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The structures of nine independent crystals of bitter gourd seed lectin (BGSL), a non-toxic homologue of type II RIPs,
and its sugar complexes have been determined. The four-chain, two-fold symmetric, protein is made up of two
identical two-chain modules, each consisting of a catalytic chain and a lectin chain, connected by a disulphide bridge.
The lectin chain is made up of two domains. Each domain carries a carbohydrate binding site in type II RIPs of known
structure. BGSL has a sugar binding site only on one domain, thus impairing its interaction at the cell surface. The
adenine binding site in the catalytic chain is defective. Thus, defects in sugar binding as well as adenine binding
appear to contribute to the non-toxicity of the lectin. The plasticity of the molecule is mainly caused by the presence of
two possible well defined conformations of a surface loop in the lectin chain. One of them is chosen in the sugar
complexes, in a case of conformational selection, as the chosen conformation facilitates an additional interaction with
the sugar, involving an arginyl residue in the loop. The N-glycosylation of the lectin involves a plant-specific glycan
while that in toxic type II RIPs of known structure involves a glycan which is animal as well as plant specific.
[Chandran T, Sharma A and Vijayan M 2015 Structural studies on a non-toxic homologue of type II RIPs from bitter gourd: Molecular basis of nontoxicity, conformational selection and glycan structure. J. Biosci. 40 929–941] DOI 10.1007/s12038-015-9573-x

1.

Introduction

Lectins, multivalent carbohydrate binding proteins of nonimmune origin, exert their influence through their ability to
specifically recognize different sugar structures (Goldstein
et al. 1980; Vijayan and Chandra 1999; Loris 2002; Sharon
and Lis 2004; Imberty et al. 2005). They are also known to
bind molecules other than sugars, but the biological significance of this binding is unclear (Kaur et al. 1997; Hamelryck
et al. 1999; Goel et al. 2005). They occur in all kingdoms of

life and are involved in several biological processes
(Drickamer 1999; Feizi 2000; Kaur et al. 2006; Wong
et al. 2006; Sharon 2007; de Melo et al. 2010; Akkouh
et al. 2015). They are also used in different applications.
Those from plants are the most extensively studied among
lectins. They belong to five major structural families (Perez
et al. 2015). In a long-range programme, we have extensively studied the structure and interactions of lectins belonging
to three such families characterized by legume lectin, βprism I and β-prism II folds (Banerjee et al. 1994;

Keywords. "-trefoil fold; conformational selection; Momordica charantia; plant lectin; protein-carbohydrate interaction; ribosome
inactivating protein
Abbreviations used: APA, Abrus precatorius agglutinin; BGSL, bitter gourd seed lectin; Gal, Galactose; Lac, β-Lactose; MeGal,
Methyl-α-D-galactose; GalNAc, N-acetyl-Galactosamine; N-1, Native 1; N-2, Native 2; N-3, Native 3; PBS, phosphate buffer; RCA,
Ricinus communis agglutinin
Supplementary materials pertaining to this article are available on the Journal of Biosciences Website at http://www.ias.ac.in/jbiosci/
dec2015/supp/Chandran.pdf
http://www.ias.ac.in/jbiosci

Published online: 28 November 2015

J. Biosci. 40(5), December 2015, 929–941, * Indian Academy of Sciences

929

930

T Chandran, A Sharma and M Vijayan

Sankaranarayanan et al. 1996; Chandra et al. 1999; Pratap
et al. 2002; Jeyaprakash et al. 2003, 2004; Ramachandraiah
et al. 2003; Singh et al. 2005; Natchiar et al. 2006; Sharma
et al. 2007; 2009; Sharma and Vijayan 2011; Chandran et al.
2013; Abhinav et al. 2015). Our current focus in the programme is on non-toxic homologues of type II ribosome
inactivating proteins (RIPs) (Sharma et al. 2013), which
constitute a fourth structural family of plant lectins.
RIPs are of two types. Type I RIPs are single chain proteins
with N-glycosidase activity. In type II RIPs, a lectin chain (Bchain) is covalently linked through a disulphide bridge to an Nglycosidase chain (A-chain). The lectin chain aids the
internalisation of the protein by binding to cell surface receptors.
This chain is made up of two domains, each with a β-trefoil fold.
Once inside the cell, the catalytic chain cleaves the glycosidic
bond of a specific adenine in 28 S rRNA (Endo and Tsurugi
1987; Barbieri et al. 1997; Shi et al. 2012) in the ribosome. The
trefoil fold in the lectin chain exhibit a quasi three-fold symmetry, like those of β-prism I and II fold lectins which also have
subunits with approximate three-fold symmetry. It has been
suggested that each of these three-fold symmetric lectin domains
could have evolved through successive gene duplication, fusion
and divergent evolution of a primitive carbohydrate-binding
motif. Among the three, β-trefoil and β-prism II fold lectins have
been shown to exist in bacteria as well, testifying to their ancient
origins (Nakamura et al. 2011; Patra et al. 2011; Abhinav et al.
2013; Patra et al. 2014).
The first type II RIP to be investigated crystallographically
was ricin (Montfort et al. 1987) from Ricinus communis. The
other type II RIPs, the structures of which were determined
subsequently include abrin (Tahirov et al. 1995), European
mistletoe lectin (Eu-ML) (Sweeney et al. 1998; Jimenez et al.
2005), Ricinus communis agglutinin (RCA) (Sweeney et al.
1997), ebulin (Pascal et al. 2001), Himalayan mistletoe lectin
(Hm-RIP) (Mishra et al. 2004), Abrus precatorius agglutinin
(APA) (Bagaria et al. 2006), cinnamomin (Azzi et al. 2009) and
snake gourd seed lectin (SGSL) (Sharma et al. 2013). Of these,
ebulin and SGSL were found to be non-toxic. The physiological
role of non-toxic forms of type II RIPs is yet to be elucidated.
However, they have received special attention as good candidates for the construction of non-toxic or only mildly toxic
immunotoxins and conjugates against specific antigens of tumour cells (Jiménez et al. 2014). The molecular basis of their
non-toxicity is only beginning to be understood. In the case of
ebulin, the absence of toxicity is not associated with any specific
mutation(s) (Girbes et al. 1993; Pascal et al. 2001) and can be
attributed to difference in the orientation of the ligand at a sugar
site. Specific mutations are involved in the absence of toxicity in
the lectin from Trichosanthes kirilowii (Li et al. 2001) and
snake gourd seed lectin (SGSL) (Sharma et al. 2013) from
T.anguina, the structures of which were subsequently analysed.
The primary structure of the former is yet to be fully established.
Therefore, absence of toxicity could be firmly related to specific
J. Biosci. 40(5), December 2015

mutations only in SGSL, the first type II RIP homologue
studied in this laboratory (Sharma et al. 2013).
Among the type II RIPs of known structure, RCA is
unique in that it is a four-chain protein. Two ricin type
modules are connected through a disulphide bond in RCA
(Sweeney et al. 1997). The bitter gourd seed lectin (BGSL)
from Momordica charantia, the structure and interactions of
which are presented here, is also a four-chain protein. The
isolation, purification and physicochemical studies of BGSL
have already been reported (Das et al. 1981; Khan et al.
1981; Mazumder et al. 1981; Padma et al. 1998; Sultan et al.
2004; Sultan and Swamy 2005; Kavitha et al. 2009; Kavitha
et al. 2010; Swamy et al. 2015). Its sequence is known
(Tanaka et al. 2009). The glycosylated lectin is galactose
specific. M.charantia belongs to the same family as
T.anguina and BGSL, although similar to SGSL, is a fourchain protein and the other is a two-chain protein. Both
BGSL and SGSL are non-toxic homologues of type II
RIPs. The present work provides information on the similarity and the differences in the molecular basis for the nontoxicity of the two lectins. A comparison of the structure of
BGSL and RCA leads to insights into the source of variability in the association of four-chain type II RIPs. Furthermore,
the structures presented here provide an example of conformational selection on ligand binding affecting intermolecular
interactions. The structure of the well defined glycan in one
of the three glycosylation sites in BGSL is of interest in
relation to the variability in the glycosylation of type II RIPs.
2.

Materials and methods
2.1

Materials

Bitter gourd seeds were procured from local seed vendors in
Bangalore (India). Sepharose 6-B, Galactose (Gal), β-lactose
(Lac), methyl-α-D-galactose (MeGal), N-acetyl-Galactosamine
(GalNAc), benzyl-T-antigen, PEG 10,000 and ammonium
sulphate, used for protein purification and crystal preparation,
were purchased from Sigma Aldrich. T-antigen was earlier
synthesised in this laboratory (Mahanta et al. 1990).
Epichlorohydrin, sodium hydroxide and sodium phosphate
(both monobasic and dibasic) were purchased from Merck
(Mumbai, India). Crystal screens (I and II) and HEPES were
purchased from Hampton research (Laguna Niguel, US).
2.2

Purification

The protein was purified by using the protocol as described
earlier (Mazumder et al. 1981; Sultan et al. 2004; Sultan and
Swamy 2005; Chandran et al. 2010). In brief, bitter gourd
seeds were crushed and soaked overnight in phosphate buffer
saline (PBS), pH7.3. The material was centrifuged and the
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supernatant was passed through a sepharose 6-B column cross
linked with galactose. The protein was eluted from the affinity
column using 200mM galactose in PBS, pH7.3. The eluted
protein was dialysed extensively against PBS for 48 Hrs and
the purity was examined on a 12% SDS-PAGE gel. Finally,
the protein was centrifuged at 12,000 rpm, 45 min. The supernatant was used for setting up crystallization trays.
2.3

Crystallization, data collection and structure solution

Native protein crystals were obtained by the hanging-drop
method by equilibrating a 4 μL drop containing 8 mg/mL
protein and an equal volume of reservoir solution made up of
0.1 M HEPES and 20% w/v PEG 10000 (Chandran et al.
2010). After a few weeks, orthorhombic crystals were observed, which grew in size to about 0.3 mm. Efforts to cocrystallize the protein with Gal and its derivatives did not
succeed. Efforts to soak in the sugars into preformed protein
crystals were bedeviled by the tendency of the crystals to
disintegrate during soaking. The experiments involving
soaking were carried out under three conditions. In the first
set of experiments, the reservoir solution in the original
crystallization experiment was used as the soaking solution
and 25% glycerol was used as cryoprotectant (condition 1).
No separate cryoprotectant was used in the second set of
experiments (condition 2). The concentration of PEG 10K
was raised to 25% in the third set of experiments. Again, no
separate cryoprotectant was used (condition 3). The ligand
concentration in all cases was 4mM. The native crystals were
also soaked in the different soaking solutions for the purpose
of comparison. Native crystals corresponding to the three
conditions are referred to as Native 1 (N-1), Native 2 (N-2)
and Native 3 (N-3), respectively. Best crystals of the complexes with Gal, GalNAc and T-antigen were obtained under
condition 1 and these were used for structure analysis.
Likewise, those of the complex with MeGal treated under
condition 2 and those of the Lac and benzyl-T-antigen complexes grown under condition 3 were used for further work.
Diffraction data from native crystals 2 and 3 and from
those of the complex with benzyl-T-antigen and T-antigen
were collected on the bending magnet beamline 14 (BM 14)
of wavelength 1.0 Å at the European Synchrotron Radiation
Facility (ESRF), Grenoble, France, using a Mar research
MAR225 imaging plate. Data from N-1 and the complexes
involving Gal, MeGal, Lac and GalNAc were collected at
home source with a MAR345 detector mounted on a Bruker
Microstar Ultra II Cu Kα rotating anode X-ray generator. All
the datasets were collected at 100 K. Details of data collection have been tabulated on table 1. The data were processed
and merged using imosflm (Battye et al. 2011) and SCALA
(Evans 2006) of the CCP4 suite (Winn et al. 2011).
Intensities were converted to structure factors using
TRUNCATE (French and Wilson 1978; Padilla and Yeates
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2003; Dauter 2006). Solvent content was estimated using the
method of Matthews (Matthews 1968). Structure solution in
all the cases was obtained by the molecular replacement
method using PHASER (McCoy et al. 2007), in the CCP4
program suite using ebulin (PDB code: 1hwm) as the search
model. The structures were refined using Refmac
(Murshudov et al. 1997) from the CCP4 package. Model
building was carried out using the program Coot v.0.7
(Emsley et al. 2010). Addition of sugar ligands and water
oxygens using difference maps commenced when R and
Rfree were roughly 25% and 30% respectively. Water oxygens were located based on peaks with height greater than
1.0σ in 2Fo-Fc and 3.0σ in Fo-Fc maps. The refined models
were validated using PROCHECK (Laskowski et al. 1993)
and the web server MOLPROBITY (Davis et al. 2007; Chen
et al. 2010). Data collection and refinement statistics have
been summarized in table 1. As can be seen from the table,
the quality of the data exhibits some variation presumably on
account of differences in crystal quality. However, all the
data sets yielded reliable structural information.
2.4

Sequence alignment and analyses

Structure based sequence alignments were made by the program EXPRESSO (Armougom et al. 2006). Structure alignments were carried out using program ALIGN (Cohen 1997).
Sausage plots were generated using MOLMOL (Koradi et al.
1996). All the illustrations were generated using Pymol
(DeLano 2002) and chimera (Pettersen et al. 2004).
3.
3.1

Results and discussions

Molecular orientation and crystal packing

Crystal structures of the complexes of BGSL with Gal,
MeGal, GalNAc, Lac, T-antigen and benzyl-T-antigen, treated under three slightly different conditions involving differences in soaking solutions and cryoprotectants, have been
determined. Also, analysed are three native crystals subjected to the three conditions (table 1). All crystals belong to the
same space group and have half of the two-fold symmetric
molecule (one A-chain and one B-chain) in the crystal asymmetric unit. Crystals treated under condition 1 have comparable cell dimensions. Conditions 2 and 3 are very similar
except for a small change in the concentration of PEG. The
main difference between conditions 2 and 3 on the one hand
and condition 1 on the other hand is the use of glycerol as
cryoprotectant in the latter. Cell dimensions a and b, and
hence the unit cell volume, of crystals treated under condition 1 are larger than those of crystals treated under conditions 2 and 3. Native crystals treated under conditions 2 and
3 have comparable cell dimensions. The a axis in these
J. Biosci. 40(5), December 2015
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144.38
136.34
44.87
2.53
2.67-2.53
198112(21045)
30178
98.8(92.9)
10.1(2.2)
18.1(80.8)
6.6(5.2)
3974
234
19.9
24.4
0.01
1.6
97.6
2.4
0
66.6

100(100)
11.7(2.4)
14.3(82.3)
6.0(5.5)
3960
308
18.0
23.1
0.01
1.7
96.8
3.2
0
66.3

96.6
2.4
0
68.3

0.01
1.5

100(100)
14.5(4.4)
8.5(44.7)
7.3(7.1)
3945
397
17.9
19.8

144.37
135.80
44.89
1.97
2.07-1.97
468356(64975)
63830

97.4
2.6
0
60.6

0.01
1.6

99.5(97.7)
10.1(4.0)
12.9(43.0)
6.7(6.0)
3953
542
18.0
21.2

139.40
120.20
44.69
1.77
1.87-1.77
496604(62145)
73778

GalNAc/ 4zfu T-antigen/ 4zgr Native 2/ 4z9w
Crystal 3
Crystal 4
Crystal 5

142.30
137.07
44.84
2.54
2.68-2.54
180759(23359)
29902

Gal / 4zfw
Crystal 2

98.6
1.4
0
56.0

0.01
1.5

97.3(97.0)
9.2(1.8)
13.1(79)
5.7(5.3)
3974
114
22.1
28.7

110.30
136.99
44.40
2.42
2.55-2.42
147402(19630)
25685

MeGal / 4zfy
Crystal 6

Condition 2

97.2
2.8
0
61.1

0.01
1.6

100(100)
15.6(4.6)
7.0(34.6)
6.4(6.1)
3935
570
16.0
18.3

141.40
119.59
44.86
1.67
1.76-1.67
568970(77266)
88689

Native 3/ 4za3
Crystal 7

96.4
3.6
0
63.8

0.01
1.2

98(93)
7.0(2.0)
20.2(71.9)
6.7(4.9)
3970
179
24.6
29.2

129.38
139.57
45.10
2.55
2.69-2.55
179345(17896)
26759

Lac/ 4zlb
Crystal 8

Condition 3

98.0
2.0
0
63.6

0.02
1.4

100(100)
6.6(1.9)
27.9(124.6)
8.9(8.9)
3945
303
23.1
26.6

130.31
138.40
44.94
2.00
2.11-2.00
499074(71741)
56031

Benzyl-T-antigen/
4zbv Crystal 9

The space group of all crystals is P21212. The names of sugars indicate the complex involving them. PDB codes and crystal numbers are also given. Values for the outer shell are
given in parentheses.
† Rmerge = Σhkl Σi |Ii(hkl)-‹I(hkl)›| ⁄ Σhkl Σi Ii(hkl), where Ii(hkl) is the ith observation of reflection hkl and ‹I(hkl)› is the weighted average intensity for all i observations of reflection
hkl.

Unit cell dimensions
a (Å)
144.97
b(Å)
134.21
c (Å)
44.67
Resolution (Å)
2.36
Last shell (Å)
2.49-2.36
No. of observations
219398 (31270)
No. of unique
36839
reflections
Completeness (%)
100 (100)
I/(σI)
12.2 (3.7)
Rmerge† (%)
11.8 (47.7)
Multiplicity
6.0 (5.9)
Protein atoms
3944
Solvent atoms
407
R-Factorb (%)
16.5
Rfreeb (%)
20.1
RMS deviations from ideal values
Bond length (Å)
0.01
Bond angle (°)
1.6
Residues (%) in Ramachandran plot
Favoured (%)
97.2
Allowed region (%)
2.8
Disallowed region (%) 0
Solvent Content (%)
66.1

Native1 / 4z8s
Crystal 1

Condition 1

Table 1. Preliminary crystallographic data and data collection and refinement statistics
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crystals are slightly shorter than those in crystals treated
under condition 1. The b axes are, however, substantially
shorter. The MeGal, Lac and benzyl-T-antigen derivatives
have cell dimensions substantially different from those in
N-2 and N-3, inspite of the similarity in the experimental
conditions under which they were handled. For the same
packing arrangement as in the other crystals, cell dimension
a is shorter than b in the three derivatives unlike in all other
crystals. In fact, the MeGal derivative has the shortest a
dimension among the crystals considered.
Careful examination showed that the variation in the a
dimension in the crystals is related to the difference in the
orientation of the molecule as defined by the vector joining
the centers of mass of the two halves of the molecule. This
vector makes an angle of 49.7° with the b axis in Native 1
(figure 1a). The angle has very similar values in the crystals
handled under condition 1. The value of the angle in the
MeGal complex is as low as 31.2° (figure 1b). The values are
in between the two extremes in the other crystals. As illustrated in figure 1, the change in the orientation of the molecule affects molecular packing. For example, in N-1, two
adjacent molecules in the crystals are oriented nearly perpendicular to each other. In the MeGal complex, the adjacent
molecules move towards a more parallel arrangement. This
and the reduction in water content make packing in the
complex crystal tighter than in N-1. The crystals of the Lac
and benzyl-T-antigen complex present an intermediate situation. N-2 and N-3 have the shortest b dimension, an issue
which has been dealt with later. Thus, the nine crystals
present a picture of the same molecule under somewhat
different packing environments.

3.2

Molecular structure

The structure of BGSL (figure 2) can be schematically
described as B-A-A'-B' where A and B are the catalytic

Figure 1. Orientation of the molecule in (a) N-1 and (b) the
complex with MeGal. The orientation is specified by the line
joining the centers of mass of the two modules in the molecule.
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Figure 2. Three-Dimensional structure of BGSL. The three domains of the catalytic chain are shown in different colours (domain
I: pink, domain II: green and domain III: orange). Domain I of the
lectin chain is shown in blue and domain II in cyan. The disulphide
bond between the modules is shown as spheres. The location of
ligand (Gal) in the complex is also shown.

and the lectin chains, respectively, and A' and B' are their
exact two-fold equivalents. A and B are connected by the
Cys A246-Cys B4 disulphide bond. The A-B and A'-B'
modules are connected by a disulphide bond involving Cys
A46 and its symmetry equivalent. The only other B-A-A′-B′
type II RIP homologue of known structure is RCA. In RCA,
however, it is Cys A156 that is involved in connecting the
two molecules. Consequently, the mutual orientation of the
two symmetry related molecules is different in this protein
(figure 3). The BGSL molecule has an elongated shape. The
centre of mass of the modules subtends an angle of 159° at
the mid-point of the disulphide bridge connecting them. The
corresponding angle in RCA is 110.5°. The torsion angle
about the S-S bond (χ3) in the nine structures reported here
varies between −74° and −100°. The corresponding angle in
RCA is 104°. These values and the values of χ1 and χ2 in the
structures are in the acceptable range (http://
services.mbi.ucla.edu/disulfide/)
The A-B module of BGSL has structure and sequence
very similar to those of A-B type II RIPs and their other nontoxic homologues of known three-dimensional structure.
Excluding the signal peptide, the coding region of the
BGSL gene corresponds to a polypeptide made up of 524
amino acid residues. It has been suggested that the first 263
J. Biosci. 40(5), December 2015
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Figure 3. Comparison of the mutual disposition of the two-chain
modules in (a) BGSL and (b) RCA

residues make up the A-chain and the next 261 residues the
B-chain (Tanaka et al. 2009). The first 247 residues of the Achain and all the 261 residues of the B-chain are visible in
the electron density maps. Many type II RIPs contain a linker
peptide connecting the two-chains (Van Damme et al. 1996;
Rojo et al. 1997; Pascal et al. 2001). It is perhaps difficult to
rule out the possibility that the whole or part of the peptide
with undefined density is a linker peptide. In any case, only
the defined regions of the A-chain have been used in the
structure-based sequence alignment presented in a supplementary figure (supplementary figure 1). Understandably,
SGSL, a lectin from a plant in the same cucurbitaceae
family, exhibits the highest sequence identity with BGSL
(47% in the A-chain and 53% in the B-chain). The protein
next closest to BGSL is ebulin, again a non-toxic homologue
of type II RIPs (sequence identity of 35% in the A-chain and
47% in the B-chain). With respect to the other type II RIPs of
known three-dimensional structure, the sequence identity of
BGSL varies in a narrow range of 26 to 35% in the A-chain
and 36 to 39% in the B-chain.
The cysteines involved in the disulphide bridge that connects the A and the B chains are conserved in all the type II
RIPs considered. Another cysteine is involved in holding the
two-fold related A-B modules together in BGSL and RCA.
As mentioned earlier, it is Cys A46 in BGSL and Cys A156
in RCA. Cysteine does not occur at these locations in any
other type II RIPs of known structure. Also, non-cysteine
residues occur in RCA at the position corresponding to 46 in
BGSL and in BGSL at the position corresponding to 156 in
RCA. It would thus appear that the joining together of the
two A-B modules, as in BGSL and RCA, is driven by the
occurrence of a cysteine residue at an appropriate place.
Despite the differences in the unit cell dimensions of the
nine crystals considered here, the molecules in all of them
have the same structure (figure 2). R.m.s.deviations in Cα
positions on pairwise superposition of the structures in no
case exceeds 0.6 Å. As in other type II RIPs and their
J. Biosci. 40(5), December 2015

homologues, the catalytic chain is made up of three domains.
The first domain (residues 1–106) is dominated by a mixed
six stranded β-sheet and contains an additional α-helix and
310 helix. Domain II (residue 107–189) is substantially helical and contains five helices. The third and the shortest
domain (residues 190–247) has an α/β structure involving a
11-residue α helix and a two stranded anti-parallel β sheet.
The lectin chain is made up of two β-trefoil domains (residues 2–135 and 136–261), each of which is a carbohydrate
binding module 13 (Boraston et al. 2004). The two trefoils
superpose on each other well, with r.m.s.deviations of Cα
positions varying between 0.2 and 0.8 Å. The angle between
the two trefoils, as defined as the angle between the two noncrystallographic three-fold axes, is the same around 43.2° in
all the structures.

3.3

Plasticity and conformational selection

The availability of nine copies of the molecule in crystals
treated under slightly different conditions and involving
native and complexed molecules provides information on
the plasticity of the molecule. As the sausage plot involving
all the nine structures (figure 4) indicates, the plasticity of
BGSL is substantially confined to the loops at the periphery

Figure 4. Sausage plot prepared using Cα atoms in all the nine
structures.
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of the molecule. The molecular flexibility is most pronounced in the B106-B114 loop. There is hardly any structural variability among the molecules in crystals 1 to 4
(table 1), including N-1, treated under condition 1. The
r.m.s.deviation in Cα positions in pairwise superposition of
the molecules in them range from 0.18 to 0.26 Å. 507 Cα
atoms were involved in this superposition and those mentioned subsequently. Likewise, N-2 and N-3 do not exhibit
any significant structural difference between them. They
superpose with a r.m.s.deviation of 0.20 Å in Cα positions.
However, there is substantial difference between the molecules in these two groups. R.m.s.deviations in Cα positions
when a molecule in one group is superposed on another in
the other group are in the range of 0.5 to 0.53 Å. In this
context it is interesting to compare the crystal and molecular
structures of N-1 and N-2 (which is very similar to N-3).
Both involve uncomplexed molecules. The difference between the two is only in the condition under which the
crystals were treated. The main difference between the two
crystals is the substantially lower b dimension in N-2. The
intermolecular interactions along the b direction involve the
A-chain of one molecule and the B-chain of a neighbouring
molecule related by a 21 screw along b. A main contributor
to these interactions is the B106-B114 loop. It is the difference in the conformation of this loop (figure 5) that facilitates the difference in the b dimension in the two crystals.
This difference results in the thickness of the sausage plot
(figure 4) in this region. It may also be noted that the side
chain of Arg112 in the loop has very different locations and
orientations in N-1 and N-2.
As mentioned above, the molecule in N-1 on the one hand
and that in N-2 and N-3 on the other hand have slightly

Figure 5. Structure and orientation of the B106-B114 loop in N-1
(cyan) and N-2 (Pink). Arg B112 is shown in stick. The location of
Gal in its complex is also shown.
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different conformations particularly in relation to the B106B114 loop. Of these, the molecule adopts the conformation
observed in N-1 in its sugar complexes even when they are
prepared under conditions under which N-2 and N-3 were
handled. Thus, between the two observed conformations of
the native molecule, one is preferably chosen when sugar
complexes are formed, in an instance of conformational
selection. The reason or atleast a reason, for this choice
appears to be the location and the orientation of the side
chain of Arg112. The side chain of this residue in N-1 points
towards the sugar binding site and can interact with bound
sugars, while that in N-2 and N-3 cannot.
When complex formation takes place under condition
1, the condition appropriate for N-1, the packing arrangement remains undisturbed. Native crystals handled
under condition 2 and 3 (N-2 and N-3) yield a molecular conformation slightly different from that in N-1.
However, on complex formation under these conditions,
the molecule adopts a conformation very similar to that
in N-1. This results in changes in packing arrangement
in the complex crystals compared to that in the native
crystals N-1 and N-3.
3.4

Glycosylation

Type II RIPs and their homologues are generally N-glycosylated. In SGSL, the closest homologue of BGSL of known
structure, glycosylation occurs at Asn113 of the lectin (B)
chain. Through mass spectrometric studies, the structure of
the glycan has been deduced as [GlcNAc2 (Fuc) Man (Xyl)
Man2] (Sharma et al. 2013). BGSL is more extensively
glycosylated. Seven possible glycosylation sites have been
identified from its sequence (Tanaka et al. 2009). From
among these, electron density indicates glycosylation at
A108, B97 and B114. One GlcNAc residue is seen attached
to Asn A108 in all the nine structures. The disaccharide,
GlcNAcβ1-4GlcNAc, is visible at the Asn B97 glycosylation
site. In six of the nine crystals the following ordered glycan
residue could be clearly identified at Asn B114 (figure 6).

This is the same glycan identified at the corresponding
location in SGSL, except for the absence of a terminal
mannose residue. Density for the xylose residue is missing
in N-2 and N-3, while the density is diffuse in the MeGal
complex.
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Figure 6. Difference density map contoured at 3σ level for the
glycan attached to Asn114 in the B chain of N-1.

Interestingly, the position corresponding to the residue
B114 in BGSL is glycosylated only in SGSL and
BGSL. The location corresponding to B97 is glycosylated in all other type II RIPs of known structure.
Glycosylation of A-chain is established only in BGSL
and Himalayan mistletoe. Although there are difference
in the number and location of glycosylation sites among
type II RIPs and their homologues, the core structure of
the glycans is the same in all cases. However, plant
specific paucimannosidic type N-glycans occur in SGSL
and BGSL. High mannose type glycans, found in animals as well as plants, occur in all other type II RIPs of
known three-dimensional structure (Wilson 2002). The
functional significance of this difference is yet to be
explored.
J. Biosci. 40(5), December 2015

Binding sites and lectin sugar interactions

In toxic type II RIPs, each lectin domain carries a carbohydrate binding site. The site is on the first foil in domain I (1α)
and on the third foil in domain II (2γ). It is believed that 2γ is
more important among the two sites (Pascal et al. 2001). The
non-toxicity of ebulin is attributed to a defect at 2γ, although
this site can bind sugars. Both the sites bind sugar in nontoxic SGSL. However, 2γ exhibits significant differences
when compared to that in toxic RIPs and this has been
suggested to be one of the reasons for the absence of toxicity
of SGSL. The four-chain RCA exhibits reduced toxicity
when compared to ricin, its homologue from the same organism. Detailed calorimetric studies (Sharma et al. 1998)
and crystallographic investigation (PDB code: 1rzo) have
indicated that each A-B module binds only one sugar molecule. The composition and the geometry of the 1α sites in
RCA are similar to that in toxic type II RIPs. They do bind
sugars. The 2γ site in RCA is similar to that in SGSL. This
site binds sugar in the latter. Therefore structurally, there
appears to be no reason why 1α as well as 2γ in RCA cannot
bind sugar. The stoichiometry of sugar binding in BGSL is
unambiguous. As indicated earlier by solution studies
(Mazumder et al. 1981; Sultan and Swamy 2005), each
RIP module in the protein binds only one sugar molecule.
The crystal structures show that the 1α site binds sugar while
the 2γ site does not. The sugar density at 1α in the structures
of the six complexes unambiguously defines the position and
the structure of the respective carbohydrate ligand (figure 7).
In the Gal complex, α-Gal and β-Gal occur with equal
occupancy of 0.5 for the anomeric oxygen. There is one
major difference at 2γ between SGSL and BGSL. The
histidyl residue (His B250) which stacks the galactose ring
in SGSL is replaced by a seryl residue (Ser B246) in BGSL.
In all other RIPs of known structure, an aromatic residue
(Phe, Tyr or Trp) in involved in the stacking. Their replacement by His in SGSL weakens the stacking interactions. The
replacement of His by Ser in BGSL altogether abolishes
these interactions, presumably rendering 2γ incapable of
binding carbohydrates.
All direct hydrogen bonded protein-sugar interactions at
1α involve the galactose moiety at the primary binding site.
The possible hydrogen bonds, with an O···O and N···O
distance less than 3.5 Å, in the galactose complex are shown
in figure 8. Most of them occur with different strengths, as
judged by distances, in the other complexes as well. The
stacking interaction also occurs in all of them. A notable
additional interaction in BGSL, compared to those in SGSL,
is the one involving Arg B112. As noted earlier, this interaction appears to play an important role in conformational
selection on complexation. Water bridges between the protein and the sugars occur, but they do not follow a consistent
pattern.

Molecular basis of non-toxicity, conformational selection and glycan structure

Figure 7. Electron density for different ligands in respective F0Fcmaps. Contours are at 3σ level.

The bound sugar is involved in intermolecular interactions with a molecule related by a 21 screw parallel to b in all
the complex structures. The Gal residue at the primary binding site is consistently in contact with Gly A57 and Asp A58
of the neighbouring molecule. The interactions also involve
an O6'···OD1 Asp A58 hydrogen bond. Intermolecular interactions involving the second carbohydrate residue in the
disaccharide complexes are more extensive. In the lactose
complex, the Glc residue is in contact with Gln A6 and Gly
A57. The contact involves two hydrogen bonds with NE2

Figure 8. Protein-ligand interactions in the BGSL-Gal complex. α
and β anomers occur in the structure with equal occupancy.
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Gln A6 as the common donor and O1′ and O2′' as the
acceptors. The structures of the complexes with T-antigen
and benzyl-T-antigen provide an example of how intermolecular interactions could influence the conformation of the
ligand. The T-antigen moiety in benzyl-T-antigen has a
conformation similar to that observed in many lectin Tantigen complexes (Jeyaprakash et al. 2002) (figure 9). The
T-antigen molecule in its complex assumes a less frequently
observed, but allowed, conformation (Weimar et al. 2000).
The sugar molecule in this conformation is involved in three
intermolecular hydrogen bonds. They are O1′ with O Gln
A6, O6′ with O Gly A57 and O4′ with O Gly A57. These
hydrogen bonds do not occur when T-antigen has a conformation similar to that of the T-antigen moiety in benzyl-Tantigen. This loss is presumably compensated by the large
number of intermolecular non-bonded interactions the benzyl ring has with Gln A6, Ser A7, Asn A56, Gly A57 and
Asn A59 of the A-chain. When a benzyl ring is appropriately
added to T-antigen in its complex, a large number of unacceptable intermolecular steric clashes occur. Therefore, benzyl T-antigen cannot bind to the lectin where the T-antigen
moiety in it has a conformation similar to that found in Tantigen in its complex. Thus, the difference in the conformation of T-antigen and benzyl T-antigen in their respective

Figure 9. Superposition of benzyl-T-antigen (blue) and T-antigen
(magenta) as they occur in their respective complexes.
J. Biosci. 40(5), December 2015
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complexes appears to be caused by intermolecular
interactions.
3.6

Adenine binding site

The toxic chain in all type II RIPs contains a buried well
conserved binding site for the adenine base which is removed in the toxic action. In all such proteins of known
structure, four residues at the site are considered to be
important. They are, in the Him-Mist numbering (PDB code:
1yf8), Tyr75, Tyr110, Glu159 and Arg162. The two tyrosyl
residues are involved in stacking the nucleotide base from
two sides and thus orienting it properly. The other two
charged residues are believed to be involved in stabilizing
the transitions state (de Virgilio et al. 2010). The arginyl
residue is replaced by a lysyl residue in SGSL and BGSL,
which perhaps is not of much consequence. Tyr110 is replaced by Phe in the two proteins. This again is unlikely to
be of much consequence. However, Tyr75 is replaced by Val
in SGSL and Gly in BGSL. These are serious substitutions
which may impair the ability of the active site residues to
properly orient the adenine base and thus contribute to
making the protein non-toxic.
4.

Conclusion

Nine crystal structures of BGSL and its sugar complexes,
presented here, provide the first ever comprehensive picture
of the structure, plasticity and interactions of a four-chain
type II RIP or its homologue. The plasticity of the molecule
primarily involves two possible conformations of a surface
loop. The two conformations lead to somewhat different
packing arrangements within the same overall framework.
Only one of the two conformations is chosen in the complexes, in an instance of conformational selection, as this
conformation facilitates an additional protein-ligand interaction. A four-chain type II RIP results from the joining together of two identical two-fold symmetric two-chain
modules through a disulphide bridge. Difference in the location of these conserved cysteine residues, and hence that of
the disulphide bridge, appear to lead to structural differences
among four-chain RIPs in terms of the mutual orientation of
the two-chain modules. Three sites in each module are
glycosylated in BGSL. The glycan at one site is reasonably
well defined in six of the nine BGSL structures. Among the
relevant proteins of known structure, this site is glycosylated
only in BGSL and the closely related SGSL. The glycan in
these two proteins is plant specific while that in other type II
RIPs of known structure are plant as well animal specific. In
all the structurally characterised sugar complexes of type II
RIPs, the lectin chain carries one binding site in each of the
two trefoil domains (1α, 2γ). In BGSL, sugar does not bind
J. Biosci. 40(5), December 2015

at the more important 2γ site presumably an account of the
absence of an aromatic residue to stack on the Gal residue.
The 1α site, which binds sugar, in BGSL is similar to that in
SGSL except for an additional interaction involving an
arginyl residue belonging to the surface loop with two possible conformations. The catalytic chain in the protein cannot
firmly bind adenine on account of the substitution of an
aromatic residue involved in ensuring the proper orientation
of the base in toxic RIPs, by a glycyl residue. It would thus
appear that the absence of toxicity of BGSL is caused by the
absence of the second and more important, sugar binding site
in the lectin chain and a defect in the adenine binding site in
the catalytic chain.
PBD references
BGSL, Native 1, 4z8s; Native 2, 4z9w; Native 3, 4za3;
complex with methyl-α-Gal, 4zfy; complex with Gal, 4zfw;
complex with GalNAc, 4zfu; complex with T-Antigen, 4zgr;
complex with lactose, 4zlb; complex with benzyl-T-Antigen,
4zbv
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