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Abstract Spatholobus parviflorus seed lectin (SPL) is a
heterotetrameric lectin, with two « and two 3 monomers.
In the crystal structure of SPL &« monomer, two residues at
positions 240 and 241 are missing. This region was modeled
based on the positional and sequence similarities. The role
of metal ions in SPL structure was analyzed by 10 ns
molecular dynamics simulation. MD simulations were
performed in the presence and absence of metal ions to
explain the loss of haemagglutinating property of the lectin
due to demetallization. Demetallized structure was found to
deviate drastically at the metal binding loop region. Affinity
of different sugars like N-acetyl galactosamine (GalNAc),
D-galactose and lactose towards the native and demetallized
protein was calculated by molecular docking studies. It was
found that the sugar binding site got severely distorted in
demetallized lectin. Consequently, sugar binding ability of
lectin might be decreasing in the demetallized condition.
Isothermal titration calorimetric (ITC) analysis of the sugars
in the presence of native and demetallized protein confirmed
the in silico results. It was observed after molecular dynam-
ics simulations, that significant structural deviations were
not caused in the quaternary structure of demetallized lectin.
It was confirmed that the structural changes modified the
sugar binding ability, as well as sugar specificity of the
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present lectin. The role of metal ions in sugar binding is
described based on the in silico studies and ITC analysis. A
comprehensive analysis of the ITC data suggests that the
sugar specificity of the metal bound lectin and the loss of
sugar specificity due to metal chelation are not linear.
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Introduction

Lectins are multivalent carbohydrate-binding proteins. The
biological properties of lectins are mediated through their abil-
ity to bind specifically with different sugars [ 1-7]. Lectins were
first identified in plants and their best-characterized property
was the ability to agglutinate red blood cells. So, lectins are
referred to as phytohaemagglutinins. Subsequently, lectins
have been identified and characterized in other forms of life
such as animals, bacteria, fungi and viruses [7, 8]. The impor-
tance of carbohydrate as the energy source and its crucial role in
maintaining the structural integrity of plants has long been
recognized. The role played by carbohydrates in biological
recognition has become an important area of research recently
[8]. It turns out that a substantial part of the recognition events,
particularly on cell surfaces, are mediated through specific
interactions between proteins and diverse carbohydrate struc-
tures. On the tumor cell surface, lectins interact with specific
carbohydrate structures. This property of lectins is exploited to
discriminate malignant from normal cells [9]. For this reason
and indeed for the insights they provide to the structural diver-
sity of proteins and the strategies for generating ligand speci-
ficity, lectins have been received with considerable attention.
Spatholobus parviflorus seed lectin (SPL) is a hetero di-
meric tetramer lectin, with two « and two {3 monomers
forming the tetramer. « chain consists of 251 and 3 chain
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consists of 239 amino acid residues. In « chain, the residues
240 and 241 were not found due to the poor electron density.
So, they were designated as ‘unknown’ (xx) [10] in its se-
quence. Sequence similarity revealed that SPL belongs to the
legume lectin family. The secondary structure consists of 6 %
« helices (4 helices; 17 residues) and 42 % beta sheets (20
strands; 106 residues). A little over 50 % of the residues form
the loops connecting these sheets or the strands in them. The 18
{3 strands of SPL form a jelly roll like structure as in the other
legume lectins. The jelly roll model consists of anti-parallel six
stranded [3-sheet, curved seven stranded front 3-sheet and a
short five member 3-sheet as a cap to the molecule. The sheets
are connected by many loops [11]. Dimers/tetramers are stabi-
lized by the hydrogen bonds formed between the monomers.

Biochemical studies revealed that SPL is a galactose
specific lectin [10]. Sugar binding pocket in SPL consists
of the residues D88, G106, Y130, N132, T133, G217 and
A218. There are two metal ions in each monomer, one each
of Ca®" and Mn*". They were confirmed by atomic absorp-
tion spectrophotometry and could be removed by the che-
lating agents like EDTA. Structure analysis reveals that the
metal coordination is through the residues E126, D128,
Y130, N132, D137 and H142. The sugar and metal binding
sites are found to be conserved in legume lectins. Two resi-
dues, Y130 and N132, are involved in both sugars binding as
well as metal binding. For analyzing the structural similarity,
SPL was compared with some of the legume lectins and
showed more that 60 % sequence similarity [12—15].

Among the computational approaches to study and ex-
plore biological systems at atomic level, molecular dynamic
(MD) simulations are found to be applied successfully for a
number of biological macromolecules. MD simulations have
been used to study different lectins like Peanut agglutinin
(PNA), Concanavalin A (ConA), Erythrina corallodendron
lectin (EcorL) [16—19] and their different sugar complexes.
These studies demonstrated MD as a complementary method
to crystallography and other experimental methods which
gave insight to the structure [20]. The present MD study
focuses on the role of metal ions in the sugar binding and
quaternary structural assembly of SPL.

Materials and methods

Metal ions in hemagglutination

Demetallization and hemagglutination assay of SPL

SPL was demetallized by dialyzing against 0.58 mM of EDTA
in phosphate buffer of pH 7.4 for 72 h. After demetallization,
the protein solution was dialyzed for 72 h against phosphate

buffer of same pH to remove EDTA. Both the native and
demetallized proteins were tested for hemagglutination of
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human red blood cells (RBCs), prepared in phosphate buffer
in physiological saline. The two proteins were serially diluted
on a microtitre plate and checked for hemagglutination activity.

Simulation studies
Modeling of missing residues in o« monomer

In order to model the missing regions of « chain, BLAST
analysis was carried out to identify the related sequences. As
a result of BLAST analysis, 156 similar lectin sequences
were collected from the non redundant database and these
sequences were aligned together using Clustal X [21]. It was
observed that all the collected sequences were aligned per-
fectly to o chain of SPL and the minimum alignment score
obtained was 89 %. The signature was constructed for the
missing residues based on the frequency of amino acids at
the corresponding positions.

Preparation of the protein structure

The modeled protein was prepared using protein preparation
wizard of Schrodinger Maestro 9.1. Polar hydrogens were added
and bond orders were assigned properly. The metals were treated
and coordination was corrected properly. The structure was then
minimized using Impref minimization in Schrodinger Maestro
9.1. RMSD cut off of 0.30 A was applied during minimization
process in order to avoid the huge structural changes.

Molecular dynamics

Molecular dynamics (MD) simulations were carried out
using AMBER 94 force field in the Macromodel module
of Schrodinger Maestro 9.1 [22] at a temperature of 300 K.
MD was applied to the native and demetallized structures.
The van der Waals, electrostatic and H-bonds cut off were
set at 12, 20 and 4 A respectively. The simulations were
carried out using an explicit solvent system with a water box
consisting of TIP3P [23] water molecules. The water boxes
used for the monomeric and tetrameric units were 50 A* and
110 A? respectively. The simulations were carried out both
in the presence and absence of metal ions, and for the
monomeric and tetrameric units of the protein. The system
was energy minimized with 500 iterations of Polak-Ribiere
conjugate gradient minimization (PRCG) and molecular dy-
namics was performed for 10 ns. A time step of 1 ps and
equilibration time of 100 ps were used in all simulations.

Molecular docking
In order to identify the binding of different sugars, an induced

fit docking (IFD) was carried out against native and
demetallized structures (chains A and B) after molecular
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dynamics (DSAMD). Docking simulations were done by
(Schrodinger) Maestro 9.1. The final energy minimized struc-
ture after incorporating the missing residues was taken for the
docking studies. The sugars such as N-acetyl galactosamine
(GalNAc), D-galactose and lactose were prepared using
Ligprep module and the prepared structures were docked into
the binding site of both proteins by extra precision (XP) method.
The IFD protocol allows flexibility to both the ligand and
the target. Residues D88, G106, Y130, N132, T133, G217
and A218 were used for setting the Grid. Before IFD, a
constrained minimization of the receptor with an RMSD
cutoff of 0.18 A was applied. Then, initial glide docking
of each ligand using van der Waals radii scaling was carried
out. The best poses were retained based on the energy and the
prime side-chain prediction. The minimization for each
protein/ligand complex was then carried out. After that, glide
redocking of each protein/ligand complex structures was car-
ried out and the best pose selected based on the glide score.

Isothermal titration calorimetry

Of SPL 0.1 mM was prepared in 20 mM phosphate buffer, pH
7.4. 2 mM of sugars, GalNAc, D-galactose and lactose were
also prepared in the same buffer. Both, protein and ligand
samples were degassed before loading to the ITC machine.

The calorimetric titrations were performed at the tempera-
ture 298.15 K using VP-ITC isothermal titration calorimeter
from Microcal (Northampton, MA, USA) as described in the
manufacturer’s instruction manual. Six pl of ligand solution
was added from the rotating syringe to the cell containing
protein solution. Twelve seconds time was set for each injec-
tion. A time interval of 180 s was also set between each
injection to allow the exothermic peak resulting from the
reaction to return to the baseline. Total 47 injections were
made. The reference power was set as 10 pcal and the stirring
speed was adjusted to 307 rpm. The volume of the first
injection was set as 3 pl to avoid inaccuracy. The final data
at the end of the injections were fitted by a nonlinear least
squares method using ORIGIN software from Microcal.
The binding constant (K), enthalpy change (AH), entropy
change (AS) and binding free energy (AG) were calculat-
ed using ORIGIN software.

The ITC assay of the same sugars with demetallized
protein was also done. Of demetallized protein 0.1 mM
and 2 mM of sugars were prepared in phosphate buffer of
pH 7.4. The parameters for ITC analysis were set as in the
case of lectin with metal ions.

Results and discussion

SPL with metal ions (native protein) showed hemagglu-
tination activity up to a dilution of 0.9x10>M, where as

the demetallized protein showed hemagglutination up to
14.5x107°M dilution only, which indicated that SPL lost
approximately 94 % of hemagglutinating activity due to
demetallization.

From the analysis of the signatures and frequency of
amino acids of SPL sequence, at the region of residues
240-241, only three amino acids were found appropriate at
positions 240 (G, T and D) and 241 (T, S and N). Nine
combinations were made with these residues and each com-
bination was incorporated into the structure using protein
building panel of discovery studio 2.5 [24]. In total, nine
structures were constructed and these were minimized ex-
tensively by applying 25,000 steps of steepest descent and
50,000 steps of conjugate gradient using the programe
Swiss PDB viewer by choosing the force field GROMOS
9643B1 [25]. Among the nine structures, lowest energy
(—13910.52 keal mol ") was observed for the structure with
a combination of T and N residues at positions 240 and 241
respectively. The positions of metal ions were also energy
minimized accordingly. The final energy minimized struc-
ture was used for the molecular dynamics simulation study.

In total six different MD simulations were applied to o
chain, 3 chain and the whole structure (with all four monomers)
separately in the presence and absence of the metal ions. In
order to identify the structural changes after removal of metal
ions, the resultant structure after MD simulation in the
demetallized form (DSAMD) was superimposed to the native
structure and the RMS deviations were deduced. When MD
was carried out, only slight deviations were observed in the
native structure. So, it was assumed that the changes occurred to
DSAMD structures were due to the demetallization. The metal
coordinate bonds of the metal bound residues and the corre-
sponding deviated bonds of the demetallized residues in
DSAMD structure are listed in Table 1. The super-positioning
of DSAMD (orange) and native (cyan) structures of both o and
{3 chains are depicted as Figs. la and b respectively. Dashed
lines indicate the coordinate bonds.

In the case of o« monomer, the DSAMD structure
exhibited mean RMS deviation of 2.56 A in Co positions.
The mean RMS deviations in back bone and side chain
atoms were 2.60 A and 3.37 A respectively. In SPL, the
residues at the positions 126 to 141 are considered to be
forming the metal binding loop. In the native structure,
Y130 and N132 of the metal binding loop make coordinate
bonds with Ca®" ion. Similarly, E126 and H142 make coor-
dinate bonds with the other metal ion, Mn>". Two D resi-
dues at positions 128 and 137 make coordinate bonds with
both the metal ions. It is confirmed that the orientation of
metal binding loop is stabilized by nine coordinate bonds.
These coordinate bonds bridge the loop to the rest of the
protein structure. After 10 ns MD simulation, it was ob-
served that the DSAMD structure was perturbed drastically
as the metal binding loop was disrupted.
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Table 1 The metal coordinate
bonds and the metal—protein
residues distances at their shifted

Distance in A unit

positions in DSAMD from the Residue Atom o monomer f monomer
metal occupied site
Metal ion Native DSAMD Native DSAMD

E126 OE2 Mn** 2.1 3.9 2.4 3.0
H142 NE2 Mn** 22 2.7 22 2.7
D128 OD2 Mn** 2.1 43 2.1 4.9
D137 OD1 Mn?** 2.3 9.9 2.3 8.1
D137 OD2 Ca** 2.3 6.9 2.6 8.7
D128 OD1 Ca** 24 3.7 2.5 6.3
D128 OD2 Ca** 2.6 3.1 2.7 5.3
Y130 (0) Ca** 2.4 5.5 2.3 6.0
N132 OD1 Ca** 24 5.6 24 5.1

As discussed earlier, the OD1 atom of D137 made a
coordinate bond with the Mn”" ion at a distance of 2.3 A.
In the DSAMD structure, D137 shifted from the original
position and the distance to the metal ion occupied site
(D137 ODI1- Mn*" distance) was found to be 9.72 A. In
the similar way, the length of each coordinate bond in the
native structure and the distance from the positions of the
same atoms in the DSAMD structure to the metal occupied
sites, were also calculated (Table 1). The NE2 atom of H142
in the DSAMD structure was deviated to 3.96 from 2.2 A
and OE1 atom of E126 was deviated from 2.1 A to 4.6 A
from their original positions. Similarly, OD2 atom of D128
deviated to 4.05 A from 2.1 A (Table 1).

The residues surrounding the Ca®" ion were also found to
be deviated in the DSAMD structure. The OD1 and OD2

Fig. 1 The superimposition of
DSAMD (orange) and native
(cyan) structures of both « (a)
and 3 (b) monomers. Dashed
lines indicate the coordinate
bonds

@ Springer

positions of the D128 were deviated by 3.6 and 5.3 A
respectively from their initial positions. In the crystal struc-
ture, the coordinate bond lengths were 2.4 and 2.6 A re-
spectively (Table 1). The O atom of Y130 was deviated to
5.6 A from 2.4 A. Similarly, the OD1 atom of N132 was
deviated to 3.5 A from 2.3 A. The OD2 atom of D137 in the
DSAMD structure was found to be deviated to 8.6 A from
2.3 A. The shifts in these residues have also affected the
orientation of the neighboring residues (Table 1 and Fig. 1a
and b). Bouckaert and co-workers determined the crystal
structure of apo-concanavalin A (Con A) [26] and observed
that the metal ion was required to stabilize a cis-peptide
bond between A207 and D208 residues. The A87-D88 of
the SPL are comparable to A207 and D208 of ConA, but the
A87-D88 is not a cis-peptide bond. However, the presence

(B)
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Table 2 Glide score of the sugar binding to the protein in the native
and demetallized (DSAMD) condition

No Sugar Glide score in kcal mol ™'
Native DSAMD-a DSAMD-B
1 GalNAc -9.37 —4.39 —4.94
2 Lactose —8.03 —4.90 —4.59
3 D-galactose —7.63 —4.10 —5.96

of metal ion is essential to stabilize the loop region,
irrespective of the type of peptide bonds.

3 chain of SPL consists of 239 residues and these are
similar to & chain up to 239. Hence the metal binding regions
in both chains are the same (Table 1). The DSAMD structure
of B chain showed mean RMS deviation of 2.67 A in Ca
positions and 2.74 A in backbone atoms. The side chain atoms
showed 3.26 A mean RMS deviation with respect to the native
structure.

In the DSAMD structure, D137 was found to deviate
from the native structure (9.9 A) as in « chain. Similarly,
O atom of Y130 and, OD1 and OD2 atoms of D128 were
found to deviate by 5.5, 3.7 and 3.1 A respectively from
their original positions. Initially, the coordinate bond lengths
of these residues were 2.3, 2.7 and 2.5 A respectively. Only
minor changes have been observed in the position of H142
in both the structures. In the native structure the NE2 atom
of H142 was coordinately bonded with Ca®>* ion at a dis-
tance of 2.2 A. It was deviated to 2.7 A only. The other
metal binding residues, such as E126, N132 were also found
to deviate from the native structure. A comparative analysis
showed that the deviations in &« and 3 monomers were
essentially the same.

The overall DSAMD structure (with four monomers) was
also superimposed with the native structure and found to have
amean RMS deviation 0f2.03 A in Cax positions. It was noted
that the loop regions in the surface of SPL deviated more

Fig. 2 Binding pattern of D-
galactose in the binding pocket
of both native (a) and DSAMD
(b) structures

(A)

compared to the rest of the structure and backbone atoms of
the DSAMD structure deviated negligibly. No dissociation
was observed for the tetramer of heterodimers during the
10 ns simulation. It was confirmed by the present analyses
that the metal ions do not contribute to the stability of the
quaternary structure of SPL.

Other loop regions (from 37 to 42 and 100 to 115) were
also found to deviate drastically from their original posi-
tions. These loops were located on the surface of the protein
and hence, they could move freely in the solvents.

According to the IFD results, GaINAc showed highest
(—9.37 kcal mol™") glide score (Table 2). Lactose and
D-galactose showed glide scores —8.03 and —7.63 kcal mol !
toward o chain of the native structure. No significant differ-
ence was observed in the glide scores when sugar was bound
to (3 chain. It was found that D88 made a similar hydrogen
bond with all sugars upon binding. The same sugars were also
docked into the binding region of the DSAMD structure and
found that the glide scores were found to be decreased signif-
icantly. The glide scores of sugar complexes with native o and
{3 monomers are shown in Table 2. It was also noted that in the
DSAMD structure, the residue D88 could not make any
hydrogen bond with the ligands as it deviated from its original
position. From the super-positioning analyses it was deduced
that the residue D88 was deviated by 1.65 A from its original
position. It was already reported in similar structures, that the
residues such as D88, G106, Y130, N132, T133, G217 and
A218 were important for sugar binding. The shifts of these
residues due to the metal chelation affected the binding of
sugars to the lectin. In the DSAMD structure, all these resi-
dues were deviated by at least 1.35 A. So, it was confirmed
that the structural changes affected the sugar binding ability as
well as sugar specificity of lectin.

Three dimensionally, the sugar binding region of SPL
resembled a ‘v’ shaped pot in cross section. The binding
of sugar was in such a manner that it was arranged in the
middle of the pot, as it had more interactions with the amino
acid residues forming the cavity. It was found that the

1\
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Fig. 3 Isothermal titration calorimetric analysis of GalNAc (a), lactose
(b) and D-galactose (¢) with native SPL. The curve represents the non-
linear least-squares fit of the energy released as a function of the

pyranose ring of all sugars was bound at the same position
in the native structure. They are able to make at least one
hydrogen bond with any of the three residues, D88, A218 or
S219. It might be assumed that the arrangement of sugars in
the sugar binding region was in such a manner that the
pyranose ring was placed first and the remaining portion
of the sugars were aligned to get more interactions to
strengthen the sugar-protein stability.

1 T T T T I T T I T
0.5 00 05 1.0 1.5 20 25 3.0 35 40 45 50
Molar Ratio

T T T T I T T T T T
0500 05 1.0 1.5 20 25 3.0 35 4.0 45 50
Molar Ratio

compounds added during the titration. Raw thermal power signal
(top) and plot of integrated heat versus ligand/protein molar ratio
(bottom)

Apart from the above discussed three (D88, A218 or S219),
the other residues that fell in the 4 A radius of the pyranose ring
atoms were also identified. They were A87, G106, T129,
Y130, N132, G217 and L222. No common pattern of binding
was shown when the native and DSAMD structures with the
docked ligands were superimposed. However, a common na-
ture was observed in the case of pyranose ring of most of the
sugars. In the DSAMD structure a shift in the pyranose ring

Table 3 Thermodynamic pa-

rameters for the binding of sugars K AH AS AG Avg. AG
a) GalNAc b) lactose and ¢) D-
galactose with native and GalNAC GAL (Chi’=218.2)
demetallized SPL Site 1 2.92x10*+7.8x10? —898.9+27.5 17.4 -6.08 -6.08
Site 2 3.4x10%+8.3x10? —647.9+100 18.1 -6.19
Site 3 2.54x10*+8.6x 10> 499.1+1.63 21.8 -6.00
Site 4 2.64x10*+6.5x 10> —-909.7+115 17.2 -6.03
Lactose (Chi’=862.6)
Site 1 1.56x10%+3.6x 10> —3803+65.9 6.43 -5.72 -5.69
Site 2 1.77x10%+4.7x10% —2302+272 11.7 -5.79
Site 3 1.37x10%+3.0% 102 5356+524 36.9 -5.64
Site 4 1.28%10%+3.0% 10 ~5280+432 1.08 -5.60
D-galactoese (Chi2:418)
Site 1 1.30x10%*+1.3x10? —1.095x10*+£46.9 17.9 -5.61 -5.54
Site 2 3.70x10°+44 44874337 33.4 -5.47
Site 3 9.11x103+£1.1x10? 4494+713 33.2 -5.40
Site 4 1.44x10%+1.3% 102 —-6772+476 -3.68 -5.67
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Fig. 4 Isothermal titration calorimetric analysis of GalNAc (a), lactose
(b) and D-galactose (¢) with demetallized SPL. The curve represents
the non-linear least-squares fit of the energy released as a function of

was observed, compared to the sugars bound in the native
protein. The DSAMD structure explained that the sugar bind-
ing loop was shifted toward outside by making a new cavity,
adjacent to the actual sugar binding cavity. It was also ob-
served that the actual sugar binding cavity was compacted in
both the monomers due to demetallization. Hence, the sugars
could not bind in the sugar binding region as in the native
structure. The binding mode of galactose in both native
and demetallized structures are shown in Fig. 2. The in-
teractions of the demetallized protein in solution might be
similar to that of the modeled structure, showing drastic
reduction in hemagglutination/sugar binding functions.

The results of ITC assays of GalNAc, lactose and D-
galactose with SPL at 298.15 K and its corresponding param-
eters are shown in Fig. 3 and Table 3 respectively. Since SPL
is a tetramer with one sugar binding site at each monomer, the
ITC data were fitted using sequential binding mode with a
stoichiometry n=4. The titrations were found to be exothermic
in nature. The binding free energies of the sugar at the four
sugar binding sites were calculated. On average, GalNAc
(—6.08 kcal mol ") exhibit slightly higher binding free energy
compared to lactose (—5.69 kcal mol ') and D-galacoste
(—5.54 kecal mol ") (Table 2). These data agree with the earlier
reported observation [10]. In the case of demetallized protein,
the peaks were found to be exothermic. The ITC results also
have good agreement among themselves and are also in
agreement with the in silico predictions in terms of binding
affinity (Table 3). The parameters are shown in Fig. 4. In the

the compounds added during the titration. Raw thermal power signal
(top) and plot of integrated heat versus ligand/protein molar ratio
(bottom)

case of GalNAc, the final data could be fitted only after 5000
iterations. Hence, the error was found to be high in the fitted
data. Similarly, for lactose and D-galactose the binding iso-
therms were also found to be improper and the data were
found inappropriate for fitting. So it was concluded that the
demetallization leads to the loss in conformational rigidity
required for sugar binding specificity of the loop.

Conclusions

It might be assumed from the low hemagglutination score of
the lectin for demetallized protein that it is due to the distortion
of the loop region upon demetallization and consequent re-
duction in sugar binding affinity. There will be reduction in
binding of blood cells onto the lectin molecule due to the weak
binding of sugars of the surface glycoproteins of RBCs onto
the lectin molecules, failing the formation of lectin:RBC-
surface-sugar:lectin: network, leading to precipitation.

It was confirmed from the MD simulation studies that the
metal ions are important for the structural stability as well as
sugar binding property of SPL. The demetallization leads to
large scale conformational changes in the metal binding loop.
Since the sugar binding region is very close to the metal
binding region, the perturbation in the loop affects the sugar
binding as well. It was observed that the other secondary
structure elements like sheets and helices were not deviated
much since the hydrogen bonding network is strong. Also, no
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highlighted changes due to metal chelation in the topology of
SPL occurred even after 10 ns MD simulation. So, from these
studies, it was concluded that the metal chelation is not affect-
ing the quaternary structure of the lectin. However, it disables
the sugar specificity and binding strength of the lectin. Also, a
comprehensive analysis of the molecular docking and ITC
data (Tables 2 and 3) suggests that the sugar specificity of the
metal bound lectin and the loss of sugar specificity due to
metal chelation are not linear.
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