogen bonded to the
carbohydrate are displayed. Hydrogen bonds are indicated by dotted lines.

are listed in Tables 4 and 5. The terminal a-D-GalNAc
interacts with DBL with the same polar and apolar contacts
as described above. The reducing -D-GalNAc creates a new
region of interaction on the other side of Leu127. Only the
methyl hydrogens of its N-acetyl group interact with the
methyl group of Leul27 creating therefore a strong apolar
contact between patches of hydrogen atoms. This type of
interactions, favourable in terms of energy but limited to
the terminal atoms of the N-acetyl group, is in agreement
with affinity experiments. Only the Forssman disaccharide
has higher affinity when compared to the a-GalNAc
monosaccharide. The a-GalNAc(1-3)Gal terminal disac-
charide of blood group A, which lacks this N-acetyl group,
does not show any increase in affinity.

It appears that the Forssman pentasaccharide, aGalNAc-
(1-3)GalNAc(1-3)2Gal(1-4) fGal(1-4)a, fGle, is the glycan
with highest affinity for DBL [14]. From the model
proposed here, it seems that galactose residues added on

the reducing end of the second GalNAc would extend in
the solvent and therefore would not directly interact with
the protein surface. Such a proposal is not in contradiction
with the observed affinity enhancement since several factors
could play a role. First, water molecules can be arranged
between the protein surface and distant glycan residues,
creating therefore a favourable interaction as it has been
observed in several protein/carbohydrate complexes [61].
Second, the fonger oligosaccharides could have less con-
formational flexibility at the terminal 0GalNAc(1-3)GalNAc
linkage. In this case, the entropy term will be reduced in
the thermodynamics of binding [62] and the affinity will be
enhanced.

DBL/blood group A trisaccharide interaction

For blood group A trisaccharide, low energy conformations
were taken from a recent molecular mechanics study [63]
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Figure 7. Stereodrawing of the blood group A trisaccharide in the modelled binding site of DBL. Two conformations of the trisaccharide
are displayed: (a) TriA_confL; and (b) TriA_conf2. Only amino acids hydrogen bonded to the carbohydrate are displayed. Hydrogen

bonds are indicated by dotted lines.

which included an exploration of the whole conforma-
tional space defined by the four torsion angles: ® =
(0-5_C-1_0O-1_C-3) and ¥ =O(C-1_0O-1_C-3_C-4)
at the o-D-GalNAc(1-3)f-pD-Gal-O-Me glycosidic link-
age and ®"=06(0-5_C-17_0-1"_C-2") and ¥ =
O(C-1"_0O-1"_C-2'_C-3) at the a-L-Fuc(1-2)p-p-Gal-0-
Me glycosidic linkage (see Scheme 1). Several low energy
conformations were described and the two best ones are
considered here: TriA_confl (& = 71°, ¥ = 76°, ®" = —95°,
Y = — 165" and TriA_conf2 (& = 70°, ¥ = 68°, ®" = — 69°,
W = —114°). These two conformations were located on the
DBL surface with the terminal GalNAc in the binding site
and these complexes were optimized.

These two conformations differ strongly for the orienta-
tion of the Fuc(1-2)Gal linkage. Both give very stable
complexes with DBL and it is not possible to favour one
over the other in terms of energy. Therefore, both solutions
are presented in Fig. 7 and Plate 1 and the characteristics
of their interactions are listed in Tables 4 and 5. In both
cases, the trisaccharide has a tendency to wrap around
Leul27. This conformational behaviour of an oligosac-
charide bonded to a legume lectin has been observed in the

complex LOL/octasaccharide [64] where the glycan folds
around Phel23 which has the same location as Leul27 in
DBL. For both conformations, this folding around Leul27
allows the fucose residue to come in close contact with the
lectin, whereas the galactose has has no contact at all with
any amino acid.

The first conformation (TriA_confl: ® = 66°, ¥ = 77°,
D" = —79° W = 175°) brings the fucose residue in close
contact to Tyr218. Two regions of hydrophobic contact,
involving methine hydrogens of the fucose residue, are
created: one with Leul27 and one with Tyr218. In addition,
one strong hydrogen bond is established between the
backbone of Ser128 and the O2 oxygen of the fucose. For
the second low energy conformation (TriA_conf2: ® = 68°,
Y =77° @ = —68°, ¥ = —90°), the fucose residue has a
different orientation and the hydrogen bond with Ser128
now involves the O4 oxygen of fucose. Hydrophobic
contacts are rather more extended than in the other
conformation since they involve the apolar face of the
glycan (H1 and H2) which interact with methyl groups of
Leul27, but also the methyl group of fucose which creates
van der Walls contacts with Ser130 methine hydrogens.
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This second conformation, which is less populated than the
first one in the isolated state [63], could be the one favoured
in the interaction with DBL.

From the present study, it is proposed that the fucose on
position 2 of Gal interacts with a secondary binding site,
located in the vicinity of Ser128. On the contrary, position
1 of Gal points towards the solvent, and it seems that longer
oligosaccharides would not create further contacting
regions, at least for the first one or two residues. It would
be of interest to know what are the affinities of DBL for
larger oligosaccharides of blood goup A substance. Except
for the data on the pentasaccharide aGalNAc(1-3)[o-L-
Fuc(1-2)]Gal(1-4) fGleNAc(1-6)R, where R is a hexene-
tetrol [1], there are no quantitative studies with A
oligosaccharides. More data are available on the agglutina-
tion power of DBL with red cells of various blood groups.
DBL is known to agglutinate A, better than A, blood
group erythrocytes [6]. However; it has been shown that
such a difference is due to a quantitative difference in the
expression of the A antigen at the cell surface [65]. This
has been recently confirmed by the fine structure of the
glycosyltransferase genes, that show different activities of
the A glycosyltransferases present in A, and A, blood group
erythrocytes [66]. DBL has therefore been confirmed to be
a general A type lectin, which is in agreement with the
present calculations.

Conclusions

The present paper reports the first attempt to construct a
three-dimensional model of a lectin from the sole knowledge
of its primary structure as derived from its genomic
sequence. This was accomplished despite a sequence
identity of only 409, with the known crystal structures used
in the knowledge-based building procedure. The quality of
our present model was assessed using several stereochemical
and biological criteria.

It is the first time that a GalNAc specific lectin is
described and our model provides unique insights into the
atomic bases of the interaction. As with other lectins,
complementary forces emanate from hydrogen bonding,
and van der Waals forces including hydrophobic interac-
tions. In our model, the N-acetyl group stabilizes the
complex through the formation of a hydrogen bond
involving its carboxyl oxygen whereas the methyl group is
involved in a hydrophobic cluster with two aromatic
amino-acids.

We have also extended our docking investigations to
di- and trisaccharides with the hope of understanding
further the fine specificity of DBL. Satisfactory arrangement
of these carbohydrates in the combining site of lectin couid
be proposed. They lead to the proposal of a secondary
binding site, with hydrophobic character, which can
accommodate, on the galactose moiety linked to the
terminal GalNAc, either a fucose residue, or the N-acetyl

Imberty, Casset, Gegg, Etzler and Pérez

group of a second GalNAc. However, fine specificity for
higher oligosaccharides, or expected agglutinating activities
towards red cells of different blood group A subgroups
could not be inferred from the present study.

Legume lectins are now essential tools in the glycotech-
nology ficld, for analysis, separation or localization of
complex glycans. We believe that the modelling technique
exemplified on DBL can be used to engineer other lectins.
This may be quite useful since most of these proteins are
difficult to crystallise. Even when crystals are obtained, the
three-dimensional model provides a useful tool for helping
the structural elucidation. The availability of such three-
dimensional models is also a great asset in the field of
molecular biology. The joint use of computer-aided model
building and molecular biology will lead to ‘lectin engineer-
ing’, a methodology which should allow the determination
of new functions for such naturally abundant molecules.
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