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Abstract

Snake gourd seed lectin (SGSL) is a non-toxic homolog of type II ribosome-inactivating proteins

(RIPs) which contain a catalytic domain and a lectin domain. Isothermal titration calorimetry (ITC)

measurements of the interactions of the protein with LacNAc, Lac, Gal, Me-α-Gal were carried out

and the crystal structures of the native protein and its complex with Lac were determined. The

crystal structure of the Me-α-Gal complex has already been determined. While the crystal structure

showed the presence of two-sugar-binding sites, one on each of the two domains of the lectin

chain, ITC measurements indicated the presence of only one binding site. In order to resolve this

anomaly, molecular dynamics (MD) simulations were carried out on the native protein and on its

complexes with Me-α-Gal and Lac. Simulations were also performed on the protein after reducing

the inter-chain disulfide bridge between the two chains. The crystal structures and the simulations

confirmed the robustness of the protein structure, irrespective of the presence or absence of the

disulfide bridge. The simulations indicated that although two sites can bind sugar, only the ligand

at one site is retained in a dynamic situation. The studies thus bring out the subtle relationship

between binding and retention of the ligand.
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Introduction

Type II ribosome-inactivating proteins (RIPs), which are believed to
be a part of the defense mechanism of plants against pathogens, are
in general made up of a catalytic chain and a lectin chain. The cata-
lytic chain removes adenine at a specific location in rRNA (α-sarcin/
ricin loop in 28 S rRNA), while the lectin chain is involved in bind-
ing to the cell surface receptors and facilitating endocytosis (Olsnes
et al. 1974; Endo et al. 1987; Robertus 1991). The two β-trefoil
domains in the lectin chain carry one sugar-binding site each. The
two chains are connected by means of a disulfide bridge. The first
type II RIP whose structure was elucidated was ricin (Montfort et al.
1987), a potent toxin purified from the seeds of castor bean.

Subsequently, structures of other type II RIPs such as abrin (Tahirov
et al. 1995), Ricinus communis agglutinin (RCA) (Sweeney et al.
1997), European mistletoe lectin (Eu-ML) (Sweeney et al. 1998;
Jimenez et al. 2005), Himalayan mistletoe lectin (Hm-RIP) (Mishra
et al. 2004), Abrus precatorius agglutinin (Bagaria et al. 2006) and
cinnamomin (Azzi et al. 2009), have been reported.

Most of the type II RIPs reported so far are toxic in nature.
Non-toxic or less toxic variants of these RIPs also have been found
(Pascal et al. 2001; Sharma et al. 2013; Chandran et al. 2015) and
had recently received attention partly on account of the possibility
of using them for the construction of non-toxic or mildly toxic
immunotoxins and conjugates against specific antigens of tumor
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cells (Ferreras et al. 2011; Zeng et al. 2015; Poiroux et al. 2017).
However, the physiological role of such proteins is yet to be eluci-
dated. Furthermore, the molecular basis of their non-toxicity is only
beginning to be understood. Ebulin is among the first non-toxic type
II RIPs to be reported. The absence of toxicity of ebulin has been
attributed to a defective oligosaccharide-binding site (Pascal et al.
2001). The structure of another non-toxic analog of type II RIPs,
that from Trichosanthes kirilowii (TKL-1), determined at 2.7 Å reso-
lution, was reported (Li et al. 2001). However, due to the non-
availability of the protein sequence, information provided by the
structure is somewhat limited. It has been suggested that the absence
of toxicity of this protein is due to a defect in the catalytic chain.
Snake gourd seed lectin (SGSL) and bitter gourd seed lectin (BGSL)
are two other non-toxic type II RIPs which have been characterized
(Mazumder et al. 1981; Padma et al. 1998; Komath et al. 2001;
Sultan and Swamy 2005; Kavitha et al. 2009; Swamy et al. 2015).
SGSL is a two-chain protein while BGSL is made up of four chains
involving two two-chain modules interconnected by a disulfide
bridge. The structure of the complex of SGSL with methyl-α-galacto-
side (Me-α-Gal) and several sugar complexes of BGSL have been
determined in this laboratory (Sharma et al. 2013; Chandran et al.
2015) as a part of the long-range program on structural biology of
lectins (Chandra and Vijayan 1999; Natchiar et al. 2007; Chandran
et al. 2013; Abhinav and Vijayan. 2014). The adenine-binding site
in the catalytic chain is defective in both the lectins. The lectin chain
of SGSL binds to two sugar molecules while that of BGSL binds
only one. A thorough examination of the sequence and structure of
the two lectins and their interactions with sugar molecules indicated
that the non-toxicity of both of them resulted from a combination
of changes in the catalytic and carbohydrate-binding sites.

While the structure of the SGSL–Me-α-Gal complex provided
the basic framework of the structure and interactions of SGSL, fur-
ther exploration of the problem appeared worthwhile. SGSL–carbo-
hydrate interactions in solution have been explored earlier using
fluorescence spectroscopy (Komath et al. 2001). It was felt that the
investigation using the more rigorous isothermal titration calorim-
etry (ITC), presented in this paper, might provide additional infor-
mation. It was also desirable to further crystallographically explore
the nuances, if any, of the structure and interactions of the lectin. In
the event, crystals of the native protein and its complex with lactose

(Lac) could be prepared and analyzed. Comparison between the
results of ITC studies and crystallographic investigation brought to
light, among other things, an anomaly in relation to the number of
sugar-binding sites in the lectin. Molecular dynamics (MD) simula-
tions were carried out on the native protein as well as on the com-
plexes of the lectin with Me-α-Gal and Lac, in order to address this
anomaly. MD simulations were also carried out on the protein with-
out the disulfide bridge between the two chains, to explore the
source of the structural integrity of the two-chain protein. The
results indicated that non-covalent interactions between the two
chains rather than the disulfide bridge lead to the robustness of the
structure. The MD simulations also brought to light nuances involv-
ing the ability to bind a ligand and the ability to retain it.

Results and discussion

Glycan array

Detailed carbohydrate-binding analyses of SGSL were performed by
screening the lectin on glycan array (www.functionalglycomics.org).
The strongest binding glycan involved Galβ1-4GlcNAc (lactosa-
mine) at the non-reducing end (Supplementary data, Figure S1). The
lectin also showed affinity to sialylated glycans. The glycan motifs
preferentially bound by SGSL are known to play an important role
in cell–cell recognition, blood group determination and adhesion
process. Recently, it has been reported that this specific set of gly-
cans is upregulated in neoplastic cells (Varki et al. 2009; Stowell
et al. 2015).

Thermodynamic parameters

Results of typical ITC experiments carried out at 298 K, involving
the addition of 8-μL aliquots each of Gal, Me-α-Gal, Lac and
LacNAc solutions at concentrations mentioned in Materials and
methods, to 150 μM of SGSL solution are shown in Figure 1.
Observation of a monotonic decrease in the heat evolved with the
addition of ligand until saturation is achieved indicates that SGSL
has only one type of binding site. Plots of incremental heat evolved
as a function of the molar ratio of the ligand to the protein
(Figure 1) could be readily fitted to a model involving a single type
of sites. The results unambiguously and consistently indicated the

Fig. 1. ITC results on the interaction of SGSL (298 K) with (A) Me-α-Gal (B) Gal (C) Lac and (D) LacNAc. The top panel of the figures represents raw data and the

lower panel contains plots of the heat released as a function of ligand concentration for the titration shown in the upper panel. Solid lines represent the best

least square fits for the obtained data.
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number of binding sites as close to one. Attempts to fit the data to a
model with two independent sites led to inconsistent and unaccept-
able results involving abnormal standard deviations for occupancies
and all the thermodynamic parameters. This would mean that one
of the two possible sites is vacant or binding at that site is too weak
to be observed. The low temperature data on LacNAc also could be
fitted only to a model involving a single type of sites with n close to
one. This is perhaps the most significant result that emerged from
ITC studies. It would have been desirable to carryout ITC studies at
much higher protein concentrations to explore the weak or no bind-
ing of sugar at the second site. This could not, however, be done as
the protein precipitated at high concentrations. In any case, it is
clear that detectable binding at normal concentrations occurred only
at one site. Values of n, Kb, −ΔHb, −ΔGb, and −TΔSb for the bind-
ing of the sugars at 298 K and those for measurements at low tem-
peratures on LacNAc, are listed in Table Ι. At the concentrations
used, n and Kb values are determined with high accuracy, whereas
ΔH values are prone to higher error (Wiseman et al. 1989). The
order of binding affinities of the four ligands deduced from ITC
experiments is the same as that reported earlier by fluorescence stud-
ies (Komath et al. 2001). An examination of thermodynamic data
indicates that binding of SGSL to sugars are substantially enthalpi-
cally driven in agreement with studies on other plant lectin–sugar
interactions (Williams et al. 1992; Schwarz et al. 1993; Surolia et al.
1996; Sharma et al. 1998).

Among the sugars examined, the binding of LacNAc is the stron-
gest. ITC measurements of the binding of this ligand to SGSL were
carried out at lower temperatures as well (Table Ι). An examination
of the temperature dependence of the changes in the enthalpies for
the binding of LacNAc yielded a moderate change in heat capacity
(d(ΔHb/dT) = −200 kJ mol−1 K−1) (Supplementary data, Figure S2).
This result is in consonance with earlier finding on a number of
plant lectin–sugar interactions (Schwarz et al. 1993; Tonne 1994;
Surolia et al. 1996). In consonance with the result of fluorescence
studies reported earlier (Komath et al. 2001), the present results also
indicate a correlation between negative or favorable enthalpy (ΔH)
and negative or unfavorable entropy (ΔS) (Supplementary data,
Figure S2). Such enthalpy–entropy compensation has been reported
in the binding of sugars to other lectins as well (Sharma et al. 1998;
Srinivas et al. 1999; Jimenez et al. 2005; Sultan and Swamy 2005;
Moulaei et al. 2015).

Overall structure and protein–sugar interactions

The native structure contains two molecules in the asymmetric unit
while that of the lactose complex contains one. The two molecules
in the native structure have the same geometry with root-mean-
square deviation (RMSD) of 0.17 Å in Cα positions when the two

are superposed. Four crystallographically independent copies of the
SGSL molecule are available, including those in the crystal structures
presented here and that in the crystals of the Me-α-Gal complex
reported earlier. In spite of differences in crystal packing and bound
ligand, the four have nearly the same structure (Figure 2), with
RMSD in Cα positions on pairwise superposition ranging between
0.3 Å and 0.5 Å. Thus, SGSL has a robust molecule. The structure
of this molecule has been described adequately earlier (Sharma et al.
2013). Contrary to the indication provided by ITC experiments,
interpretable electron density for lactose was observed at 1α and 2γ
sites (Figure 3). Interactions of the Lac molecule with the lectin at
the two sites are illustrated in Figure 4. Interactions of the protein
with the galactose moiety are similar to those observed in the com-
plex involving Me-α-Gal (Figure 4 and 5) at both the sites.
Additionally, O3 of the glucose residue forms a hydrogen bond with
Gly 24O at 1α. No additional interactions are observed at 2γ.
Although complexes with Gal and LacNAc could not be crystallized,
possible additional interactions involving them could be discerned
through simple modeling. The anomeric state of Gal could be α or β,
or both the states could coexist (Abhinav et al. 2015). Modeling
indicates the possibility of a hydrogen bond of α-O1 of Gal with
Tyr 36O at 1α and that β-O1 with Arg 239N at 2γ. The contribu-
tion of these possible additional hydrogen bonds in relation to the
other common interactions at the binding sites is likely to be very
small. Interestingly, the glucose moiety has only one interaction,
that too only at 1α site, with the lectin. This part of the ligand mol-
ecule substantially points to the solution. Presumably this leads to
interference with the water structures in the vicinity of the protein.
The resolution at which the structure has been solved does not per-
mit a discussion involving the location of water molecules. The acet-
yl group of LacNAc, modeled on the basis of similar known
structures (PDB ID: 2BSC, 1Y2X), is likely to further interfere with
the water structure as it protrudes further into solution.

The discrepancy between the number of binding sites deduced
from ITC measurements and observed in crystal structures remains
a mystery. Careful examination confirmed that the two binding sites
are not directly affected by molecular packing. Comparison with
homologous structures indicates that both of them are legitimate
sugar-binding sites (Montfort et al. 1987; Tahirov et al. 1995;
Sweeney et al. 1997; 1998; Mishra et al. 2004; Jimenez et al. 2005;
Bagaria et al. 2006; Azzi et al. 2009). Indeed, the strongest evidence
for their being such sites is the unambiguous presence of sugar
ligands at these sites in crystal structures with a comparable number
of hydrogen bonds with the protein and surface area buried on com-
plexation. It might be instructive to compare the situation in the lec-
tin component of SGSL with that in other similar RIPs. The ideal
candidate for this purpose is the lectin chain of RCA. Earlier solu-
tion studies on the lectin appeared to give contradictory results on

Table I. Thermodynamic parameters for the binding of Gal and its derivative to SGSL

N Kb (× 1000M−1

) −ΔGb −ΔHb −TΔS

Me-α-Gal 1.06 ± 0.10 1.12 ± 0.01 17.43 ± 0.55 38.3 ± 3.0 20.9 ± 3.1
Gal 1.01 ± 0.10 3.77 ± 0.09 20.43 ± 0.22 36.0 ± 1.5 15.6 ± 1.5
Lac 1.14 ± 0.05 4.00 ± 0.10 20.59 ± 0.25 32.6 ± 1.5 12.0 ± 1.8
LacNAc 1.06 ± 0.04 4.19 ± 0.01 20.66 ± 0.26 26.3 ± 1.3 5.6 ± 1.3
LacNAc 278 K 1.10 ± 0.04 6.86 ± 0.01 21.06 ± 0.95 22.2 ± 0.1 1.1 ± 1.0
LacNAc 283 K 1.10 ± 0.10 5.42 ± 0.03 20.17 ± 0.80 21.4 ± 1.3 1.7 ± 1.6
LacNAc 288 K 1.13 ± 0.05 4.56 ± 0.01 20.80 ± 0.47 25.7 ± 1.4 4.8 ± 1.0

−ΔH, −ΔG and −TΔS are in kJ mol−1. Unless otherwise stated, the measurements were made at 298 K (see text for details).
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the number of binding sites on the lectin chain of the protein.
Eventually the crystal structure indicated only one sugar-binding site
on the chain in consonance with the results of the thermodynamic
measurements of Podder et al. (1974) and Sharma et al. (1998).

The crystal structure showed that Gal binds at 1α in RCA; 2γ is
vacant although this site is substantially, though not entirely, the
same as 2γ in SGSL. The lectin–sugar (Me-α-Gal in SGSL and Gal in
RCA) interactions in the two proteins are shown in Figure 5. The
side chain of a tyrosyl residue stacks against the sugar ring in SGSL
at 1α. The corresponding residue in RCA is Trp. Interactions involv-
ing an aspartyl, a glycyl and an asparginyl residue are common to
both. An interaction involving Gln 41 in SGSL is replaced by that
involving Lys 40 in RCA. However, two additional residues,
namely, Glu 26 and Gln 35, are involved in interactions with the
sugar at 1α in RCA. A histidyl side chain stacks against the sugar
ring in SGSL at 2γ. This residue is present at the appropriate loca-
tion in RCA. The aspartyl, arginyl, histidyl and asparaginyl residues,
which are involved in hydrogen bonds with the sugar in SGSL, are
present in RCA also at the corresponding locations. The critical dif-
ference at 2γ between the two lectins is in the presence of Asp 199
in SGSL which interacts with the sugar. Asp 199 occurs in the kink
produced by two insertions in SGSL. This residue does not occur in
RCA. Thus, interactions with sugar are weaker at 1α in SGSL than
in RCA. On the contrary, the potential for such interactions is stron-
ger at 2γ in SGSL than in RCA. The interactions observed at 1α and
the potential for interactions suggested by the disposition of the con-
cerned residue at 2γ, clearly indicate the preference for 1α for sugar
binding in RCA. The observed interactions do not indicate any clear
preference between the two sites in SGSL. It is, however, clear that
2γ is a better sugar-binding site in SGSL than in RCA while the
reverse is true in the case of 1α.

Implications of dynamics to protein stability and ligand

binding

An attempt was made to further explore the structure and ligand
binding by SGSL using MD simulations. It was hoped that the simu-
lations would help resolve the inconsistency in the results obtained
from ITC measurements and crystallographic studies. Simulations
were carried out on the native protein and its complexes with Me-α-
Gal and Lac. Simulations were also carried out on the protein in
which the inter-chain disulfide bridge was reduced in order to
explore the source of the integrity of the two-chain protein.
Appropriate crystal structures were used to construct the starting
models. The simulations on the energy minimized structures were
run for 300 ns. The time evolution of the RMSD of Cα positions
from those in the initial models in the four simulations are shown in
(Supplementary data, Figure S3). The RMSD are low throughout
the simulations and are stable in the 200–300-ns region. The popu-
lation distributions with respect to RMSD did not show any appre-
ciable scatter in any of the simulations (Figure 6). The protein
structure corresponding to the peak in the distribution in each case
was similar to that seen in the respective crystal structure, thus indic-
ating the robust nature of the SGSL molecule.

Interestingly, the population distribution in the simulations
involving the native protein and that in which the inter-chain disul-
fide bridge is reduced are remarkably similar. The structures corre-
sponding to the peaks in the two distributions differ mainly at the
C-terminus of the A-chain and the N-terminus of B-chain and, in a
less pronounced manner, in some loop regions. It may be recalled
that these two termini are involved in the formation of the inter-
chain disulfide bond. Naturally, the breakage of the bond results in
the movement of the termini. The rest of the molecule remains essen-
tially the same in the structures corresponding to the two peaks,
with RMSD in Cα positions of 1.14 Å. Thus, the role of the disulfide

Fig. 2. The 3D structure prepared using the coordinates of an uncomplexed

molecule of SGSL. The catalytic (A-chain) chain is shown in red and the lec-

tin (B-chain) chain in blue. The disulfide bonds are shown as spheres. The

binding site 1α in domain I of the lectin chain and 2γ in domain II are

indicated.

Fig. 3. Fo-Fc simulated annealing omit maps for Lac (A) 1α and (B) 2γ. Maps

at the left and the right are contoured at 3σ and 2σ levels, respectively.
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Fig. 4. SGSL–Lac interactions at (A) site 1α and (B) site 2γ.

Fig. 5. (A) Protein–sugar interactions at 1α in (i) SGSL and (ii) RCA. (B) (i) Protein–sugar interactions at 2γ in SGSL and (ii) 2γ site in RCA.
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bond in preserving the structural integrity of the protein appears to
be marginal. Possibly the disulfide bridge plays a role similar to that
of the linker between the two chains, present when the protein is ori-
ginally synthesized as a single-chain precursor (Di Cola et al. 2001;
Frigerio et al. 2001). The linker is probably necessary to ensure the
correct folding of the protein. Once the protein is folded, the linker
is cleaved off and the disulfide bridge holds the two chains together.
It is reduced at the time of the entry of the catalytic chain into the
cytoplasm. The two chains in the molecule are primarily held
together by non-covalent interactions before their separation. For
instance, the surface area buried in the two chains in the molecule is
as large as 3500 Å2.

The focus of the MD simulations was on lectin–sugar interac-
tions. The calculations revealed remarkable differences in the behav-
ior of ligands at 1α and 2γ. The difference between the two sites was
apparent even during the equilibration prior to the production MD
simulation, in the case of the SGSL–Lac complex. For the initial
model at the start of the minimization obtained from the crystal
structure, the binding energies of lactose at 1α and 2γ had compar-
able values at −20.3 and −19.4 kJ mol−1, respectively. During NvT
equilibration, the binding at 1α progressively loosened with

concurrent movement of the ligand away from the lectin and pro-
gressive decrease in the binding energy (Supplementary data,
Figure S4). It is the movement of Gly 24 and Gln 41 that substan-
tially contributed to the loosening of the binding site. Lactose at 2γ,
however, remains intact during the equilibration phase with a bind-
ing energy of −24.9 kJ mol−1, although the second residue (Gln)
exhibits some variability in its location.

Ligands at 1α and 2γ remain intact during the equilibration and
stabilization steps of the SGSL–Me-α-Gal complex. The initial values
of binding energies at the two sites were −16.2 and −18.1 kJmol−1,
respectively. The corresponding final values were −17.5 and −23.2
kJmol−1. However, the ligands at the two sites behave very differ-
ently during simulation. The ligand at 2γ remained intact through-
out the simulation. That at 1α detached itself from the binding site
by about 97 ns during the course of the simulation (Figure 7), with a
progressive decrease in binding energy (Supplementary data,
Figure S5).

Conclusion

Comparison of the crystal structures of SGSL and its complex with
Lac presented here and that of the complex with Me-α-Gal reported
earlier shows that the lectin molecule is substantially rigid with pre-
formed binding sites. Crystal structures indicate the presence of two
sugar-binding sites, 1α and 2γ, one each on the two β-trefoil lectin
domains. Intriguingly, detailed isothermal titration calorimetric
studies on the interaction of several sugars with SGSL show the
presence of only one binding site on the lectin. MD simulations of
free SGSL with and without the inter-chain disulfide bond and its
complexes with Me-α-Gal and Lac confirm the robustness of the
protein molecule. The simulations demonstrate that the disulfide
bridge is incidental for the structural integrity of SGSL, and perhaps
that of other Type II RIPs. They also indicate that the sugar binding
at site 1α of SGSL is unstable on account of the flexibility of a cou-
ple of residues constituting it, thus providing a plausible explanation
for the discrepancy between X-ray and calorimetric results. It would
appear that both the sites can bind sugars. In a comparatively rigid
framework provided by the crystal, both the ligands are retained,
but in a dynamical situation, presumably only one site (2γ) is able to
retain the ligand. The mobility of the second site (1α) enables the lig-
and to detach itself from the protein. The results presented here thus
highlight the subtle relation between binding and retention.

Fig. 6. Population distribution of the four MD simulations. In each case,

RMSD is calculated with respect to the starting model of that structure. Nat-

without—native structure without inter-chain disulfide bridges. Nat-with—

native structure with inter-chain disulfide bridges. MeGal—complex with Me-

α-Gal. Lac—complex with Lac.

Fig. 7. Scatter of residues and the ligand at (i) 1α and (ii) 2γ during the initial 98 ns of MD simulation of the Me-α-Gal complex. The frames were downloaded at

3-ns intervals. The sugars at the start and end of the simulations are given in thick lines. Arg 239 of 2γ-binding pocket overlaps with ligand in this projection and

is therefore omitted from the figure for clarity.
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Materials and methods

Materials

Snake gourd seeds were procured from local seed vendors in
Bengaluru, India. Sepharose-6B, galactose, Me-α-Gal, β-lactose, β-
mercaptoethanol, PEG 400 and ammonium sulfate were purchased
from Sigma (St Louis, Missouri, USA). Epichlorohydrin, sodium
hydroxide and sodium phosphate (both monobasic and dibasic)
were obtained from Merck (Mumbai, India). N-acetyl-lactosamine
was purchased from Dextra reagents, UK. All solvents used were of
HPLC-grade purity unless otherwise mentioned.

Protein purification

SGSL was purified using affinity chromatography as described previ-
ously (Komath et al. 1996) with slight modifications when required
to increase the yield of the protein. In brief, SGSL seeds were
crushed and soaked overnight in phosphate buffer saline (PBS), pH
7.3. The material was centrifuged, and the supernatant passed
through a sepharose-6B column cross-linked with galactose. The
bound protein was eluted from the affinity column using 200mM
galactose in PBS, pH 7.3. The eluted protein was dialysed exten-
sively against PBS for 48 h and purity examined on a 12% SDS-
PAGE gel. Finally, the protein was centrifuged at 12000 rpm, for
50min. The supernatant was used for further downstream
experiments.

Glycan array

The glycan specificity was analyzed on printed glycan array slides at
the Consortium for Functional Glycomics (www.functionalglycomics.
org). Glycan array version 5.2 containing 609 glycans in replicates of
six were used to investigate the protein. The purified protein was biotin
labeled by incubating the protein for 6 h at 298K with 10mM biotin,
which was then applied to the microarray slides (Heimburg-Molinaro
et al. 2011).

Isothermal titration calorimetry

Titrations were carried out using a Microcal VP-ITC calorimeter at
277, 283, 288 and 298 K. Purified SGSL was dialysed against Tris–
HCl buffer (20mM Tris/HCl, pH 7.5, 300mM NaCl) for 12 h with
three changes before each titration. The protein concentration was
estimated by measuring absorbance at 280 nm. A protein concentra-
tion of 150 μM was used in all the experiments. A higher concentra-
tion of the protein often led to aggregation. Concentration of
ligands used in titrations were 8, 10, 6 and 6mM for Me-α-Gal,
Gal, Lac and LacNAC, respectively. The ligand solutions were pre-
pared from the same dialysate as used for the dialysis of protein, to
prevent any artefacts from the heat of mixing. 1.36ml of the
degassed protein solution was carefully added to the sample cell,
ensuring that no air bubbles were trapped, and was then equili-
brated to the appropriate preset temperature. The ligand solution
loaded in the injection syringe was added to the sample cell as a ser-
ies of injections (aliquots of 7–10 μL) separated by 3-min interval
with constant stirring at 307 rev min−1. Control titrations where the
ligand is titrated into buffer in the sample cell were carried out to
confirm that the heat of dilution for the ligand was negligible. Data
were fitted with MicroCal Origin 7 software according to standard
procedures. The fitted data yielded the stoichiometry (n), binding
affinity (Kb), and enthalpy of binding (ΔH). Other thermodynamic
parameters, namely, changes in free energy (ΔG) and entropy (ΔS),

were calculated from the equation ΔG = ΔH − TΔS = −RTlnKb, in
which T is the absolute temperature and R = 8.314 J mol−1K−1.
Three independent titrations were performed for each ligand for
measurements at 298 K and average values obtained from these
three measurements were calculated. Only two independent mea-
surements were made for low temperature studies on LacNAc.

Crystallization, structure determination and refinement

Prior to crystallization, the protein solution was dialysed extensively
in Tris buffer (10mM Tris pH 7.8, 100mM NaCl, 5mM β-mercap-
toethanol). Crystals of SGSL in its native form were obtained by the
hanging-drop method by equilibrating a 4-μL drop containing 8mg
mL−1 of protein, with an equal volume of reservoir solution made
up of 0.2M lithium sulfate monohydrate, 0.1M Tris–HCl, pH 8.5
and 30% PEG 4000 as a precipitant. After nearly 2 weeks, hex-
agonal crystals started appearing, which were used for data collec-
tion. Crystals of SGSL complexed with Lac were also obtained by
the hanging-drop method. The reservoir solution contained 4.0M
sodium formate. The protein solution was incubated with 5mM lac-
tose for 10 h at 277 K prior to setting up for crystallization. The
crystals grew to a maximum dimension of 0.4 × 0.2 × 1.3mm.
Attempts to prepare crystals of complexes with Gal and LAcNac did
not succeed.

Intensity data were initially collected at home source using Mar
Research MAR345dtb imaging plate mounted on a Rigaku
ULTRAX-18 X-ray generator. Subsequently, better data were col-
lected at 100K on the BM14 beamline at a wavelength of 1.0 Å at
the European synchrotron radiation facility (ESRF), Grenoble,
France using an MAR Research MAR345 imaging plate. The data
were processed and merged using imosflm (Battye et al. 2011) and
SCALA of the CCP4 program suite (Winn et al. 2011).
TRUNCATE (French and Wilson 1978) from CCP4 was used to
convert intensities into structure factor amplitudes. Solvent content
was estimated using Matthew’s method (Matthews 1968). The
structures were solved by the molecular replacement method using
PHASER (McCoy et al. 2007) with the protein component of the
SGSL–Me-α-Gal complex (PDB ID:4HR6) as the search model.
Ligands were located from difference Fourier maps when R and
Rfree were 0.276 and 0.327, respectively. The locations were subse-
quently confirmed using simulated annealing omit maps. Water O
atoms were added based on peaks >1σ in 2Fo-Fc maps and 3σ in
Fo-Fc maps. The models were validated using PROCHECK
(Laskowski et al. 1993) and using MOLPROBITY (Chen et al.
2010). Data collection and refinement statistics are summarized in
Table II.

Analysis of structures

Structural alignments were carried out using ALIGN (Cohen 1997)
and structure-based multiple sequence alignments were performed
using MUSTANG (Konagurthu et al. 2006). The accessible surface
area was calculated using the program NACCESS with a probe
radius of 1.4 Å (Hubbard and Thornton 1993). CONTACT from
the CCP4 suite of programs was used to calculate inter-atomic dis-
tances. Possible hydrogen bonds were identified using HBPLUS
(McDonald and Thornton 1994).

Molecular dynamics simulations

Simulations were carried out using the Groningen Machine for
Chemical Simulations (Gromacs) v5.1.2 package (Berendsen et al.
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1995; Van Der Spoel et al. 2005; Abraham et al. 2016) with
AMBER99SB force field (Lindorff-Larsen et al. 2010) and TIP3P
water model (Jorgensen et al. 1983).

Initial coordinates used for the simulation were obtained from
their respective crystal structures. Ligand topologies suitable for
AMBER force field were generated using the ACPYPE server (Sousa
da Silva and Vranken 2012) and checked manually. Partial charges
on the ligands were obtained using the RED server (Vanquelef et al.
2011). Missing side chains were added using COOT. Native protein
with and without the inter-chain disulfide bridge and the complexes
were positioned inside a cubic box with a distance of 1.2 nm from
the walls of the box. Standard protonation states of residues were
used and sodium ions were added to neutralize the overall system
charge wherever necessary. Particle Mesh Ewald was used for treat-
ing electrostatics (Darden et al. 1993), with a Coulomb cut-off of
1.4 nm. The van der Waals interactions were treated using the
switch potential applied from 0.9 to 1.0 nm. Bond lengths were
restrained using LINCS algorithm (Hess et al. 1997). The energy of
the system was minimized using the steepest descent method until a
change in the last cycle was less than 1 kJ mol−1 nm−1. Later, the
system was equilibrated to a required temperature of 300 K using
Nosé–Hoover (Nosé 1984; Hoover 1985) thermostat, and to 1 atm
using Parrinello–Rahman barostat (Parrinello and Rahman 1981),
with position restraints on both protein and ligands. Simulations
were carried out for 300 ns. Binding free energies of bound ligand
were calculated using Autodock Tools 4 (Morris et al. 2008;
El-Hachem et al. 2017). Visual molecular dynamics (Humphrey
et al. 1996) molecular visualization software was used for structure
visualization and analysis of MD trajectories. Graphs were

generated using Xmgrace (Paul J. Turner Center for Coastal and
Land-Margin Research Oregon Graduate Institute of Science and
Technology Beaverton, Oregon).

PDB references

SGSL and its complex, 5y42 (SGSL-Native) and 5y97 (SGSL-Lac).

Supplementary data

Supplementary data are available at Glycobiology online.
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Table II. Data collection statistics and refinement parameter

Native Lactose

Space group P64 P6122
Unit cell dimensions
a = b (Å) 171.2 109.4
c (Å) 75.9 232.7
α= β (°) 90 90
γ (°) 120 120
No of molecules/asymmetric unit 2 1
Resolution (Å) 56.8–2.9 (3.0–2.9) 94.8–3.05 (3.2–3.05)
No. of observations 334,967 (46,789) 311,166 (45,533)
No. of unique reflections 28,365 (4115) 16,493 (2340)
Completeness (%) 100 (100) 100 (100)
I/(σI) 12.6 (2.1) 13.3 (2.1)
CC(1/2) (%) 99.6 (64.7) 99.9 (80.8)
Rmergea (%) 19.5 (128.2) 14.6 (153.4)
Multiplicity 11.8 (11.4) 18.9 (19.5)
R-factorb (%) 19.0 23.7
Rfree

b (%) 25.8 25.4
RMS deviations from ideal values
Bond length (Å) 0.014 0.017
Bond angle (°) 1.7 2.0
Residues (%) in Ramachandran plot
Favored (%) 97.1 95.5
Allowed region (%) 2.9 4.5
Disallowed region (%) 0 0

aRmerge= ∑hkl∑i |Ii (hkl) − 〈I (hkl)〉 | / ∑hkl ∑i 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.

b5% of the reflections were used for the Rfree calculations.
Values within parentheses refer to the last resolution shell.
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